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Abstract
The urgent imperative to curtail carbon emissions necessitates the extensive implementation of
renewable technologies. However, the intermittent nature of renewables poses challenges to sus-
tainable and efficient energy storage. This project focuses on exploring long-term energy storage
systems, evaluating both their cost-effectiveness and efficiency.

Utilizing the well-established concept of Power to X to Power, the project employs modeling tech-
niques to analyze various technologies, enabling a comprehensive comparison of long-term energy
storage systems based on efficiency and cost.

The first candidate for energy storage is Power to Heat to Power, involving a model that calculates
the cost and efficiency of a heat storage device. This model incorporates components such as a heat
pump cycle and a thermal engine cycle, assessing different temperatures and technical properties.
A second candidate involves storing excess electricity as hydrogen. The second model, Power to
Hydrogen Tank to Power, focuses on the storage of excess electricity in the form of hydrogen. It
examines the use of Solid Oxide Electrolyzer Cells (SOEC) and Solid Oxide Fuel Cells (SOFC)
in both liquid and gaseous hydrogen storage systems, assessing their potential as effective energy
storage technologies.

The ultimate objective is to facilitate a comparative analysis of different Power to X to Power
technologies in terms of efficiency and investment cost. This research contributes to understanding
viable long-term energy storage solutions, informing strategic decisions for a sustainable and low-
carbon future.
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1 Project Overview and Goals
1.1 Current National Context
In alignment with the Paris Agreement, Switzerland updated its Nationally Determined Contribu-
tion (NDC) in 2020, committing to achieve net zero emissions by 2050 and a 50 % reduction in
greenhouse gas (GHG) emissions by 2030 compared to 1990 levels. As of 2022, Switzerland has
achieved a notable 19.88% reduction in GHG emissions, emitting 35.38 million tons of equivalent
[1]. However, offsetting the remaining 30% within the next eight years poses a significant challenge.
Switzerland’s long-term climate strategy outlines ten strategic principles guiding national climate
policy, encompassing emissions reduction targets for various sectors such as buildings, industry,
transport, agriculture, and others[2].

The country’s energy consumption is largely dominated by petroleum and motor fuels (43%),
followed by electricity (26%), and gas (15%) [3]. To address the imperative reduction in greenhouse
gas emissions, there is a growing emphasis on substituting fossil-fueled energy with renewable
electricity production. This transition is expected to substantially increase electricity demand from
62 TWh to 80-90 TWh by 2050, constituting a 25-40% rise from current consumption[4].

Renewable electricity sources, particularly wind and solar, hold significant potential in providing
cleaner energy solutions, given their decreasing costs and increasing efficiency [5]. However, their
intermittent nature necessitates innovative and cost-effective electricity storage solutions for both
short and long-term needs.

1.2 Power to X to Power

Figure 1: Overview of a typical Power to X to Power electricity storage system

As mentioned, the intermittent nature of renewable energy sources necessitates innovative solutions
for efficient and cost-effective electricity storage on both short and long-term scales. Power-to-X-
to-Power, a pivotal concept in this endeavor, involves the conversion of surplus electricity Pin into
diverse storage mediums denoted as "X", which can subsequently be reconverted back into elec-
tricity Pout when demand arises. The versatile "X" encompasses various possibilities, such as heat
(transferred through heat pumps and thermal engines [6]), hydrogen (generated via electrolysis and
utilized in a fuel cell [7]), methane (produced, for example, from hydrogen and carbon dioxide [8]),
or even methanol (manufactured using hydrogen and carbon dioxide[9]).

Through modeling of different Power-to-X-to-Power technologies, the overarching goal of this
project is to estimate and compare the efficiency and capital expenditure costs associated with
various long-term energy storage applications. It is essential to note that factors beyond efficiency

1
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and capital expenditure costs, including convenience and network compatibility, profoundly influ-
ence the suitability of a specific technology. For instance, despite being more expensive and less
efficient, producing methane from hydrogen is often favored due to its ease of integration into
existing city gas networks [10].

1.2.1 Power to Heat to Power

Figure 2: Overview of a typical Power to Heat to Power electricity storage system [6]

In a previous report written by Romain Phan [6], a power-to-heat-to-power model was developed.
Romain Phan’s model for Power-to-Heat-to-Power focused on the design and analysis of a heat
storage system for electricity storage over medium-term durations, ranging from 1 to 6 months.
The model incorporates various parameters, such as external and storage temperatures, insulation
thickness, storage capacity, charging time, and others, to simulate the cost, efficiency, and prof-
itability of the proposed system. The system comprises a heat pump cycle for heat generation, a
heat storage tank for heat storage, and a thermal engine cycle for electricity generation from heat,
utilizing a Rankine cycle.

The heat storage system shows promise for short- to medium-term storage (1 to 6 months), despite
its modest efficiency around 30%, influenced by heat losses, compressor and turbine efficiency in the
heat pump and Rankine cycle, and exergy losses in temperature differences at the heat exchangers.
Key drivers of system performance are storage time and capacity. Storage time dictates insulating
material thickness, crucial for efficiency. Simultaneously, accurate determination of storage capac-
ity is vital for optimal efficiency.

In conclusion, achieving profitability in around 10 years seems feasible, possibly less with parameter
adjustments. This underscores the critical role of carefully considering storage time and capacity
for successful Power-to-Heat-to-Power system implementation.

2 Literature Review
Extensive research has been directed towards developing models for electrolyzers, particularly PEM
and SOEC types, highlighted in studies by Falcão [11], Leonide [12], and Klotz [13]. These works
also delve into corresponding fuel cell technologies. Moreover, the modeling of SOEC and SOFC
cells has been richly explored in literature, with significant contributions from authors like Menon
[14], Ba [15], Meier [16], and Bianchi [17], among others [18, 19, 20, 21]. This comprehensive
review of existing studies was crucial in shaping the modeling approach for this project, especially
in bridging initial knowledge gaps.

2
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3 Power to H2-tank to Power
3.1 Overview

Figure 3: Overview of the developed Power to Hydrogen Tank to Power model

Power-to-Hydrogen tank-to-Power (PtH2tP) represents an innovative electricity storage concept.
This transformative approach involves the conversion of surplus electricity Pin into hydrogen ṁp

through water electrolysis, storing produced hydrogen, and later using stored hydrogen ṁc in a fuel
cell to generate electricity when needed. PtH2tP is a key player in addressing the intermittency of
renewable energy sources, providing versatile and efficient means of storing excess electricity in the
long-term.

Table 1: Variables in the Power-to-Hydrogen Tank-to-Power Model Overview

Variable Meaning Unit
Pin Excess power from the grid [W]
ṁp Hydrogen production rate [W]
ṁc Hydrogen consumption rate [W]
Pout Output power injected into the grid [W]
Q̇in Heat input rate of the SOEC system [W]
tcharging Duration of charging storage tank/duration of SOEC operation [days]
tdwell Dwell duration of H2 inside the storage tank [days]
tdischarging Discharging duration of tank/duration of SOFC operation [W]
Q̇out Heat output rate from SOFC operation [W]

In the modeling of a Power-to-Hydrogen Tank-to-Power system, it is imperative to account for
two essential forms of energy: electricity and heat. The operation of a Solid Oxide Electrolysis
Cell (SOEC) necessitates electrical power, while a Solid Oxide Fuel Cell (SOFC) generates elec-
trical power for consumption. Moreover, the storage of hydrogen involves the use of electricity
for processes like H2 compression or liquefaction. Simultaneously, heat plays a crucial role in the
system, given the high operating temperatures of SOEC and SOFC. The reactants and products
of these cells are at elevated temperatures, influencing the overall system dynamics. Furthermore,
the electrolysis reaction in a SOEC necessitates heat, particularly when not operated under the
thermoneutral potential 1.

1The thermoneutral potential of a SOEC refers to the condition where the overall reaction neither absorbs nor
releases heat[22].

3
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Conversely, a Solid Oxide Fuel Cell (SOFC) generates heat during its operation, contributing to
the energy dynamics of the system.

The above emphasizes the significance of a comprehensive heat and electrical model. The decision
has been made to initially focus on modeling the electrical aspect. Although the heat model
was initiated, it was omitted from the current report due to inaccuracies that need refinement in
subsequent stages of research.

3.1.1 Technology

Hydrogen energy storage, involving electrolysis where electricity splits water into hydrogen and
oxygen, employs various technologies like alkaline, proton exchange membrane (PEM), and solid
oxide electrolysis for effective electrical to hydrogen energy conversion [23]. Additionally, the process
of electrochemical oxidation in Solid Oxide Fuel Cells (SOFC) plays a pivotal role in this system.
This stored hydrogen is then reconverted into electricity using fuel cells.

3.1.2 Required Equipment

Various equipments are essential for storing hydrogen as an energy source. This includes hydrogen
storage tanks, electrolyzers that split water molecules, compressors to modify hydrogen pressure
or liquefiers to liquefy hydrogen and fuel cells for converting hydrogen back into electrical energy.
The choice of equipment depends on factors like scale, application, hydrogen storage technique,
and specific energy needs

3.1.2.1 Electrolyzer Technologies [23] [24] In this model, the choice of Solid Oxide Elec-
trolysis Cells (SOEC) and Solid Oxide Fuel Cells (SOFC) as preferred options over alternatives like
Proton Exchange Membrane (PEM) electrolysis, Alkaline Electrolysis (AE) and Alkaline Exchange
Membrane, is underpinned by several critical considerations.

One pivotal factor is their high efficiency at high operating temperatures. SOEC and SOFC excel
in operation at elevated temperatures, leading to superior overall efficiency in the energy conversion
process. Notably, the cell efficiency of SOEC stands out, reaching up to 95% [25].

Another significant advantage lies in the syngas production capability inherent to SOEC technology.
Unlike some alternatives, SOEC allows for the direct synthesis of syngas—a mixture of hydrogen and
carbon monoxide—from CO2 and water. This distinctive feature enhances the system’s versatility,
enabling the concurrent production of syngas and hydrogen. Such flexibility opens avenues for
diverse applications, including chemical synthesis processes and CO2 capture and utilisation in the
steel industry [26].

Economic considerations further contribute to the preference for SOEC and SOFC. While ac-
knowledging that these systems may entail higher upfront costs, ongoing research and development
initiatives point to the potential for cost reduction. The accrued expertise from existing SOEC
plants is instrumental in driving down material costs, rendering them economically competitive.
Moreover, when compared to alternative technologies, SOEC systems demonstrate lower material
costs, bolstering their viability and attractiveness in the context of the power-to-H2-tank-to-Power
model [27].

4
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In summary, the selection of SOEC and SOFC for the model is driven by their high efficiency, syngas
production capability, ongoing cost reduction potential and overall suitability for integration into
the envisioned Power-to-Hydrogen Tank-to-Power system.

3.1.3 Advantages and Drawbacks of H2-storage [28]

Advantages of Hydrogen Storage

• High Energy Density: Hydrogen offers a high energy density by weight, allowing for
efficient energy storage in a compact and lightweight form.

• Long-term Storage: Hydrogen can be stored indefinitely without significant energy loss,
making it suitable for long-term storage and seasonal energy balancing.

• Scalability: Hydrogen energy storage systems can be scaled up or down to meet diverse
applications, from small residential setups to large-scale grid storage.

• Harmless by-products: The conversion of hydrogen back into electricity produces only
water as a by-product, offering a “clean and environmentally friendly” energy storage solution.

Drawbacks of Hydrogen Storage

• Energy Density by Volume: Despite its high energy density by weight, hydrogen’s energy
density by volume is relatively low, necessitating large storage tanks or high-pressure systems
for compact storage.

• Low Efficiency: The round-trip efficiency of hydrogen energy storage is typically 40% to
50%, lower than some other energy storage technologies like batteries.

• High Capital Costs: The necessary equipment, such as electrolysers, liquefiers or compres-
sors, and fuel cells, can be expensive, resulting in higher initial capital costs compared to
alternative energy storage solutions.

• Infrastructure Challenges: The lack of an established hydrogen infrastructure, including
pipelines and refuelling stations, poses a barrier to widespread adoption.

• Safety Concerns: Hydrogen is highly flammable, requiring stringent safety measures in its
storage and transportation to prevent accidents.

5
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3.2 Electrical Model
The following section outlines the electrical model without accounting for any heat considerations.
As depicted in Figure 3, the developed model predominantly consists of three systems: Solid Oxide
Electrolyser System, Solid Oxide Fuel Cell System, and a Storage System. To provide a thorough
understanding of the model, the model will be discussed in terms of these three systems.

3.2.1 Approach

As discussed in Section 2, the adopted approach is deemed
innovative. Unlike many existing models, the innovation
lies in commencing the model from the J-V characteristics
of SOEC and SOFC. This unique approach involves start-
ing at a foundational level and progressing upward—first to
a stack level, then to a system level, and ultimately inte-
grating with the grid to account for electricity price fluctu-
ations. This methodology aligns with a techno-economic
standpoint, conducting both cost and technical analyses
with a focus on efficiency as a key metric.

Figure 4: Bottom-up approach of the
developed Power to H2-Tank to Power
model

3.2.2 Solid Oxide Electrolyser System

As shown in Figure 5 to construct the system model, the initial step involves modeling the SOEC
cell. Progressing upwards, the modeling extends to a SOEC stack. Finally, by integrating multiple
SOEC stacks and incorporating Balance of Plant (BOP) considerations, a comprehensive SOEC
systems model is derived. The primary outputs of this model encompass the SOEC capital expen-
diture (Capex) cost and its electrical efficiency.

(a) SOEC cell (b) SOEC Stack (c) SOEC System

Figure 5: Overview of Various Structural Configurations in SOEC Model

3.2.2.1 SOEC Cell

The electrical cell model of the Solid Oxide Electrolysis Cell (SOEC), as illustrated in Figure
5a 2, operates as a black box. Water enters the cell at a specified temperature, referred to as Tcell,
with a current default setting of 800°C. Within the cell, electrolysis of water occurs, leading to
the generation of H2 and O2, which exit the cell at a temperature determined by the operational
state of the cell. To provide a comprehensive understanding of the model’s parameters, Table 2
enumerates all model’s input parameters initially set to default values, which can be modified if
needed. The significance of these parameters will become clearer as we delve into the discussion of
the J-V characteristic of the cell.

2The above figures represent the electrochemical reaction while focusing on flow transport. At this stage, certain
parameters like input heat (Q̇in) and input power (Pin) are intentionally excluded from the representation.

6
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Input Parameters Meaning Default Value Units
J Cell Current Density 0.5 [ A

cm2 ]
T Cell Operating Temperature 800 [°C]
pH2 Hydrogen Cell Partial Pressure 0.1 [ ]
pH20 Water Cell Partial Pressure 0.9 [ ]
pO2 Oxygen(Air) Cell Partial Pressure 0.21 [ ]
Output Parameters Meaning Default Value Units
Ecell Cell Operating Voltage TBD [V]

Table 2: Overview of SOEC cell electrical model input and output parameters

Chemical reaction : In a Solid Oxide Electrolysis Cell (SOEC), fundamental chemical reactions
occur at the anode and cathode interfaces, driving the electrolysis process for water splitting. At the
anode-electrolyte interface, oxygen ions (O2−) undergo oxidation according to Equation 1:

Anode: O2− → 1
2O2 + 2e− (1)

Simultaneously, at the cathode-electrolyte interface, water is reduced according to Equation 2:

Cathode: H2O + 2e− → H2 + O2− (2)

The net reaction for one mole of water involves the reduction of water at the cathode and the
oxidation of oxygen ions at the anode. As can be seen on Figure 6, the net reaction entails:

Net Reaction: H2O → H2 + 1
2O2 (3)

Figure 6: Schematic of solid oxide electrolysis cell (SOEC) working principle [29]

7
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These electrochemical processes take place within the SOEC, operating at elevated temperatures
between 500 and 1000 °C. The cell utilizes a solid oxide electrolyte, typically composed of ZrO2
doped with Y2O3 (YSZ) [30] [fergus_electrolytes_2006], to enable the ionic conduction nec-
essary for the electrolysis reactions. The fuel electrode (cathode) and oxygen electrode (anode)
materials play crucial roles in facilitating the reduction and oxidation reactions, respectively, and
are often composed of materials such as Ni-doped YSZ and LSM. The effective operation of the
SOEC relies on the intricate balance of material properties and operating conditions to achieve
efficient hydrogen and oxygen gas production through high-temperature electrolysis.

J-V Charcateristics of SOEC : In the methodology for computing the J-V characteristics
of the Solid Oxide Electrolysis Cell (SOEC), a series of equations are employed to determine the
operating cell potential (Ecell) [22] given a certain cell current density (Jcell). Firstly, the reversible
cell potential (E0) is calculated using the Gibbs free energy change (∆G), the Faraday constant
(F ), and the temperature (T ):

E0 = −Z · F · ∆G

T
(4)

in units of volts [V].

Subsequently, the Nernst equation is applied to incorporate the effect of partial pressures of hydro-
gen (pH2), oxygen (pO2), and water vapor (pH2O) on the reversible cell potential under the given
operating conditions:

E0
cell = E0 − RT

ZF
· ln

(
pH2O

pH2 · √
pO2

)
(5)

in units of volts [V].

The activation overpotential (ηa) is computed using the Butler-Volmer equation, combining con-
tributions from anodic and cathodic reactions:

ηa = η(a,anode) + η(a,cathode) (6)

The concentration overpotential (ηconc) is considered negligible for the non-fuel electrode. More
complex equations have been used for the computation of the concentration overpotential (ηconc),
according to (equations 10&11 [31]).

The ohmic overpotential (ηohm) is determined by multiplying the cell current density (Jcell) with
the ohmic resistance (Rohm):

ηohm = Jcell · Rohm (7)

It is important to emphasize that the overpotential values have been computed using cell character-
istics from a specific paper [31], wherein a SOEC model was developed to align with experimental

8
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data obtained from a real SOEC cell. The values employed for calculating the overpotentials are
therefore specific to this particular model, corresponding to a distinct type of SOEC cell tested in
a laboratory setting. While the methodology and formulas are consistent across all possible SOEC
cells, it is important to acknowledge the specificity of the obtained values. Nonetheless, future
contributors can seamlessly adapt these calculations to suit the characteristics of their own studied
cells, underscoring the versatility and applicability of the presented methodology.

The final step involves combining these overpotentials with the reversible cell potential to obtain
the operating cell potential (Ecell):

Ecell = E0
cell + ηa + ηconc + ηohm (8)

In conlusion this approach, incorporating these equations, provides insights into the voltage behav-
ior of the SOEC under a fixed cell current density Jcell. The above equations should clarify the
input parameters of the SOEC cell model mentioned in Table 2.

J-V Characteristics Curve Simulations : Figure 7 illustrates the output of the SOEC model,
depicting the variation in cell operating voltages (Ecell) for cell current densities (Jcell) ranging
from 0 to 2.1 A/cm2. A distinct limiting current density (jlim) becomes apparent in the figure
7. This limitation arises from constraints related to mass transport phenomena. Specifically, at
higher current densities, the SOEC cell experiences an elevated rate of water consumption (H2O),
resulting in limitations imposed by mass transport phenomena associated with water.

(a) SOEC cell J-V curve

Input Parameter Numerical Value Unit
pH2 0.1 [ ]

pH2O 0.9 [ ]
pO2 0.21 [ ]
Tcell 800 [°C]

(b) SOEC model Input Parameters Values

Figure 7: SOEC cell J-V Characteristic Curves

V-J Characteristics Curve Simulations : Figure 8 presents the reversible V-J curves for the
studied SOEC cell, operated in SOEC mode (depicted in blue), and a cell operated in SOFC mode
(depicted in green). It’s noteworthy that the axes have been transposed in comparison to Figure 7.
This section delves into an analysis of the injected power in a SOEC cell operating at a cell current
density of 0.2 A/cm2 and a cell operating voltage Ecell of 1.1 V. Figure 8a illustrates the consumed

9
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power density Pdens, cons by the cell.

Pdens, cons = Jcell · Ecell (9)

in units of W
cm2 .

In Figure 8b, the blue rectangle represents the useful power density Pdens, use:

Pdens, use = Jcell · E0
cell (10)

in units of W
cm2 .

The yellow rectangle in Figure 8b represents the power density losses (heat) Pdens, loss:

Pdens, loss = Pdens, cons − Pdens, use (11)

in units of W
cm2 .

These equations encapsulate the power dynamics within the SOEC cell, offering insights into the
consumed power, useful power transformation, and losses in the form of heat.

(a) Power Density Consumed (b) Useful Power Density

Figure 8: SOEC Cell Reversible V-J Curves

3.2.2.2 SOEC Stack The electrical model of the Solid Oxide Electrolysis Stack (SOEC), illus-
trated in Figure 5b, functions as a black box. Water enters the stack at a designated temperature,
denoted as Tcell and initially set at 800°C. The stack comprises multiple interconnected SOEC cells
arranged in series, where the injected power and water are distributed across the cells constituting
the stack. Notably, a stack is composed of 130 SOEC cells linked in series. Electrolysis of water
takes place independently in each of these 130 SOEC cells, resulting in the production of H2 and
O2. The exit temperature of these gases is contingent upon the operational status of the individual
cells. The decision to employ a stack with 130 cells is based on insights derived from a prior scien-
tific report [32], which extensively examined the cost and manufacturing aspects of a stack with the
same cell count. It is important to note that all cells within a stack are considered to be operated
at the same point on the J-V curve. Table 3 provides a summary of the key characteristics of the
selected stack.
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SOEC Parameter Value Units
Single Cell Rated Power 349.83 [W]
Cells

1Stack 130 [ ]
Stack Rated Power 45 [kW]
Cell Active Area 299 [cm]

Table 3: Stack Characteristics [32]

3.2.2.3 SOEC System The SOEC system model, depicted in Figure 5c, operates as a sealed
system. Water enters under standard testing conditions, specifically at 25°C and atmospheric pres-
sure. The hydrogen and oxygen exiting the SOEC cell system are assumed to leave under standard
testing conditions. Within this sealed system, SOEC stacks are arranged in series along with the
Balance of Plant (BOP). The BOP encompasses various components, including the heat model.
As detailed in section 3.2.1, it’s worth noting that the heat model requires further refinement,
and therefore, it is currently not taken into consideration in the BOP. However, it is crucial to
bear in mind that the SOEC system incorporates the BOP when calculating the system’s capital
expenditure (CAPEX) costs in further sections.

System’s Size Calculations : Unlike the SOEC stack, whose number of cells or size is prede-
termined, the number of SOEC stacks in series within the SOEC system is variable. The specific
quantity of SOEC stacks in series depends on both the cell current density at which all cells in all
stacks operate and the power input Pin for which the SOEC system is designed. To determine the
number of SOEC stacks in series within the SOEC system nstack for a fixed cell current density
Jcell and power input Pin, the stack power Pstack is first calculated. The stack power represents
the power consumed by each stack under the specified conditions outlined in figure 7b and Jcell.
The operating cell voltage Ecell is computed specifically for the given Jcell using the equations and
model explained in section 3.2.2.1 (equation 3.2.2.1 ).

Pstack = Jcell · Ecell · ncell

1 stack · Acell (12)

in units of watts [W ], where ncell
1 stack is the number of cells in each stack and Acell is the SOEC’s cell

active area.

Finally, the number of stacks within the SOEC system is computed using the equation:

nstack = Pin
Pstack

(13)

These calculations enable the determination of the required number of SOEC stacks in series for a
given system design (Pin and Jcell).

System’s Electrical Efficiency Calculations : The determination of the SOEC system’s elec-
trical efficiency involves parameters analyzed in distinct steps. Firstly, the power consumed by the
entire system Pcons is computed, using the cell current density Jcell, cell operating voltage Ecell,
the number of cells in each stack ncell

1 stack , the cell active area Acell and the number of stacks in the
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SOEC system nstacks (see equation 13). This is expressed as

Pcons = Jcell · Ecell · ncells
1 stack · nstacks · Acell (14)

in units of watts (W).

Subsequently, the total system’s hydrogen production rate ṁH2 is calculated, using the total number
of cells in the system ntot, the molar mass of hydrogen MH2 , the active cell area Acell, the Faraday
constant F and cell current density Jcell

ntot = ncells
1 stack · nstacks (15)

ṁH2 = MH2 · Jcell
2 · F

· ntotal · Acell (16)

in units of kilograms per second [kg
s ]. In literature, hydrogen production rates are commonly

expressed in [W ] using the higher heating value of hydrogen HHVH2 to transition from [kg
s ] towards

[W ].

Finally, the electrical efficiency of the entire system (ηele) is computed using the equation

ηele = ṁH2 · HHVH2

Pcons
(17)

considering the higher heating value of hydrogen (HHVH2). This efficiency metric is dimensionless,
quantifying the electrical efficiency while excluding the influence of input heat into the system, as
mentioned in section 3.2.1.

Figure 9: SOEC system’s electrical efficiency versus cell current density

Figure 9 demonstrates the relationship between the electrical efficiency of the SOEC system and
varying cell current densities Jcell. It shows a declining trend in electrical efficiency as the cell
current density increases. A noteworthy aspect is the y-axis scale for electrical efficiency, extending
beyond 1. This anomaly arises because the analysis currently only considers electrical efficiency,
neglecting the input heat. As SOEC systems require heat alongside electrical input, not accounting
for this thermal energy in the efficiency denominator skews the results, leading to an electrical
efficiency greater than 1.
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System’s Cost Calculations : The cost of the SOEC system is primarily determined by two
factors: the cost of the SOEC stacks and the Balance of Plant (BOP) cost. While further refinement
is still needed for the heat model, it is however already possible to incorporate the Balance of Plant
(BOP) costs in the current analysis. Utilizing information from a previous IPESE lab paper [32]
and the Lawrence Berkeley National Laboratory [33] [34], an estimated cost of 800[ $

kW ] is considered
for SOEC/SOFC cells. The SOEC system’s capital expenditure (capex) cost is computed by first
determining the rated system power Prated, system using the equation:

Prated, system = 349.83[W ] · nstacks (18)

in units of watts [W], where nstacks is the number of stacks in the SOEC system (see equation 13).
The value of 349.83[W ] represents the rated power of one stack, as per Table 3.

Subsequently, the SOEC system’s capex cost Capexsystem, SOEC is determined by the equation:

Capexsystem, SOEC = 800[ $
kW

] · Prated, system
1000 (19)

in units of dollars [$].

Based on internal discussions and literature review, it has been decided to consider the cost of the
BOP equal to the SOEC system’s capex cost Capexsystem, SOEC.

Finally, accounting for both BOP and SOEC costs, the total SOEC system’s capex cost Capextot, SOEC
is computed as:

Capextot, SOEC = 2 · Capexsystem, SOEC (20)

in units of dollars [$].

Figure 10: Total SOEC system’s cost versus cell current density

Figure 10 illustrates the total capex cost of the SOEC system across different cell current densities
Jcell. The trend indicates a decrease in total cost with an increase in cell current density as the
number of stacks in the SOEC system nstacks decreases.
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Cost Efficiency Dilemma : Figure 11 presents the relationship between the electrical efficiency
of the SOEC system and its total capex cost. A dilemma becomes evident, as operating at higher
electrical efficiency results in a higher total capex cost for the SOEC system, while lower electrical
efficiencies correspond to lower total costs. It is important to note that each point along the curve
in Figure 11 corresponds to a specific cell current density Jcell.

In conclusion, a dilemma arises between the electrical efficiency of the SOEC system and its total
system cost. Additionally, it has been demonstrated that the cell current density at which the SOEC
cells operate significantly influences the total cost of the system and its electrical efficiency.

Figure 11: SOEC system’s efficiency versus total SOEC system’s cost

3.2.3 Solid Oxide Fuel Cell System

To construct the Solid Oxide Fuel Cell system model (SOFC), the initial step involves modeling the
SOFC cell. Progressing upwards, the modeling extends to a SOFC stack. Finally, by integrating
multiple SOFC stacks and incorporating Balance of Plant (BOP) considerations, the comprehensive
SOFC systems model is derived. The primary outputs of this model encompass the SOFC capital
expenditure (Capex) cost and its electrical efficiency.

3.2.3.1 SOFC cell

The electrical cell model of the Solid Oxide Fuel Cell (SOFC), operates as a black box. hydrogen
and oxygen enter the cell at a specified temperature, referred to as Tcell, with a current default
setting of 800°C. Within the cell, electrochemical oxidation of hydrogen occurs, leading to the
generation of H2O , which exits the cell at a temperature determined by the operational state of
the cell, and electricity. To provide a comprehensive understanding of the model’s parameters,
Table 2 enumerates all model’s input parameters initially set to the values as depicted in Figure
12b, which can be modified if needed. The significance of these parameters will become clearer as
we delve into the discussion of the J-V characteristic of the cell.
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Chemical Reaction: In a Solid Oxide Fuel Cell (SOFC), the core chemical reactions occur at
the anode and cathode, facilitating the electrochemical conversion of fuel to electricity. At the
anode-electrolyte interface, hydrogen undergoes oxidation as per the following equation:

Anode: H2 + O2− → H2O + 2e− (21)

Concurrently, at the cathode-electrolyte interface, oxygen is reduced in this reaction:

Cathode: 1
2O2 + 2e− → O2− (22)

The net reaction for the SOFC involves the oxidation of hydrogen at the anode and the reduction
of oxygen at the cathode, as depicted in a corresponding figure. This process occurs at high
temperatures, typically between 500 and 1000°C, using a solid oxide electrolyte such as for example
YSZ. The electrodes, usually consisting of materials like Ni-YSZ for the anode and LSM for the
cathode, are crucial for efficient reaction kinetics [35]. The SOFC’s effectiveness hinges on the
careful selection of materials and operational conditions to optimize electricity generation through
these electrochemical reactions.

J-V Characteristics of SOFC: In the methodology for determining the J-V characteristics of
the Solid Oxide Fuel Cell (SOFC), equations are utilized to calculate the cell’s operating potential
(Ecell) [22] for a given cell current density (Jcell). The reversible cell potential (E0) in SOFCs is cal-
culated considering the Gibbs free energy change (∆G), the Faraday constant (F ), and temperature
(T ) in the same way as for the SOEC cell (see equation 3.2.2.1).

Subsequently, the Nernst equation adjusts E0 for SOFCs, considering partial pressures of hydrogen,
oxygen and water, using the same formula as as for the SOEC cell (see equation 3.2.2.1). At this
stage, the key distinction between SOEC and SOFC lies in the differing values of model parameters,
notably the partial pressures of oxygen pO2 , hydrogen pH2 , and water pH2O.

The activation overpotential (ηa) is computed using the Butler-Volmer equation, combining con-
tributions from anodic and cathodic reactions:

ηa = η(a,anode) + η(a,cathode) (23)

The concentration overpotential (ηconc) is considered negligible for the non-fuel electrode. More
complex equations have been used for the computation of the concentration overpotential (ηconc),
according to (equations 10&11 [31]).

The ohmic overpotential (ηohm) is determined by multiplying the cell current density (Jcell) with
the ohmic resistance (Rohm):

ηohm = Jcell · Rohm (24)

In the same way, as for the SOFC cell, it is important to emphasize that the overpotential values
have been computed using cell characteristics from a specific paper [31], wherein a SOFC model was
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developed to align with experimental data obtained from a real SOFC cell. The values employed
for calculating the overpotentials are therefore specific to this particular model, corresponding to
a distinct type of SOFC cell tested in a laboratory setting. While the methodology and formulas
are consistent across all possible SOFC’s.

The final step involves combining these overpotentials with the reversible cell potential to obtain
the operating cell potential (Ecell):

Ecell = E0
cell − ηa − ηconc − ηohm (25)

This approach elucidates the voltage behavior of SOFCs under varying current densities, aligning
with the parameters in Figure 12b.

J-V Characteristics Curve Simulations : Figure 12 illustrates the output of the SOFC model,
depicting the variation in cell operating voltages (Ecell) for cell current densities (Jcell) ranging
from -1.2 to 0 A/cm2. A distinct limiting current density (jlim) becomes apparent in Figure
12. This limitation arises from constraints related to mass transport phenomena. Specifically,
at more negative current densities, the SOFC cell experiences an elevated rate of hydrogen and
oxygen consumption (H2 and O2), resulting in limitations imposed by mass transport phenomena
associated with hydrogen and oxygen.

(a) SOEC cell J-V curve

Input Parameter Numerical Value Unit
pH2 0.9 [ ]

pH2O 0.1 [ ]
pO2 0.21 [ ]
Tcell 800 [°C]
(b) Input Parameters Values

Figure 12: SOEC cell J-V Characteristic Curves

3.2.3.2 SOFC Stack The electrical model of the Solid Oxide Fuel Cell Stack (SOFC), functions
as a black box. Hydrogen and oxygen enter the stack at a designated temperature, denoted as Tcell
and initially set at 800°C. The stack comprises multiple interconnected SOFC cells arranged in
series, where the injected hydrogen and oxygen are distributed across the cells constituting the
stack. Notably, a stack is composed of 130 SOFC cells linked in series. Electrochemical oxidation
of the fuel takes place independently in each of these 130 SOFC cells, resulting in the production of
H2O and power under the form of electricity. The exit temperature of the H2O gases is contingent
upon the operational status of the individual cells. The decision to employ a stack with 130 cells
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is based on insights derived from a prior scientific report [32], which extensively examined the cost
and manufacturing aspects of a stack with the same cell count. It is important to note that all cells
within a stack are considered to be operated at the same point on the J-V curve. Table 3 provides
a summary of the key characteristics of the selected stack.

3.2.3.3 SOFC System The SOFC system model, depicted in Figure 13, operates as a sealed
system. Hydrogen and oxygen enter under standard testing conditions, specifically at 25°C and
atmospheric pressure. The water exiting the SOFC system is assumed to leave under standard
testing conditions. The SOFC system produces electrical power Pout and produces heat Q̇out as a
byproduct of its operation. Within this sealed system, SOFC stacks are arranged in series along
with the Balance of Plant (BOP). The BOP encompasses various components, including the heat
model. As detailed in section 3.2.1, it’s worth noting that the SOFC heat model requires further
refinement, and therefore, Q̇out is thus currently not taken into consideration in the BOP. However,
it is crucial to bear in mind that the SOFC system incorporates the BOP when calculating the
system’s capital expenditure (CAPEX) costs in further sections.

Figure 13: Overview SOFC system as black-box

System’s Size Calculations: Unlike the SOFC stack, whose number of cells or size is prede-
termined, the number of SOFC stacks in series within the SOFC system is variable. The specific
quantity of SOFC stacks in series within the SOFC system depends on both the cell current density
Jcell at which all cells in all stacks operate and the hydrogen feed-in rate ṁH2 for which the SOFC
system is designed. To determine the number of SOFC stacks nstack in series within the SOFC
system for a fixed cell current density Jcell and hydrogen feed-in rate ṁH2 , the stack current Istack
is first calculated. The stack current represents the current consumed by each stack of the SOFC
system under the specified conditions outlined in Figure 12b and for a specific cell current density
Jcell.

Istack = Jcell · ncell

1 stack · Acell (26)

in units of amperes [A].

Hydrogen oxidation at the anode releases electrons, contributing to the current in proportion to the
hydrogen feed rate, as per Faraday’s law. Consequently, the stack current (Istack) not only defines
the electrical output but also correlates with the hydrogen consumption rate per stack.
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The hydrogen feed-in rate (ṁH2) for the SOFC system sets the total hydrogen usage for all stacks.
This rate is transformed into an electrical measure called the system current (Isystem). The system
current Isystem represents the sum of all stack currents in the system Istack.

Isystem = ṁH2 · rfuel,utilization

MH2
· z · F (27)

in units of amperes [A].

To deduce the total number of SOFC stacks (nstack) in the SOFC system, the following equation
is employed:

nstack = Isystem

Istack
(28)

This methodology offers a precise approach to ascertain the optimal number of stacks required for
a specified system’s hydrogen feed-in rate ṁH2 and cell operating current density Jcell within an
SOFC system.

System’s Electrical Efficiency Calculations : The determination of the SOFC system’s elec-
trical efficiency involves parameters analyzed in distinct steps. Firstly, the power produced by the
entire system Pprod is computed, using the cell current density Jcell, cell operating voltage Ecell,
the number of cells in each stack ncells

1 stack , the cell active area Acell and the number of stacks in the
SOFC system nstacks (see equation 3.2.3.3). This is expressed as

Pprod = Jcell · Ecell · ncells
1 stack · nstacks · Acell (29)

in units of watts (W).

Subsequently, the total system’s hydrogen consumption rate ṁH2,c is calculated, considering a fuel
utilization rate rfuel,utilization. Based on common industry knowledge and literature review, the
fuel utilization rate rfuel,utilization is considered to be equal to 0.8 [36].

ṁH2,c = ṁH2 · rfuel,utilization (30)

in units of kilograms per second [kg
s ]. In literature, hydrogen production rates are commonly

expressed in [W ] using the higher heating value of hydrogen HHVH2 to transition from [kg
s ] towards

[W ].

Finally, the electrical efficiency of the entire SOFC system (ηele) is computed using the equa-
tion

ηele = Pprod
ṁH2,c · HHVH2

(31)

considering the higher heating value of hydrogen (HHVH2). This efficiency metric is dimensionless,
quantifying the electrical efficiency while excluding the influence of input heat into the system, as
mentioned in section 3.2.1.

Figure 9 illustrates how the electrical efficiency of the SOFC system varies with different cell current
densities, denoted as Jcell. There is a noticeable downward trend in electrical efficiency as the cell
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Figure 14: SOFC system’s electrical efficiency versus cell current density

current density rises. The electrical efficiency values depicted on the y-axis correlate well with
those reported in existing literature, as referenced in [37]. Additionally, it’s important to highlight
that the efficiency of a SOFC system can be enhanced through the utilization of waste heat in a
combined heat and power (CHP) system.

System’s Cost Calculations : The cost of the SOFC system is primarily determined by two
factors: the cost of the SOFC stacks and the Balance of Plant (BOP) cost. While further refinement
is still needed for the heat model, it is however already possible to incorporate the Balance of Plant
(BOP) costs in the current analysis. The SOFC system’s capital expenditure (capex) cost is
computed in the exact same way as for the SOEC system, as discussed in section 3.2.2.3

As a reminder, accounting for both BOP and SOFC costs, the total SOFC system’s capex cost
Capextot, SOFC is computed as:

Capextot, SOFC = 2 · Capexsystem, SOFC (32)

in units of dollars [$].

Figure 15 illustrates the total capex cost of the SOEC system across different cell current densities
Jcell. The trend indicates a decrease in total cost with an increase in cell current density as the
number of stacks in the SOEC system nstacks decreases.

Cost Efficiency Dilemma : Figure 16 presents the relationship between the electrical efficiency
of the SOFC system and its total capex cost. A dilemma becomes evident, as operating at higher
electrical efficiency results in a higher total capex cost for the SOFC system, while lower electrical
efficiencies correspond to lower total costs. It is important to note that each point along the curve
in Figure 16 corresponds to a specific cell current density Jcell.

In conclusion, a dilemma arises between the electrical efficiency of the SOFC system and its total
system cost. Additionally, it has been demonstrated that the cell current density at which the
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Figure 15: Total SOFC system’s cost versus cell current density

SOFC cells operate significantly influences the total cost of the SOFC system and its electrical
efficiency.

Figure 16: SOFC system’s efficiency versus Total SOFC system’s cost

3.2.4 Storage System

Following the examination of SOEC and SOFC systems, attention will now be directed towards the
storage system as illustrated in Figure 3. In the context of researching the use of Solid Oxide Fuel
Cells (SOFC) and Solid Oxide Electrolyzer Cells (SOEC) for long-term electrical energy storage
systems, understanding the nuances of hydrogen storage is crucial. Hydrogen serves as a key element
in these systems, both as a fuel and a storage medium. Its storage, however, presents several
challenges and opportunities, especially in terms of energy requirements and system efficiency as
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previously briefly discussed in section 3.1.3.

3.2.4.1 Introduction to hydrogen storage technologies

Hydrogen can be stored in two primary physical forms: as compressed gas (GH2) at high pressures
(350 to 700 bar) and as liquid hydrogen (LH2). Consequently, the hydrogen storage model has
been developed to function with both potential physical forms of hydrogen, specifically liquid
hydrogen (LH2) and gaseous hydrogen (GH2). The energy requirements for these storage methods
are significant and vary based on the chosen storage method. Compressing hydrogen from 20 bar
to 350 or 700 bar requires 1.05 and 1.36 kWh/kg H2 respectively, in theory, but practical scenarios,
including compressor inefficiencies and rapid filling processes, increase this demand substantially,
ranging from 1.7 to 6.4 kWh/kg H2 as per the DOE Technology Validation Project data [38].
Additional energy is required for pre-cooling under GH2-storage, which can be around 0.15 kWh/kg
H2, to maintain onboard temperatures during fast fills [39].

On the other hand, the liquefaction of hydrogen, which involves cooling it to a liquid state, requires
a minimum of 3.3 kWh/kg LH2 or 3.9 kWh/kg LH2 when converting to para-LH2 (a common prac-
tice). Practical energy requirements for this process are higher, typically between 10-13 kWh/kg
LH2, influenced by the scale of the operation [38]. Novel methods such as active magnetic regen-
erative liquefiers may lower this to around 7 kWh/kg LH2 [40].

For both storage methods, the energy required is a significant portion of the lower heating value
(LHV) of hydrogen (33.3 kWh/kg H2), with compression using about 5 - 20% and liquefaction 30
- 40% of the LHV [38]. These figures highlight the importance of optimizing the storage method
for maximum efficiency in long-term energy storage systems through hydrogen.

The types of compressors used for hydrogen storage also play a critical role. Common types
include positive displacement compressors (reciprocating or rotary) and centrifugal compressors
[41]. Each type has its advantages, with reciprocating compressors being more suitable for high
compression ratios and centrifugal compressors preferred for pipeline applications due to their high
throughput. Innovative alternatives like ionic compressors and electrochemical compressors are also
under exploration for their potential efficiencies and lower failure rates [41].

3.2.4.2 Conception of the hydrogen storage model

Figure 17: Hydrogen storage system

Storage Model Parameter Value Units
tdischarging - [day]
tcharging - [day]
tdwell - [day]
Hydrogen output rate ṁc - [W]
Hydrogen input rate ṁp - [W]

Figure 18: Hydrogen storage parameters
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The model has been designed to operate as a black-box system. Hydrogen is introduced into the
storage system at a specific rate denoted as ṁp, which typically corresponds to the hydrogen pro-
duction rate of the Solid Oxide Electrolysis Cell (SOEC) system. This input rate is maintained for
a duration of tcharging. Subsequently, the accumulated hydrogen is converted into the storage form,
either gaseous hydrogen (GH2) or liquid hydrogen (LH2), and stored for a period of tdwell. Follow-
ing the storage phase, the stored hydrogen is released, typically directed towards the Solid Oxide
Fuel Cell (SOFC) system, at a designated output rate ṁc for a duration equal to tdischarging.

It is important to note that, considering the model’s final application, the variables tcharging and
tdischarging are defined within the SOEC and SOFC models, respectively. Specifically, it is assumed
that tcharging corresponds to the duration during which the SOEC system operates, as all produced
hydrogen is directed towards storage during this period. Conversely, tdischarging is defined as the
operation time of the SOFC system, as all hydrogen released from the storage tank is used directly
to operate the SOFC system.

As mentioned in section 3.2.4.1, the hydrogen storage model has been developed to function with
both potential physical forms of hydrogen storage, namely (LH2 and GH2).

3.2.4.3 Liquid Hydrogen Storage - LH2

Storage Model Parameter Value Units
Tank Storage Temperature 20 [K]
Boil-off rates 0.2 [ %

day ]

Table 4: Overview of parameters specific to liquid hydrogen storage

Empirical measurements obtained from real-scale liquefiers have been favored over theoretical for-
mulas due to observed discrepancies between theoretical models and real-scale liquefiers. These
measurements are derived from reports published by the United States Department of Energy in
2019 [38]. These reports comprehensively analyzed the costs and energy requirements associated
with hydrogen liquefaction, specifically for hydrogen storage with an emphasis on energy storage
applications.

Storage Losses : Boil-off rates in liquid hydrogen storage systems refer to the rate at which stored
hydrogen transitions from a liquid state to a gaseous state due to the natural tendency of hydrogen
to evaporate under such conditions. This phenomenon occurs when the storage conditions, such as
temperature and pressure, are not perfectly controlled. Boil-off rates are a critical consideration in
hydrogen storage systems, as they impact the efficiency and safety of the storage process. Reducing
boil-off rates is important to minimize hydrogen losses and optimize the performance of the storage
system.

To calculate the hydrogen output rate (ṁc) while considering boil-off rates :

ṁc = (1 − rboil−off · tdwell) · ṁp (33)

in units of watts [W].

Capital of Expenditure : Figure 19a illustrates the results of the empirical analysis applied
to capital expenditure. The reports in use [38] quantify the capital expenditure for liquefaction
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equipment based on the liquefied hydrogen’s capacity, measured in megawatts (MW). This ’lique-
fied capacity’ specifically refers to the hydrogen liquefaction rate. It’s worth noting that the capital
expenditure (capex) depicted in this figure only covers the upfront cost of acquiring the liquefac-
tion equipment itself. It doesn’t take into account the tank cost, expenses related to purchasing
electricity from the grid to operate the liquefier or any maintenance and operational costs. The
collected data points were subjected to polynomial regression to achieve a fitted curve.

Figure 19b provides insight into the capital expenditure (capex) cost per kilogram of liquefied
hydrogen. When we compare figure 19a and figure 19b, an interesting contrast emerges. While
the total capex cost does indeed rise with greater liquefier capacity, there’s a noteworthy inverse
relationship when we consider the capex cost per kilogram of hydrogen liquefied. As liquefier
capacity increases, the capex cost per kilogram of hydrogen liquefied decreases.

(a) Capital expenditure for liquefiers of different
capacities

(b) Capital expenditure per kilogram for various
liquefier capacities

Figure 19: Capital expenditure per kilogram for various liquefier capacities

With the capital expenditure for liquefiers now established, the subsequent step involves determin-
ing the cost of the cryogenic tank to ascertain the total capital expenditure for the liquid hydrogen
storage system.

According to the “Hydrogen Storage Cost Analysis” (2022) [42], the average cost of a cryogenic
hydrogen storage tank is 31.60 [ $

kg ]. Note that this figure is an average and the actual cryogenic
tank’s capital expenditure (Capextank) can vary significantly due to factors such as material costs,
manufacturing complexities, and market conditions. The cryogenic tank’s capital expenditure,
Capextank, based on the tank’s hydrogen capacity mH2_tank, is calculated as:

mH2,tank = ṁc

HHVH2
· tcharging (34)

in units of kilogram [kg].

Capextank = 31.60[ $
kg] · mH2,tank (35)

in units of dollars [$].

The total capital expenditure (capex) for the liquid hydrogen storage system CapexLH2,system, is
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formulated as :
CapexLH2,system = Capextank + Capexliquefier (36)

in units of dollars [$].

Energy Requirements : As previously mentioned the liquefaction of hydrogen, which involves
cooling it to a liquid state, requires a minimum of 3.3 kWh/kg LH2 or 3.9 kWh/kg LH2 when
converting to para-LH2 (a common practice). However practical energy requirements for this
process are higher, typically between 10-13 kWh/kg LH2, influenced by the scale of the operation
[38]. The collected data points were subjected to polynomial regression to achieve a fitted curve.
One can observe that as the liquefier capacity increases, the liquefaction energy requirement per
kilogram of hydrogen for liquefaction decreases.

Figure 20: Hydrogen liquefication energy requirements

3.2.4.4 Gaseous Hydrogen Storage - GH2

Storage Model Parameter Value Units
Storage Pressure pH2,out 500 [bar]

Table 5: Overview of parameters specific to gaseous hydrogen storage

In the design of hydrogen storage systems, the selection of a gaseous hydrogen tank with a storage
pressure pH2,out of 500 bar represents a strategic decision balancing efficiency, safety, and economic
factors [43]. This high-pressure threshold is primarily chosen to maximize storage capacity. At
500 bar, hydrogen’s density increases significantly, allowing for a larger amount of hydrogen to be
stored in a comparably smaller volume, thereby enhancing the storage efficiency.

Moreover, the choice of 500 bar, a pressure level that is technically feasible and widely used in
the industry, strikes a balance between achieving high storage density and maintaining manageable
material and operational costs [44]. Tanks designed to withstand such pressures are constructed
using advanced materials and engineering techniques to ensure safety and durability, yet they
remain economically viable.
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Furthermore, the infrastructure for refueling and handling hydrogen at this pressure level is rela-
tively more developed and accessible, compared to higher pressures like 700 bar or lower pressures
where storage efficiency is significantly reduced. This compatibility with existing infrastructure
eases integration challenges and supports broader adoption of hydrogen technologies.

Storage losses : For the gaseous hydrogen storage model, it is assumed that losses during storage
are negligible. Therefore, the hydrogen output rate ṁc equals the hydrogen input rate ṁp.

Capital of Expenditure : An empirical formula has been used to calculate the capital expen-
diture related to acquiring a GH2 storage system.

Capex = 220800 + 366.7 · Ecompr

tcharging
(37)

Energy Requirements : To estimate the energy needed to compress hydrogen to an elevated
pressure pH2out, the compression process is idealized as isothermal and the hydrogen gas is treated
as an ideal gas. This approach is widely accepted and employed in academic research, including
the methodologies used in Professor Andreas Züttel’s LMER laboratory [45].

Assuming isothermal compression and ideal gas and :

• k = 1.410 (at 293K)

• T = 298 K

• ηcompr = 0.7

Ecompr =
k

k−1 · R · T ·
[(

PH2,out
PH2,in

) k
k−1 − 1

]
ηcompr · MH2

· tcharging · ṁp (38)

in units of [kWh].

To validate the outcomes derived from equation 3.2.4.4, the calculated values were juxtaposed with
empirical data from Professor Züttel’s laboratory. Utilizing the standard parameter values outlined
in table 5, the computation yielded an energy requirement for hydrogen compression relative to
its Higher Heating Value (HHV), denoted as W

HHV , amounting to 6.6%. This figure was then
compared to the data illustrated by the blue curve in figure 21, which represents the same ratio
for isothermal compression of hydrogen. The close alignment of our theoretical model’s result of
6.6% with this empirical data serves to corroborate the accuracy and reliability of the theoretical
formula utilized.

3.2.5 Results

Having explored the Solid Oxide Electrolyzer Cell (SOEC) and Solid Oxide Fuel Cell (SOFC)
system models, along with the storage system, the next step is to integrate these two models, as
illustrated in Figure 3.
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Figure 21: Hydrogen compression energy requirement, adapted from Züttel’s lecture on Hydrogen
Storage (2023) [45]

The primary objective of this report is to calculate the overall efficiency of the system that converts
electricity to hydrogen (either liquefied or gaseous) and back to electricity. This comprehensive
efficiency, denoted as ηelec,tot, is determined using the output power of the SOFC system (Pout), the
operating duration during discharge (tdischarging), the input power to the SOEC system (Pin), the
operating duration during charging (tcharging), and the energy required for hydrogen liquefaction or
compression (Ecompr). The formula for calculating the total electrical efficiency is given by:

ηelec,tot = Pout · tdischarging

Pin · tcharging + Ecompr
(39)

Considering the aforementioned details, one example has been selected to demonstrate the func-
tionality of the model and to clearly illustrate how it operates.

Figure 22 illustrates a hydrogen storage system tailored for a 2MW input power from the grid. In
this configuration, the Solid Oxide Electrolyzer Cell (SOEC) is operational for a tcharging period of
4 days, during which hydrogen is produced. This hydrogen is then stored in liquid form within a
cryogenic tank for a dwelling time, tdwell, of 166 days. The selection of a 166-day dwelling period is
intentional, as this Power-to-Hydrogen-to-Power (PtH2tP) system is specifically designed for long-
term energy storage. The 166 days, representing approximately half a year, aligns with the concept
of storing surplus electricity generated during the Swiss summer and then redistributing this stored
energy during the winter months. Following the storage phase, the stored hydrogen is planned to
be deployed through a Solid Oxide Fuel Cell (SOFC) system over a discharging period, tdischarging

of 4 days, allowing to inject an output power Pout into the grid. This example is provided mainly
to elucidate and demonstrate the model’s final outputs in a practical scenario.

The results depicted in Figure 22 are specific to an operating current density of Jcell = 0.5 A
cm2 . To

expand upon these findings, the total system efficiency of the system presented in Figure 22 has
been calculated across a range of cell operating current densities, Jcell. This analysis, depicted in
Figure 23, emphasizes the critical role that the cell’s current density plays in determining the total
efficiency of the system.
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Figure 22: Main outcomes of the power-to-H2-tank-to-power model for a defined variable set

To expand upon these findings, the total system cost of the system presented in Figure 22 has
been calculated across a range of cell operating current densities, Jcell. In order to have a better
overview of the SOEC, SOFC and storage system’s cost figure 24 showcases each of those subcosts
with varying cell current densities. It is important to exercise caution when interpreting Figure 24,
due to the utilization of differing scales on the two y-axes.

Finally, both the total system efficiency and total system cost are compared within one graph in
Figure 25.

Figure 23: Total system’s efficiency of the power-to-H2-tank-to-power model for a defined variable
set while varying the cell current density Jcell
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Figure 24: Total system’s cost of the power-to-H2-tank-to-power model for a defined variable set
while varying the cell current density Jcell

3.2.5.1 Discussion of obtained results

Reviewing the total system efficiency (Figure 23), it is evident that efficiency decreases with an
increase in cell current density, staying within a 20% to 50% range. A significant efficiency reduction
is apparent at 1.1 A

cm2 , aligning with the limiting current density effect due to mass transport
limitations, as explored in sections 3.2.2.1 and 3.2.3.1.

Figure 25: Total system’s efficiency versus total systems cost of the power-to-H2-tank-to-power
model
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In terms of costs, as depicted in Figure 24, the total system cost shows a downward trend as cell
current density goes up, indicating fewer stacks are needed. Costs vary between 900 million and
9.4 million dollars. The peak cost of 900 million dollars is linked to very low cell current densities,
which are generally not operational for SOEC and SOFC cells. Examining the subcosts reveals that
storage cost starts to predominate over SOEC and SOFC costs beyond a cell current density of 0.2
A/cm2. While the costs associated with SOEC and SOFC systems show a decrease as the current
density increases, the reduction in the storage costs is not as pronounced as in the case of SOEC
and SOFC systems. Finally, the total system cost falls mostly as cell current density increases due
to decreasing SOEC and SOFC system costs.

Finally, when comparing total system efficiency versus total system cost of the power-to-H2-tank-
to-power model (Figure 25), the usual dilemma between efficiency and capex cost can be noticed
again as for the case of SOEC (section 3.2.3.3) and SOFC systems (section 3.2.2.3).

3.2.5.2 Validation of obtained results

Cost validation : To validate the cost estimates obtained for the SOEC and SOFC systems
as depicted in Figure 22, a comparative analysis was conducted with an existing installation in
Switzerland. Specifically, the model’s cost projections were compared with those of a 2-MW elec-
trolysis facility operated by GroupE, located near a dam in the canton of Fribourg, as of August
2023 [46]. The calculated capital expenditures (capex) closely align with the Fribourg installation’s
cost of 9.14 million USD. The observed discrepancy of about 1 million USD between the model’s
estimates and the actual costs of the Fribourg project could be attributed to various factors. For
instance, the Fribourg project being a trailblazer in the field might have incurred unique expenses,
or the model’s cost assumptions that have been based on projected electrolyzer and fuel cell costs
anticipated for the year 2030.

Efficiency validation : So far, the analysis has focused solely on the electrical efficiency of
the systems, excluding any consideration of heat inputs and outputs. Locating specific values of
electrical efficiency in existing literature has proven challenging, making it difficult to externally
validate the efficiencies calculated for various sets of variables. Despite this, the accuracy of these
values is supported by the confirmation and approval of other members from the IPESE lab,
suggesting that the obtained efficiency figures are likely correct.

3.3 Heat Model
As highlighted in section 3.1, the focus has been placed on developing the electrical model, leaving
the heat model in need of further refinement. The subsequent section addresses the necessity of
such a heat model.

The Solid Oxide Electrolyzer Cell (SOEC) system, as depicted in Figure 3, requires input heat,
denoted as Q̇in. This heat serves two primary purposes: firstly, it heats the water to the SOEC
cell’s operational temperature, typically around 800°C; secondly, it facilitates the chemical reactions
within the SOEC cell. The quantity of input heat Q̇in required varies depending on the SOEC
cell’s operating point.

Conversely, the Solid Oxide Fuel Cell (SOFC) system, also shown in Figure 3, produces output
heat, indicated as Q̇out. While this output heat is generally a positive value, the SOFC system still
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necessitates some input heat to raise the temperature of hydrogen and oxygen to the cell’s operating
temperature, around 800°C. However, the heat generated by the SOFC during its electrochemical
reaction typically exceeds the input heat needed to raise the temperature of hydrogen and oxygen.
This output heat can be utilized for other industrial applications requiring high-temperature heat,
or it can be converted back to electricity using heat pumps. It is important to note that the input
heat required for preheating hydrogen and air is considerably less than the heat output by the
SOFC system. Therefore, the focus is primarily on using the heat output, Q̇out. The amount of
heat generated varies with the operating point of the SOFC cell.

For an overview of the current status of heat models developed in Aspen, please refer to the appendix
section A as depicted in Figure 26.

4 Areas of weakness
In the interest of thoroughness and continuous improvement, it is essential to acknowledge and
discuss the current limitations and areas where the model may fall short. This section aims to
candidly outline these aspects, providing a clear understanding of the model’s weaknesses.

• Specificity to Cell Type: As outlined in section 3.2.2.1, the model is tailored to a specific
type of SOEC/SOFC cell with unique characteristics like materials. Default values are set
based on this specific cell type ([31]), which should be considered when interpreting results.

• Fixed Input Power Assumption: The model, as shown in Figure 3, assumes a constant
input power (Pin). However, in practical scenarios where excess electricity is used for storage,
the power received from the grid may vary.

• Variability in Stack Cell Count: The model’s assumption that each SOEC or SOFC stack
contains exactly 130 cells might not accurately reflect real-world variations. The number of
cells per stack can vary significantly depending on the cell type and manufacturer’s design.

• Separate SOEC and SOFC Systems: The current model features distinct SOEC and
SOFC systems for electrolysis and electrochemical oxidation, respectively. In industrial set-
tings, a single reversible system is often used for both functions to reduce costs.

• Exclusion of Heat Considerations: The model does not include heat dynamics, a critical
factor in analyzing SOEC and SOFC performance.

• Gaseous Hydrogen Storage System Accuracy: While the model accurately estimates
the energy required for hydrogen compression, the cost evaluation for compressors may require
further verification or revision.

5 Recommendations for Future Research
This section is intended as a compilation of potential future endeavors that could be pursued using
the developed model.

• Comparison with P-to-Heat-to-Power Model: Upon completion of the model, a pri-
mary task is to compare the Power-to-Hydrogen-tank-to-Power (PtH2tP) with the previ-
ously developed Power-to-Heat-to-Power (PtQtP) model as discussed in section 1.2. This
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comparison should focus on efficiency and capital expenditure (capex) costs of both storage
technologies.

• Development of Additional Storage Models: Future efforts could involve developing
models for other existing storage technologies suitable for long-term electricity storage. Ex-
amples include Power-to-Methane-to-Power and Power-to-Battery-to-Power (PtBtP) systems.

• Integration of Grid Dynamics: With multiple Power-to-X-to-Power (PtXtP) models de-
veloped, integrating the electricity grid into these models can provide insights into optimal
usage times based on grid electricity prices. This integration would allow for a cost comparison
of various storage technologies against the backdrop of electricity price fluctuations.

• Utilization of SOFC Heat Output: In the Power-to-Hydrogen-tank-to-Power model, the
heat output from the SOFC system could be harnessed. Parts of the existing Power-to-Heat-
to-Power model could serve as a foundation for such an extension.

• Experimental Validation of J-V Curve: The J-V curves modeled within the SOEC
and SOFC systems should be validated against experimental stacks to enhance the model’s
accuracy.

• Revisiting Model Assumptions: Addressing and refining the stated assumptions in the
model is crucial for improving its precision and applicability.

6 Paper contribution
This report represents a collaborative effort involving Yi Zhao, a Ph.D. candidate at the IPESE lab
from EPFL, and Jingjing Liang, a visiting Ph.D. scholar at the same lab. Among various accom-
plishments, the findings of this study have been submitted to the 37th International Conference on
Efficiency, Cost, Optimization, Simulation, and Environmental Impact of Energy Systems (ECOS
2024).
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7 Conclusion and Improvements
In concluding this semester project, we have delved into the intricacies of the Power-to-Hydrogen-
Tank-to-Power (PtH2tP) system, exploring both its theoretical underpinnings and practical impli-
cations. The developed model output focuses on 2 key aspects when comparing various storage
technologies being capital of expenditure and electrical efficiency. Noteworthy the heat model is
not accounted for currently and only electrical efficiency has been computed.

When looking at the model and its parameters 5 key parameters can be identified being power
input Pin from the grid, the charging time tcharging, the discharging time tdischarging, the dwelling
time tdwell and finally cell operating current density Jcell.

Finally when analyzing the entire modeled system. It can be seen that the total system efficiency
and capex cost decrease with increasing cell current density. When comparing both total system
electrical efficiency and capex cost a dilemma occurs as operating at higher electrical efficiency
results in a higher total capex cost for the total system, while lower electrical efficiencies correspond
to lower total costs.

When analyzing the total system costs components from closer it can be noticed that cost of the
storage system decreases very few with the cell current density. At low cell current densities the
SOFC and SOEC systems component are the dominant cost as more stacks are required at low
cell current densities. However at higher cell current densities the storage system cost becomes the
dominant cost component.
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A Heat Model

Figure 26: Current status overview of the heat model in Aspen
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