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Abstract53

This document outlines a test method for determining the current-voltage (I-U ) characteristics of solid oxide54

cells and proton-conducting ceramic cells and stacks, operating in either fuel cell mode or electrolysis mode.55

The primary objective is to establish a commonly accepted method for characterising the performance of such56

cells and stacks using polarisation curve measurements.57

The primary objective of this method is to establish a widely accepted protocol for characterising the58

performance of such cells and stacks using polarisation curve measurements.59

The application of this test method enables an objective evaluation of the performance of various cells and60

stacks, facilitating meaningful technology comparison. It serves as a benchmark measurement for qualifying a61

cell or stack in a given application. Furthermore, it may play a role in quality control and quality assurance of62

cell and stack assembly units.63

This test method is intended for use by both the research community and industry. Its application extends64

to evaluating research and development advancements, establishing priorities in research and innovation,65

encompassing cost objectives, developmental milestones, and technological benchmarks. Moreover, it empowers66

stakeholders to make informed decisions concerning technology selection.67
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Foreword68

This report is an update of the Test Module (TM) 03 ”Current-Voltage Characteristics“ (de Marco et al., 2017)69

orginally developed by the Solid Oxide Cell and Stack Testing, Safety and Quality Assurance (SOCTESQA) research70

project (DLR, 2014), which was funded by the Fuel Cells and Hydrogen Joint Undertaking (FCHJU). It combines71

the test method for polarisation curve measurements of cell/stack assembly units in a single coherent document72

applicable to high-temperature fuel cells (HTFCs) of solid oxide type and proton-conducting ceramic type,73

and high-temperature steam electrolysers (HTSEs) of solid oxide electrolyser (SOE) type and protonic ceramic74

electrolyser (PCE) type.75

The drafting of this report was carried out under the framework contract between the Directorate-General76

Joint Research Centre (JRC) of the European Commission (EC) and the Clean Hydrogen Joint Undertaking (Clean77

H2 JU). The JRC contractual activities are summarised in the strategic research and innovation agenda 2021-78

2027 (SRIA) of the Clean Hydrogen Partnership (CH2P) for Europe (CH2P, 2022, page 103). This report constitutes79

Deliverable B.1 of the Rolling Plan 2024 contained in the Clean H2 JU annual work programme 2024 (Clean H280

JU, 2024a, page 134).81

It is the result of a collaborative effort between partners from research and technology organisations in82

industry and academia participating in European Union (EU) funded research and development (R&D) pro-83

jects (Clean H2 JU, 2024b).84

85

86
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1 Introduction96

Polarisation curve measurement (3.1.24) is the most common test method for the characterisation of97

the performance (3.1.22) of electrochemical cells (3.1.12) and stacks, including high-temperature fuel98

cells (HTFCs) as well as electrolysis cells and stacks, whether of solid oxide cell (SOC) (3.1.33) or proton-99

conducting ceramic (PCC) cell (3.1.26) type. Two international standards developed by the Technical Committee100

(TC) 105 of the International Electrotechnical Commission (IEC) (IEC, 2021a, IEC, 2020c) contain basic test101

method descriptions on polarisation curve measurements of cell/stack assembly units (3.1.4).102

HTFCs and electrolysis cells of SOC type are respectively known as solid oxide fuel cells (SOFCs) (3.1.37)103

and solid oxide electrolysis cells (SOECs) (3.1.34), while those cells of PCC type are known as protonic ceramic104

fuel cells (PCFCs) (3.1.30) and protonic ceramic electrolysis cells (PCECs) (3.1.28). Accordingly, SOC type high-105

temperature electrolysers (HTEs) performing solid oxide steam electrolysis (SOEL) (3.1.36) are known as solid106

oxide electrolyser (SOE) (3.1.35), and PCC type HTE performing proton-conducting ceramic steam electrolysis107

(PCCEL) (3.1.27) are known as protonic ceramic electrolyser (PCE) (3.1.29).108

HTFCs invariably produce heat regardless of the voltage, using hydrogen ( H2) as fuel. (3) In contrast,109

high-temperature steam electrolysers (HTSEs) consume heat when operated below the temperature-dependent110

thermo-neutral voltage (U tn), (4) whereas they produce heat when operated above this voltage. The fact that111

HTSEs have a lower thermo-neutral voltage compared to low-temperature water electrolysers (LTWEs) makes112

the utilisation of waste heat available, for example, from power generation and other industrial processes an113

attractive option for efficient hydrogen generation.114

A reversible solid oxide electrolyser (rSOE) containing reversible solid oxide electrolysis cells (rSOCs) in a115

single device can operate at a given time in either fuel cell (FC) mode (SOFC mode) or electrolysis mode116

(SOEC mode). Similarly, a reversible protonic ceramic electrolyser (rPCE) containing reversible proton-conducting117

ceramic electrolysis cells (rPCCs) in a single device can operate in FC mode (PCFC mode) and electrolysis mode118

(PCEC mode).119

As a widely accepted method in research and development (R&D) within academia and industry, polarisation120

curve measurements serve to evaluate the performance of cell/stack assembly units through their current-121

voltage (I-U ) characteristics or current density-voltage (J-U ) characteristics, jointly referred to as polarisation122

curves. These curves depict voltage versus current or current density, enabling comparisons between cell/stack123

assembly units with different configurations, such as electric power, active electrode areas, layout, dimension,124

and geometry, as well as material selection and manufacturing methods.125

Often, polarisation curves are recorded as part of a test run or a test programme to assess performance126

at specified intervals and determine deviations in the behaviour of a cell/stack assembly unit. In addition to127

polarisation curves, performance curves of cell/stack assembly units, such as electrical efficiency (η el) (3.1.10)128

versus electric power density (P el, d) (3.1.11) characteristics (η el-P el, d curves), derived from polarisation curves,129

can facilitate the comparison of cell/stack assembly units utilising different configurations and technologies.130

The current density of a cell/stack assembly unit is calculated as follows:131

J (A/cm2) = I dc (A)
A act (cm2)

, (1.0.1)132

where I dc is the direct current, A act is the active electrode area (3.1.2) of the cell or repeating unit (RU) with133

the smallest surface electrode area of the cells/RUs within the cell/stack assembly unit, where all cells/RUs are134

electrically connected in series.135

The electric power (P el, dc) of a cell/stack assembly unit is calculated as follows:136

P el, dc (kW) = U dc (V) · I dc (A) · 10−3 (kW/W), (1.0.2)137

where U dc is the DC voltage. The electric power density (P el, d) of a cell/stack assembly unit is calculated as138

follows:139

P el, d (W/cm2) = U dc (V) · J (A/cm2)
N cells

, (1.0.3)140

where N cells is the number of cells or repeating units electrically connected in series in the cell/stack assembly141

unit.142

Polarisation curves are determined either in galvanostatic mode or potentiostatic mode. In galvanostatic143

mode, the input current, which corresponds to a given input current density of the cell/stack assembly unit, is144

set to a non-zero value (positive in FC mode and negative in electrolysis mode) while the output voltage (U ) is145

(3) No distinction is made between the different hydrogen isotopes in this document.
(4) At standard ambient pressure (p0 = 100 kPa) and standard ambient temperature (T 0 = 298,15 K), the thermo-neutral voltage is

1,481 V. This voltage is 1.286 V at 1073,15 K (800◦C).
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concomitantly measured. That is, the current is a test input parameter (TIP), and the voltage is a test output146

parameter (TOP). In potentiostatic mode, the voltage is set above the open circuit voltage (OCV) (U I=0) (3.1.21)147

of the cell/stack assembly unit (5), and the current is measured. In this mode, the voltage is a TIP, and the148

current is a TOP. For HTFCs, whether SOFC or PCFC, and HTSEs, whether SOE or PCE, three main regions are149

usually distinguished in polarisation curves:150

• At very low current densities, the voltage of the cell/stack assembly unit decreases in FC mode (voltage151

loss) and increases in electrolysis mode (voltage gain) due to electrode (anode and cathode) reaction rate152

losses (sluggish reaction kinetics) or activation polarisation (3.1.1) (6).153

• At moderate current densities, the voltage of the cell/stack assembly unit decreases in FC mode and154

increases in electrolysis mode linearly with current due to ohmic resistance losses or ohmic polarisation155

(3.1.20).156

• At very high current densities, the voltage of the cell/stack assembly unit decreases in FC mode and157

increases in electrolysis mode further, departing from the linear relationship with current density due to158

more pronounced gas transport losses (mass transfer limitations) or concentration polarisation (3.1.5) (7).159

Note that these regions are influenced by the gas composition at the electrodes, and overlapping between the160

regions is common.161

Post-processing the measured current and voltage data enables plotting of performance curves for cell/stack162

assembly units, including electric power versus current density (P el, dc-J curves) and efficiency (η) (3.1.9) versus163

electric power density (η-P el, d curves), to assess the optimum working point of the cell/stack assembly unit164

under specified conditions. By efficiency, we specifically mean the electrical efficiency and the thermal efficiency165

(η th) (3.1.48) for HTFCs and the energy efficiency (η e) (3.1.15) for HTSEs (electric power, heat demand, and166

pneumatic power), based on the higher heating value (HHV) of hydrogen ( HHVH2 = 79,4 Wh/mol) or the lower167

heating value (LHV) of hydrogen ( LHVH2 = 67,2 Wh/mol) (Tsotridis and Pilenga, 2018). This refers to standard168

ambient temperature and pressure (SATP) (3.1.40) (IUPAC, 2019). The selection of SATP conditions for the input169

streams of fuel and oxidant facilitates the comparison of low-temperature and high-temperature fuel cells. It170

also facilitates the comparison of hydrogen generation by LTWEs and HTSEs.171

172

In the remainder of this report, we present the objectives and scope in section 2, provide terms and defin-173

itions in section 3, and give an overview on the relevant technologies in section 4. In section 5, we give a174

description of the items to be tested in accordance with the procedure presented in section 6. This is followed175

by section 7, which provides information on the data post-processing and presentation of the test results. The176

conclusions are given in section 8. The annexes complement this report.177

(5) Note that OCV refers to the voltage across a complete electrochemical cell (3.1.12), whereas open circuit potential (OCP) refers to
the potential measured between a half cell and a suitable reference electrode (del Olmo et al., 2021).

(6) The activation polarisation voltage of a cell/stack assembly unit (U act) can be calculated using equation (7.1.5).
(7) The concentration polarisation voltage of a cell/stack assembly unit (U conc) can be calculated using equation (7.1.6).
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2 Objective and scope of this document178

The aim of this document is to describe the test method for performing polarisation curve measurements on179

HTFCs and HTSEs, encompassing cell/stack assembly units of SOC, including rSOC, and PCC, including rPCC,180

which are currently considered for use in demonstration projects, first industrial deployment (FID), and eventual181

commercialisation.182

The use of hybrid or mixed oxide ion and proton conductors as electrolyte in HTFCs is not considered in this183

document.184

Although the test method can, in principle, also be applied to cell/stack assembly units using hydrogen185

containing gas mixtures as fuel and oxygen ( O2) containing gases other than air as oxidants in FC mode, this186

report only considers the use of hydrogen as fuel and air as oxidant for HTFCs to generate electricity, heat, and187

water vapour (steam) (steam or H2O (g)).188

Similarly, the test method can, in principle, be applied to cell/stack assembly units using, in addition to189

electricity, steam, and available heat in electrolysis mode, carbon dioxide ( CO2) for co-electrolysis to generate190

syngas containing carbon monoxide ( CO) and possibly hydrocarbon compounds, as well as hydrogen, oxygen,191

and heat in HTEs. However, this report does not consider operating cell/stack assembly units for co-electrolysis.192

Unless specified otherwise, the parameter values, and their respective ranges, including uncertainties, spe-193

cified in this document are indicative and not mandatory. In addition, the use of the symbols as used in this194

document for the respective parameters is not obligatory.195
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3 Terminology196

Terms and definitions used in this document are given below, as well as in two Joint Research Centre (JRC)197

reports (Tsotridis and Pilenga, 2018,Malkow et al., 2021). In addition, International Organization for Standard-198

ization (ISO) and IEC maintain terminological databases at the following websites:199

- Online browsing platform available at https://www.iso.org/obp.200

- International Electrotechnical Vocabulary (IEV), also known as electropedia, available at http://www.201

electropedia.org.202

The verbal forms used in this document have the following meaning:203

• “shall” indicates a requirement,204

• “should” indicates a recommendation,205

• “may” indicates a permission and206

• “can” indicates a possibility or a capability.207

Reference to Système International d’Unités (SI) coherent (derived) units include metric prefixes as appro-208

priate. Following clause 9.1 of ISO/IEC Directives, Part 2 (ISO and IEC, 2021), decimal fractions are denoted by209

comma. Alongside SI units, non-SI units may be used as customary. For example, degree Celsius (◦C) is used as210

unit of temperature (T ) alongside Kelvin (K) and kilo Watt hours (kWh) is used as unit of energy (E) instead of211

Joule (J).212

3.1 Terms and definitions213

3.1.1 activation polarisation214

part of the electrode polarisation (3.1.14) arising from a charge-transfer step of the electrode reaction215

216

[Source: IEV 482-03-05]217

218

Note 1 to entry: The electrode reactions are given in equation (4.1.2) for SOFC (3.1.37), equation (4.1.3)219

for PCFC (3.1.30), equation (4.2.2) for SOEC (3.1.34) and equation (4.2.3) for PCEC (3.1.28).220

3.1.2 active electrode area (A act)221

geometric electrode area upon which an electrochemical reaction occurs222

223

Note 1 to entry: Usually this is the smaller of the anode and cathode areas.224

225

[Source: IEC 62282-7-2, 3.1.2 (IEC, 2021a)]226

227

Note 2 to entry: The active electrode area is expressed in square centimetre (cm2).228

3.1.3 average repeating unit voltage (Ū RU)229

cell/stack assembly unit voltage divided by the number of the cells in a series connection in the unit230

231

[Source: IEC 62282-7-2, 3.1.4 (IEC, 2021a)]232

233

Note 1 to entry: The average repeating unit voltage is calculated by equation (E.3.1).234

Note 2 to entry: The average repeating unit voltage is expressed in volt (V).235

3.1.4 cell/stack assembly unit236

unit including a single cell or stack, as well as gas supply parts, current collector (3.1.6) parts, and any237

other required peripherals238

3.1.5 concentration polarisation239

part of the electrode polarisation (3.1.14) arising from concentration gradients of electrode reactants and240

products241

242

[Source: IEV 482-03-08]243

244

Note 1 to entry: Concentration polarisation (mass transfer limitation) increases at high current dens-245

ity (3.1.7). In fuel cells, this can lead to a sharp decrease in voltage, potentially dropping below positive246

values. In electrolysis cells, it may cause a more than proportional increase in voltage.247
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3.1.6 current collector248

electronically conductive material in a cell/stack assembly unit (3.1.4) that collects/conducts electrons249

from/to the electrodes250

251

[Source: IEC 62282-8-101, 3.1.10 (IEC, 2020c)]252

3.1.7 current density (J )253

electric current divided by the active electrode area (3.1.2)254

255

Note 1 to entry: The current density is given by equation (1.0.1).256

Note 2 to entry: The current density is expressed in ampere per square centimetre (A/cm2).257

3.1.8 current sweep (∆I/∆t)258

current change at a specified constant rate from zero to maximum current (Imax) or vice versa259

260

Note 1 to entry: Current sweep is pertinent for polarisation curve measurements conducted under gal-261

vanostatic conditions and can be either positive or negative.262

Note 2 to entry: Unless specified by the manufacturer, maximum current may be determined through263

preliminary testing or by considering a cut-off voltage (U cut-off), which may depend on temperature and264

the size of the cell/stack assembly unit. In fuel cell mode, 0,7 V per RU is recommended as cut-off voltage265

to prevent re-oxidation of Ni-based cermets, while in electrolysis mode, a cut-off voltage of 1,5 V per RU266

is suggested. For single repeating unit (SRU) of SOE type, the cut-off voltage may be selected between267

1,6 and 1,7 V. The voltage of the worst-performing RU should be taken into account.268

Note 3 to entry: Current sweep is expressed in ampere per second (A/s).269

3.1.9 efficiency (η)270

ratio of output power to input power of a device271

272

[Source: IEV 151-15-25]273

274

Note 1 to entry: The efficiency is generally expressed in percentage (%).275

3.1.10 electrical efficiency (η el)276

ratio of output electric power to input power of a fuel cell277

278

Note 1 to entry: The input power is the sum of input power of hydrogen, input thermal power, and279

input pneumatic power.280

Note 2 to entry: The electrical efficiency is generally expressed in percentage (%).281

3.1.11 electric power density (P el, d)282

ratio of the electric power to the active electrode area (3.1.2) of a cell/stack assembly unit (3.1.4)283

284

[Source: IEC 62282-7-2, 3.1.16 (IEC, 2021a)]285

286

Note 1 to entry: The electric power density is given by equation (1.0.3).287

Note 2 to entry: The electric power density is expressed in watt per square centimetre (W/cm2).288

3.1.12 electrochemical cell289

system in which the supplied electric energy (see equation (5.2.1)) produces chemical reactions or, con-290

versely, in which the energy released by chemical reactions is delivered by the system as electric energy291

292

[Source: IEV 114-03-01]293

294

Note 1 to entry: In case that electric energy produces chemical reactions, an electrochemical cell is295

also known as an electrolytic cell.296

3.1.13 electrode gas297

gas in one electrode of an electrochemical cell (3.1.12) where it reacts while flowing through the cell or298

is produced while leaving the cell299

3.1.14 electrode polarisation300

accumulation or depletion of electric charges at an electrode, resulting in a difference between the elec-301

trode potential with current flow, and the potential without current flow or equilibrium electrode potential302
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303

[Source: IEV 114-02-15]304

3.1.15 energy efficiency (η e)305

ratio of output power of hydrogen to input power of a high-temperature electrolyser306

307

Note 1 to entry: The input power is the sum of input power of hydrogen, input thermal power, and308

input pneumatic power.309

Note 2 to entry: The energy efficiency is generally expressed in percentage (%).310

3.1.16 Faradaic efficiency (η F)311

fraction of the electric current passing through an electrochemical cell which accomplishes the desired312

chemical reaction313

314

[Source: IEV 114-03-07]315

316

Note 1 to entry: Faradaic efficiency is also known as current efficiency.317

Note 2 to entry: The chemical reactions are specified in equation (4.1.1) for HTFCs and in equation (4.2.1)318

for HTSEs.319

Note 3 to entry: Faradaic efficiency is generally expressed in percentage (%).320

3.1.17 gas utilisation (λ−1)321

inverse of stoichiometric ratio (3.1.42)322

323

Note 1 to entry: Considering under SATP conditions (3.1.40) the overall HTFC reaction (4.1.1) as well324

as the overall HTSE reaction (4.2.1), the gas utilisation is calculated as follows:325

λ−1 = I dc (A) · N cells · Vm (m3/mol)
z · F (C/mol) · qV (m3/s)

≈ I dc (A) · N cells

77, 84 · 105 (A s/m3) · qV (m3/s)
; (3.1.1)326

Vm is the molar volume at SATP conditions, z=2 is the number of electrons exchanged in the electrode327

reactions (4.1.2) and (4.1.3) in FC mode and the electrode reactions (4.2.2) and (4.2.3) in electrolysis mode,328

F = 96485,3321 C/mol is the Faraday constant, and qV is the inlet volumetric flow rate of the reactant329

concerned.330

Note 2 to entry: Gas utilisation is generally known as reactant utilisation. Specifically, in FC mode, gas331

utilisation is known as hydrogen (fuel) gas utilisation and air utilisation. In electrolysis mode, gas utilisation332

is known as steam conversion.333

3.1.18 minimum cell/stack assembly unit voltage (Umin)334

lowest cell/stack assembly unit voltage specified by the manufacturer335

336

[Source: IEC 62282-7-2, 3.1.14 (IEC, 2021a)]337

338

Note 1 to entry: Minimum cell/stack assembly unit voltage applies to FC mode.339

Note 2 to entry: The minimum cell/stack assembly unit voltage is expressed in volt (V).340

3.1.19 negative electrode341

electrode at which fuel (hydrogen) gas is consumed (fuel cell mode) or produced (electrolysis mode)342

343

Note 1 to entry: The negative electrode is also referred to as the fuel (hydrogen) electrode. In fuel344

cell mode, it is termed the anode, whereas in electrolysis mode, it is called cathode (negatrode).345

Note 2 to entry: In fuel cell mode, the gas at the negative electrode is typically hydrogen or a mixture346

where hydrogen is the principal component. For safety purposes, an inert gas may be added to the fuel347

gas.348

Note 3 to entry: In electrolysis mode, the gas at the negative electrode primarily consists of steam, with349

small additions of hydrogen to control the partial pressure of oxygen and prevent the oxidation of the350

electrode materials.351

3.1.20 ohmic polarisation352

polarisation (3.1.23) caused by the resistance to the flow of ions in the electrolyte and of electrons in the353

electrodes, bipolar plates (biPs), and current collectors (3.1.6)354

355

Note 1 to entry: The term "ohmic" refers to the fact that the voltage drop follows Ohm’s law proportional to356
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the current with an ohmic resistance (called "internal resistance" of the cell) as the proportionality constant.357

358

[Source: IEV 485-15-03]359

3.1.21 open circuit voltage (OCV) (U I=0)360

voltage across the electrode terminals of an electrochemical cell (3.1.12) with the electrode gases (3.1.13)361

present and in the absence of external current flow362

363

Note 1 to entry: OCV is also known as "no-load voltage".364

Note 2 to entry: The open circuit voltage is expressed in volt (V).365

3.1.22 performance366

ability of a test item (3.1.46) to operate as intended, under given conditions of use and maintenance367

3.1.23 polarisation368

change of an electrode potential caused by current flow369

370

Note 1 to entry: Current flow results in concentration polarisation (3.1.5) and activation polarisation371

(3.1.1).372

373

[Source: ISO 22426:2020, 3.3 (ISO, 2020)]374

3.1.24 polarisation curve375

plot of the voltage of a cell/stack assembly unit (3.1.4) as a function of current or current density under376

defined reaction conditions377

378

Note 1 to entry: In galvanostatic polarisation curve measurements, current is the TIP (3.1.45) that is379

set, and voltage is the measured TOP (3.1.47). Conversely, in potentiostatic polarisation curve measure-380

ments, voltage is the set TIP, and current is the measured TOP.381

Note 2 to entry: The polarisation curve is expressed in volt (V) versus ampere (A) or in volt (V) versus382

ampere per square centimetre (A/cm2).383

3.1.25 positive electrode384

electrode at which oxygen is consumed (fuel cell mode) or produced (electrolysis mode)385

386

Note 1 to entry: The positive electrode is also referred to as the oxygen (oxygen) or air electrode. In387

fuel cell mode, it is termed the cathode, whereas in electrolysis mode, it is called anode (positrode).388

Note 2 to entry: In fuel cell mode, the gas at the positive electrode is typically oxygen or air.389

Note 3 to entry: In electrolysis mode, the gas at the positive electrode primarily consists of air in SOE and390

steam in PCE, in addition to the oxygen generated.391

3.1.26 proton-conducting ceramic (PCC) cell392

electrochemical cell (3.1.12) that uses a proton-conducting oxide as solid electrolyte393

3.1.27 proton-conducting ceramic steam electrolysis (PCCEL)394

steam electrolysis that employs one or more proton-conducting ceramic cells (3.1.26) to generate hydro-395

gen396

3.1.28 protonic ceramic electrolysis cell (PCEC)397

electrolysis cell that uses a proton-conducting oxide as the electrolyte398

3.1.29 protonic ceramic electrolyser (PCE)399

proton-conducting ceramic cell (3.1.26) based electrolyser used in high-temperature steam electrolysis400

3.1.30 protonic ceramic fuel cell (PCFC)401

fuel cell that uses a proton-conducting oxide as the electrolyte402

3.1.31 quality assurance (QA)403

part of quality management focused on continually providing confidence that requirements are being404

fulfilled405

406

[Source: ISO/IEC/IEEE 32675:2022 (IEEE, 2022)].407
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3.1.32 quality control (QC)408

part of quality management focused on fulfilling quality requirements409

410

[Source: ISO 16559:2022, 3.162 (ISO, 2022)].411

3.1.33 solid oxide cell (SOC)412

electrochemical cell (3.1.12) that uses an ion-conducting oxide as solid electrolyte413

3.1.34 solid oxide electrolysis cell (SOEC)414

electrolysis cell that uses an ion-conducting oxide as the electrolyte415

3.1.35 solid oxide electrolyser (SOE)416

solid oxide cell (3.1.33) based electrolyser used in high-temperature steam electrolysis417

3.1.36 solid oxide steam electrolysis (SOEL)418

steam electrolysis that employs one or more solid oxide cells (3.1.33) to generate hydrogen419

3.1.37 solid oxide fuel cell (SOFC)420

fuel cell that uses an ion-conducting oxide as the electrolyte421

422

[Source: IEV 485-08-10]423

3.1.38 stable state424

condition of a cell/stack assembly unit (3.1.4) at which the unit is stable enough for the controlling test425

parameter(s) to remain within the specified tolerance range(s) of variation426

427

Note 1 to entry: In polarisation curve measurements, the controlling parameter includes stack tem-428

perature (3.1.39) in addition to current and voltage.429

3.1.39 stack temperature (T stack)430

operating temperature of the cell/stack assembly unit (3.1.4), measured or estimated following the man-431

ufacturer’s instructions432

433

Note 1 to entry: Stack temperature is typically represented as an average temperature T̄ stack (see434

equation (E.3.2a)), with a standard variance s2 (T stack) (see equation (E.4.1a)).435

Note 2 to entry: For a compact cell/stack assembly unit of small dimension, consisting of a single cell436

or a small number of cells or repeating units electrically connected in series in the cell/stack assembly437

unit, the stack temperature may be measured at a representative location near the unit, such as the438

centre of the electrode gas (3.1.13) flow channel. For larger cell/stack assembly units, whether due to439

greater dimension or a higher number of cells or RUs, the stack temperature may be estimated using a440

method devised by the manufacturer. This involves a number of individual temperature measurements441

at representative locations on and inside the unit to account for spatial and temporal temperature distri-442

butions. These distributions arise from the differing thermal properties of materials used in various unit443

components and the varying fluid properties (composition, pressure, and temperature) of the gases flow-444

ing within the unit, given its configuration, geometry, and structure. Temperature measurements should445

allow sufficient time for spatial and temporal equilibration of induced changes in heat demand (e. g. , unit446

heating/cooling, especially upon start-up, shut-down, or reversal of operation), acknowledging that large447

cell/stack assembly units typically possess a high thermal mass. The estimation of stack temperature448

may be aided by computation (integration and gradient calculations), modelling (analytical or numerical),449

and simulations, including the use of machine learning (ML) or other artificial intelligence (AI) techniques.450

3.1.40 SATP conditions451

standard ambient temperature, T 0 = 298,15 K (25 ◦C) and standard ambient pressure, p0 = 100 kPa (1452

bar)453

3.1.41 step duration454

time interval between the first data acquisition (DAQ) and the last DAQ455

456

Note 1 to entry: Step duration is only relevant for polarisation curve measurements when applying457

method (A); refer to section 6.3.2.458

Note 2 to entry: This duration excludes the time required to achieve a stable state (3.1.38).459

Note 3 to entry: Step duration is expressed in seconds (s).460
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3.1.42 stoichiometric ratio (λ)461

ratio between the number of moles of reactant gas flowing per unit time to that needed by the electro-462

chemical reaction463

464

[Source: IEC 62282-7-2, 3.1.19 (IEC, 2021a)]465

466

Note 1 to entry: The terms "stoichiometric ratio" and "gas utilisation" (3.1.17) are related; the stoi-467

chiometric ratio is the reciprocal of gas utilisation.468

Note 2 to entry: The electrochemical reactions are specified in equation (4.1.1) for HTFCs and in equa-469

tion (4.2.1) for HTSEs.470

3.1.43 sweep gas471

gas primarily used to carry away heat from a cell/stack assembly unit (3.1.4), flowing through an electrode472

compartment during operation473

474

Note 1 to entry: In FC mode, air is typically used as a sweep gas for heat removal. An inert sweep475

gas may also be employed to remove electrode gas (3.1.13) from a cell/stack assembly unit. Small476

amounts of hydrogen (or oxygen or air) might be added to the inert sweep gas to prevent electrode477

oxidation (or reduction).478

Note 2 to entry: In electrolysis mode, the use of a sweep gas may not be necessary.479

3.1.44 test environment480

space in which the test is carried out, described by a set of parameters481

482

Note 1 to entry: A test environment commonly contains facilities, hardware, software, firmware, pro-483

cedures, documentation, needed to conduct a test.484

485

[Source: ISO 14644-14:2016, 3.7 (ISO, 2016)]486

3.1.45 test input parameter (TIP)487

parameter whose value can be set to define the test conditions of the test system, including the operating488

conditions of the test item (3.1.46)489

490

Note 1 to entry: TIPs must be both controllable and measurable. Their values are known prior to491

conducting the test. TIPs can be either static or variable; static TIPs remain constant during the test, while492

variable TIPs are adjusted.493

3.1.46 test item494

cell/stack assembly unit (3.1.4) of the type high-temperature fuel cell or high-temperature electrolyser495

3.1.47 test output parameter (TOP)496

parameter that reflects the response of the test item (3.1.46) as a result of variations in test input497

parameters (3.1.45)498

499

Note 1 to entry: The values of TOPs are not known prior to the test and are measured during the500

test or calculated afterwards.501

3.1.48 thermal efficiency (η th)502

ratio of output thermal power to input power of a fuel cell503

504

Note 1 to entry: The input power is the sum of input power of hydrogen, input thermal power, and505

input pneumatic power.506

Note 2 to entry: The thermal efficiency is generally expressed in percentage (%).507

3.1.49 voltage sweep (∆U/∆t)508

voltage change at a specified constant rate, generally from OCV (3.1.21) to a cut-off voltage, or vice versa509

510

Note 1 to entry: Voltage sweep is relevant for polarisation curve measurements conducted under po-511

tentiostatic conditionsa and can be either positive or negative.512

Note 2 to entry: The cut-off voltage should be specified prior to testing. In fuel cell mode, a cut-off voltage513

of 0,7 V per RU is recommended to prevent re-oxidation of Ni-based cermets, while in electrolysis mode,514

a cut-off voltage of 1,5 V per RU is advised. For SRU of the SOE type, the cut-off voltage may be selected515

between 1,6 and 1,7 V per RU. The voltage of the worst-performing RU should be taken into account.516

Note 3 to entry: Voltage sweep is expressed in volt per second (V/s).517
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3.2 Abbreviations and acronyms used518

A list of abbreviations and acronyms used in this report is appended; please refer to the list beginning on page 39.519

3.3 Symbols used520

A list of symbols used in this report is appended; please refer to the list beginning on page 43.521

15



4 Overview of high-temperature fuel cells and steam electrolysis522

4.1 Electrode reactions in high-temperature fuel cells523

In a HTFC, whether of SOFC type or PCFC type, one mole of gaseous hydrogen ( H2 (g)) is utilised as fuel alongside524

half a mol of gaseous oxygen ( O2 (g)) from the air. This combinatio produces one mole of water vapour (steam),525

direct current (DC) electricity, and heat in the overall fuel cell reaction:526

HTFC: H2 (g) + 1
2 O2 (g) −→ H2O (g). (4.1.1)527

Traditionally, SOFCs operate at temperatures between 600◦C and 1000◦C, primarily to ensure that the solid528

oxide electrolyte exhibits sufficient ionic conductivity. Currently, most SOFCs function at temperatures around and529

below 800◦C, depending on the thickness of the electrolyte and the materials used. This adjustments results530

in improved thermo-mechanical stability, reduced degradation, and enhanced durability, while maintaining531

adequate performance.532

In the future, it may become feasible for intermediate-temperature to low-temperature SOFC to operate533

below 584,85◦C, the auto-ignition temperature of hydrogen in air (ISO, 2015), and as low as 300◦C, outside of534

laboratory environments. PCFCs currently function at temperatures between 400◦C and 650◦C, with the most535

common ranges being from 500◦C to 650◦C. In addition to the primary charge carrier - oxide ions in SOFC536

and protons in PCFC - and the operating temperatures, other characteristics are used to classify HTFCs; see537

section 4.3 for details. The two principal HTFC technologies are as follows:538

• SOFC operates as an electrochemical cell where one mole of gaseous hydrogen is oxidised by an oxide539

ion ( O2−) to form one mole of water vapour (steam), while concurrently releasing two electrons (e−) at540

the negative electrode (hydrogen/fuel electrode or anode) (3.1.25) through the hydrogen oxidation reaction541

(HOR):542

Negative electrode: H2 (g) + O2−
(el)

HOR−−→ H2O (g) + 2e−
(ed). (4.1.2a)543

Simultaneously, at the positive electrode (oxygen electrode or cathode) (3.1.19), half a mole of gaseous544

oxygen from the air is reduced to an oxide ion by utilising two electrons through the oxygen reduction545

reaction (ORR):546

Positive electrode:
1
2 O2 (g) + 2e−

(ed)
ORR−−→ O2−

(el). (4.1.2b)547

The electrons are conducted via the electrodes (denoted by subscript (ed)) connected to an external circuit (DC548

power consumer),which presents an ohmic resistance. Upon drawing current, oxide ions diffuse under the549

potential difference between the positive and negative electrodes along grain boundaries - two-dimensional550

crystalline planar defects between lattices of differing crystalline orientations - and through doubly positively551

charged oxide ion lattice vacancies ( V
••

O ) within the grains (lattices with same crystal orientation) of the552

polycrystalline solid oxide ceramic electrolyte membrane (denoted by subscript (el)). This diffusion introduces553

an ionic resistance, additional to the ohmic resistance. Using Kröger–Vink notation (Kröger and Vink, 1956,554

Kröger and Vink, 1958), the reactions (4.1.2) are described by the reactions (C.1.1) in Annex C.555

• PCFC operates as an electrochemical cell where one mole of gaseous hydrogen is oxidised to produce two556

protons ( H+) and two electrons at the negative electrode through the HOR:557

Negative electrode: H2 (g)
HOR−−→ 2H+

(el) + 2e−
(ed). (4.1.3a)558

Simultaneously, at the positive electrode, half a mole of gaseous oxygen from the air is reduced to form one559

mole of water vapour (steam) by utilising two protons and two electrons in the ORR:560

Positive electrode:
1
2 O2 (g) + 2H+

(el) + 2e−
(ed)

ORR−−→ H2O (g). (4.1.3b)561

While electrons are conducted via the electrodes connected to an external circuit, protons are conveyed562

alongside dissociative adsorption and rotational diffusion, primarily through Grotthuss-type diffusion (proton563

hopping) (Kreuer et al., 2004,Kreuer, 2000). This occurs via protonic defects such as hydroxide ions at singly564

positively charged oxide ion lattice sites ( OH•
O) within the disordered or sub-stoichiometric oxides that make565

up the electrolyte membrane of the PCC (Duan et al., 2020). In Kröger–Vink notation, the reactions (4.1.3)566

are described by the reactions (C.1.2) in Annex C.567
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4.2 Electrode reactions in high-temperature steam electrolyser568

In HTSE, whether of SOE type or PCE type, one mole of steam is utilised alongside DC electricity and any available569

heat to produce one mole of gaseous hydrogen, half a mole of gaseous oxygen, and additional heat(8) through570

the overall steam electrolysis reaction:571

HTSE: H2O (g) −→ H2 (g) + 1
2 O2 (g). (4.2.1)572

In principle, SOECs can function at temperatures ranging from 600◦C to 950◦C. Currently, most SOECs operate573

between 650◦C and 850◦C, contingent upon the thickness and materials of the electrolyte to prevent excessive574

degradation. In the future, SOECs may be able to function at temperatures significantly below 600◦C. PCECs575

can operate within a temperatures range of 400◦C to 700◦C, primarily dictated by the materials used for the576

electrolyte. Today, PCECs generally operate at temperatures at or above 500◦C, although in the future, they577

may function at temperatures as low as 350◦C. The two primary HTSE technologies are as follows:578

• SOE operate as an electrochemical system where gaseous hydrogen is produced by reducing steam and579

employing two electrons at the negative electrode (hydrogen electrode or cathode) through the hydrogen580

evolution reaction (HER):581

Negative electrode: H2O (g) + 2e−
(ed)

HER−−→ H2 (g) + O2−
(el). (4.2.2a)582

Electrons are conducted via the electrodes connected to an external circuit (DC power supply), which presents583

an ohmic resistance. The oxide ions diffuse under the potential difference between negative and positive584

electrode along grain boundaries and through doubly positively charged oxide ion lattice vacancies within the585

grains of the polycrystalline solid oxide ceramic electrolyte membrane of the SOC. This diffusion contributes586

an additional ionic resistance. Simultaneously, at the positive electrode (oxygen electrode or anode), gaseous587

oxygen is formed when the potential (voltage) between the negative and positive electrode exceeds the OCV,588

achieved by oxidising oxide ions ( O2−) in the oxygen evolution reaction (OER):589

Positive electrode: O2−
(el)

OER−−→ 1
2 O2 (g) + 2e−

(ed) (4.2.2b)590

Note that the potential difference results from the supplied DC (galvanostatic operation) or applied DC voltage591

(potnetiostatic operation) and the resistance of the cell/stack assembly unit.592

In a rSOE operated in FC mode, also known as SOFC mode, the electrode reactions (4.2.2) proceed in the593

reverse direction from right to left by drawing current, resulting in reactions (4.1.2). That is, the reverse of594

reaction (4.2.2b) corresponds to the ORR (4.1.2b) at the FC cathode, while the reverse of reaction (4.2.2a)595

corresponds to the HOR (4.1.2a) at the FC anode. In SOFC mode, heat is produced, whereas in PCEC mode,596

a rSOE, like an ordinary SOE, consumes heat when operated below the theoretical thermo-neutral voltage597

and produces heat when operated above such voltage. In Kröger–Vink notation, the reactions (4.2.2) are598

described by the reactions (C.2.1) in Annex C.599

• PCE operate as an electrochemical system where gaseous hydrogen is produced by the reduction of protons600

( H+) at the negative electrode, aslo known as the cathode, through the HER:601

Negative electrode: 2H+
(el) + 2e−

(ed)
HER−−→ H2 (g). (4.2.3a)602

While electrons are conducted via the electrodes connected to an external circuit, protons are primarily603

conducted through Grotthuss-type diffusion, proton hopping, via protonic defects such as hydroxide ions at604

singly positively charged oxide ion lattice sites ( OH•
O) present in the electrolyte membrane of the PCC, which605

is composed of disordered or sub-stoichiometric oxides (Duan et al., 2020). Simultaneously, at the positive606

electrode, known as the anode, gaseous oxygen is generated under an applied DC potential exceeding the607

OCV by oxidising steam in the OER:608

Positive electrode: H2O (g)
OER−−→ 2H+

(el) + 2e−
(ed) + 1

2 O2 (g) (4.2.3b)609

610

In a rPCE operating in FC mode, also referred to as PCFC mode, the electrode reactions (4.2.3) proceed611

in the reverse direction, from right to left, by drawing current resulting in reactions (4.1.3). Specifically,612

the reverse of reaction (4.2.3b) corresponds to the ORR at the PCFC cathode, while the reverse of reaction613

(4.2.3a) corresponds to the HOR at the PCFC anode. In PCFC mode, heat is produced, whereas in PCEC mode,614

a rPCE, similar to a conventional PCE, consumes heat when operated below the theoretical thermo-neutral615

(8) In a HTSE, heat is not always generated; refer to section 4.4 below.
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voltage and generates heat when operated above this voltage. It is important to note that the electrolyte616

materials in PCEs are practically mixed conductors, exhibiting both proton and electronic conduction, typically617

through electron holes and electrons. This results in a heat-generating leakage current, which consequently618

reduces the Faradaic efficiency (η F) (3.1.16) of the cell/stack assembly unit. Consequently, the practical619

thermo-neutral voltage is lower than the theoretical thermo-neutral voltage (Herradon et al., 2022, Rand620

et al., 2024), and PCEs effectively operate in an exothermic mode; refer to section 4.4 for further details. In621

Kröger–Vink notation, the reactions (4.2.3) are described by the reactions (C.2.2) in Annex C.622

4.3 Materials, configurations and technology readiness levels623

While rSOE have currently achieved a technology readiness level (TRL) of 5-6, SOEs that utilise SOECs as their624

constituent units are more advanced, with a TRL of 7-8, benefiting from decades of research on SOFCs. The625

least mature are PCEs, which have a TRL below 5 and are currently in the early stages of development. This626

phase includes research on suitable stack designs and manufacturing processes, as well as investigations into627

the most appropriate combinations of electrode and electrolyte materials for PCECs as constituent units.628

In SOCs, the most common electrolyte is yttria-stabilised zirconia (YSZ). The positive electrode often consists629

of strontium-doped lanthanum cobalt iron oxide (LSCF) or strontium-doped lanthanum cobalt oxide (LSC)630

combined with ceria-doped gadolinium oxide (CGO), while the negative electrode is typically made of a nickel-631

cermet. In PCCs, common electrolyte materials include yttrium-doped barium zirconate (BZY), yttrium-doped632

barium cerate (BCY), and scandia-stabilised zirconia (ScSZ). These materials exhibit high proton conductivity633

and stability under operating conditions. Among these, BZY is the most extensively used and researched,634

given its compatibility with the electrodes typically made of nickel-YSZ cermet for the negative electrode and635

nickel-barium zirconate (BZ) cermet or nickel-BZY cermet for the positive electrode. These cermets offer high636

catalytic activity, electrical conductivity, and a high triple-phase boundary (TPB) density. Additionally, they637

provide mechanical strength and stability, supporting the cell or RU components.638

The geometry of SOC/PCC devices can be either tubular or planar. Planar SOCs/PCCs devices are generally639

circular, square, or rectangular. The mechanical support of planar SOCs/PCCs devices can be provided by one640

of the electrodes, the electrolyte, or a metal interconnect. (9) In planar SOCs/PCCs devices, the interconnect641

also serves as the current collector/conductor. The geometry of planar stacks, which constitute several RUs642

sandwiched between gas flow channel-containing interconnects that are electrically connected in series, is often643

rectangular or square.644

4.4 Operation modes of HTSE cell/stack assembly units645

Under galvanostatic conditions, an input current is supplied to the HTSE cell/stack assembly unit, resulting in646

a voltage generated for each RU. These voltages collectively contribute to the overall voltage of the cell/stack647

assembly unit when all RUs are electrically connected in series. Under potentiostatic conditions, an input648

voltage is applied to the stack, which generates a current flowing through the stack perpendicular to the active649

electrode area. Depending on the supplied current or applied voltage, as well as the input temperature of steam650

transferring heat to the HTSE cell/stack assembly unit, the stack primarily operates in endothermic, isothermal,651

or exothermic modes.652

The operation mode of the stack influences both its energy efficiency and degradation in performance. Under653

galvanostatic conditions, performance degradation manifests as an increase in voltage within the cell/stack654

assembly unit, whereas under potentiostatic conditions, performance degradation, it results in a decrease in655

current. Degradation occurs with the accumulation of operating hours, regardless of whether operation is656

continuous or intermittent.657

Additionally, degradation is exacerbated by high and variable input power to the cell/stack assembly unit.658

The operation modes of an HTSE cell/stack assembly unit are as follows:659

• Endothermic operation: In this mode, the steam temperature decreases from the input to the output of the660

cell/stack assembly unit, and its voltage remains below the thermo-neutral voltage. Among the three modes661

of operation, this results in the highest energy efficiency for the cell/stack assembly unit. However, this662

efficiency is achieved at the cost of a lower hydrogen output rate. Under presumed adiabatic conditions,663

the heat required for the high-temperature steam electrolysis (HTSEL) reactions (4.2.2) and (4.2.3) is derived664

primarily from the supplied gases, especially steam, rather than from ohmic (Joule) heating, which is limited665

by an insufficient supply of electricity, whether current or voltage.666

(9) In metal-supported cells (MSCs), porous metal supports - sometimes coated with suitable materials - are utilised to enhance gas
transport, particularly in PCC devices, which typically operate at lower temperatures than SOC devices. As a result, PCCs devices are
generally less susceptible to excessive degradation caused by oxidation during operation. Oxidation-related materials degradation
is especially characterised by a reduction in pore size and decreased electrical conductivity due to the formation of metal oxides.
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• Isothermal (thermal-neutral) operation: In this mode, the stack temperature remains virtually unchanged from667

the input to the output of the stack, with the voltage maintained at approximately the thermo-neutral voltage.668

The energy efficiency of the stack under this mode is superior to that in exothermic operation, although this669

increase in efficiency is often counterbalanced by higher cost. The additional heat required to sustain the670

equilibrium of the HTSEL reactions (4.2.2) and (4.2.3) generally originates from Joule heating attributable671

to the externally supplied electricity, which is also necessary to establish the reversible potential (U rev). (10)672

Given the voltage difference between the thermo-neutral voltage and the reversible potential (voltage) at673

the operating temperature and pressure of an HTSE cell/stack assembly unit, Joule heating within stacks674

can advantageously be replaced by supplementary heat supplied to the stack when available. (11) This is675

particularly relevant for (waste) heat from energy conversion and other industrial processes where heat is676

generated by methods other than electricity. It is also applicable to heat sourced from natural resources677

such as geothermal and solar energy. Given the same electricity input in a HTSEL system, the utilisation of678

high-temperature heat in HTSE cell/stack assembly units makes hydrogen generation by HTSEL potentially679

more energy-efficient compared to LTWE with the same hydrogen output rate and quality.680

• Exothermic operation: In this mode, the stack voltage exceeds the thermo-neutral voltage, and the steam681

temperature rises from the input to the output of the stack. Consequently, the energy efficiency of the682

cell/stack assembly unit in this mode is the lowest among the three operation modes. This is because more683

heat is generated through Joule heating from the supplied electricity than necessary to sustain the HTSEL684

reactions (4.2.2) and (4.2.3). A significant advantage of this mode is that increasing the electricity supply685

to the cell/stack assembly unit enhances its hydrogen output rate. However, this benefit is offset by an686

increase in performance degradation. To mitigate excessive stack degradation, a voltage limit of typically687

no more than 1,5 V per RU is applied, whether operating under potentiostatic or galvanostatic conditions. At688

the system level, the heat generated by the cell/stack assembly unit can be recovered to enhance the overall689

system energy efficiency.690

(10) At SATP conditions, the reversible potential is 1,230 V, while this potential decreases to 0,978 V at 1073,15 K (800 ◦C).
(11) The continuous availability of heat, along with the steam pressure and temperature, typically dictates the dimensions (size, input

power range, hydrogen output rate), configuration, and technology of the HTSE cell/stack assembly unit(s) used in a HTSEL system.
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5 Description of test items691

For polarisation curve measurements, the test items of interest are HTFC cell/stack assembly units and HTSE692

cell/stack assembly units. These units are schematically described, along with their inputs and outputs, in693

section 5.1 for HTFC and in section 5.1 for HTSE units.694

5.1 HTFC cell/stack assembly unit695

Figure 1 provides a schematic representation of the input and output streams of energy forms and substances708

in a HTFC cell/stack assembly unit.709

Figure 1: Schematic illustration of the input and output streams (indicated by directional arrows) of energy
forms (depicted in diamond shape) and substances (depicted in circular shape) in a HTFC cell/stack
assembly unit (represented by a rectangular shape); q and p denote flow rate and pressure,
respectively. The thick line surrounding the grey-shaded box outlines the boundary of the cell/stack
assembly unit.
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Note: Steam is employed to regulate the partial pressure of oxygen at the negative electrode. Sweep gas (3.1.43), used to remove
electrode gas (3.1.13), is not depicted. Hydrogen that is not utilised is either exhausted or recirculated back into the cell/stack assembly
unit, which is also not shown.
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Source: JRC, 2024.707

The input energy streams to a HTFC cell/stack assembly unit include:710

• Chemical energy in the form of hydrogen, used as fuel, with a molar flow rate (q n, H2 , in) calculated as711

follows:712

q n, H2 , in (mol/s) = x n, H2 , in (mol/mol) · qV, in (m3/s)
Vm, H2 (m3/mol)

; (5.1.1)713

x n, H2 , in represents the molar concentration of hydrogen in the inlet electrode gas, Vm, H2 is the molar714

volume of hydrogen, and qV, in is the inlet volumetric flow rate of the electrode gas. Under SATP conditions,715

the molar volume of hydrogen is 24,789 m3/mol. For the negative electrode reactions (4.1.2a) and (4.1.3a)716

to occur at a specified current, the minimum inlet molar flow rate of hydrogen (q n, H2 , in, min) is calculated717

as follows:718

q n, H2 , in, min (mol/s) = λH2 · I (A) · N cells

z · F (C/mol)
≈ λH2 · I (A) · N cells

1, 93 · 105 (A s/mol)
; (5.1.2)719

λH2 is the stoichiometric ratio (3.1.42) of hydrogen. The input power of hydrogen based on HHV (P HHV
H2 , in),720

and the input power of hydrogen based on LHV (P LHV
H2 , in), are calculated as follows:721

P HHV
H2 , in (kW) = q n, H2 , in (mol/s) · 79, 4 · 10−3 (kWh/mol) · 3600 (s/h) and (5.1.3a)722

P LHV
H2 , in (kW) = q n, H2 , in (mol/s) · 67, 2 · 10−3 (kWh/mol) · 3600 (s/h). (5.1.3b)723
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• Thermal energy (E th) is supplied to the cell/stack assembly unit using one or more heat transfer fluids724

(input substance streams), (12) such as hydrogen and air/oxygen, as detailed in Table 3:725

E th (kWh) = P th (kW) · t (h); (5.1.4a)726

t represents time, and the thermal power (P th) is calculated as follows:727

P th (kW) =
∑

i

q i
m (kg/s) · c i

p (T i) (kJ/(kg K)) ·
(
T i (K) − T 0 (K)

)
; (5.1.4b)728

q i
m, c i

p, and T i represent the mass flow rate, the specific heat capacity at constant pressure (p i), and the
temperature of component (constituent) i in the electrode gas (see Table 3), respectively, while t is the
duration for which heat is supplied to the cell/stack assembly unit. In practical terms, c i

p is estimated for
a given fluid temperature and pressure according to the manufacturer’s instructions. The temperature of
component i corresponds to that of the electrode gas, while the pressure of the electrode gas is the sum
of the partial pressures of all constituent components i. The mass flow rate of fluid i (q i

m) is calculated as
follows:729

q i
m (kg/s) = x n, i (mol/mol) · M i (kg/mol) · q n (mol/s); (5.1.4c)730

x n, i and M i represent the molar concentration and the molar mass of component i in the electrode gas731

(see Table 3), respectively, while q n denotes the molar flow rate of the electrode gas under SATP conditions.732

• Pneumatic energy (E p), which is relevant for a cell/stack assembly unit using pressurised electrode gas733

(pressurised cell/stack assembly unit), is calculated as follows:734

E p (kWh) = P p (kW) · t (h). (5.1.5a)735

The pneumatic power (P p) is calculated using the following expression:736

P p (kW) =
∑

j

(
γ j

γ j − 1

)
Z̄ j
(
p j, T j

)
· R g (kJ/(mol K)) · T 0 (K) · q j

n (mol/h)
3600 (s/h)

·737

( p j (kPa)
p0 (kPa)

) γ j−1
γ j

− 1

 ≈
∑

j

(
γ j

γ j − 1

)
Z̄ j (p j, T j) · 6, 88 · 10−4 (kWh/mol)·738

q j
n (mol/h) ·

( p j (kPa)
p0 (kPa)

) γ j−1
γ j

− 1

 ; (5.1.5b)739

Z̄ j, p j and T j are the average compressibility factor, the pressure and the temperature of component j in
the electrode gas (see Table 3), respectively, while R g=8,3445 J/(mol K−1) is the universal gas constant.
The temperature of component j is that of the electrode gas while the pressure of the electrode gas is
the sum of the partial pressures of all components j. The isentropic expansion factor of fluid j (γ j) is
calculated as follows:740

γ j(p j, T j) =
c j
p
(
T j
)

(kJ/(kg K))

c j
V (p j, T j) (kJ/(kg K))

̸= 1; (5.1.5c)741

c j
p and c j

V are the specific heat capacity at constant pressure and at constant volume of component j,
respectively. Practically, Z̄ j and γ j are estimated for a given fluid temperature and pressure according to
the manufacturer’s instructions. For a pressurised cell/stack assembly unit, the pneumatic fluids j (input
substance streams) are primarily hydrogen and air/oxygen, as outlined in Table 3. The molar flow rate of
fluid j (q j

n) is calculated as follows:742

q j
n (mol/s) = x n, j (mol/mol) · q n (mol/s); (5.1.5d)743

x n, j denotes the molar concentration of component j in the electrode gas.744

In addition to reaction products such as water vapour (steam) and heat, the output of a HTFC cell/stack assembly745

unit includes electricity, specifically in the form of DC power (P el, dc), as described in equation (1.0.2).746

(12) Radiative heat transfer to the cell/stack assembly unit, such as that provided by an electric furnace enclosing the unit to maintain
the stack temperature, is indirectly accounted as it also contributes to the heating of the electrode gases.
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5.2 HTSE cell/stack assembly unit747

Figure 2 provides a schematic representation of the input and output streams of energy forms and substances758

in a HTSE cell/stack assembly unit.759

Figure 2: Schematic illustration of the input and output streams (indicated by directional arrows) of energy
forms (depicted in diamond shape) and substances (depicted in circular shape) in a HTSE cell/stack
assembly unit (represented by a rectangular shape). The thick line surrounding the grey-shaded box
outlines the boundary of the cell/stack assembly unit.
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Note: For heat removal in SOE, air is primarily employed as a positrode sweep gas, while steam can, in principle, also serve as a negatrode
sweep gas. In PCE, steam is used as a positrode sweep gas.
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The input energy streams to a HTSE cell/stack assembly unit include:760

• Electricity in the form of electric energy (E el):761

E el (kWh) = P el, dc (kW) · t (h). (5.2.1)762

• Thermal energy, as described in equation (5.1.4a), in the form of heat supplied to the cell/stack assembly763

unit using one or more heat transfer fluids (input substance streams), rimarily steam and air, as detailed764

in Table 3 (13).765

• Pneumatic energy, as described in equation (5.1.5a), is relevant only for a pressurised cell/stack assembly766

unit. For such units, the pneumatic component j of the electrode gas (input substance stream) is primarily767

steam.768

The primary output gas stream of a HTSE cell/stack assembly unit is:769

• Hydrogen with a molar flow rate (q n, H2 , out) calculated as follows:770

q n, H2 , out (mol/s) = x n, H2 , out (mol/mol) · qV, out (m3/s)
Vm, H2 (m3/mol)

; (5.2.2)771

x n, H2 , out is the molar concentration of hydrogen in the outlet electrode gas, and qV, out is the product772

gas volumetric flow rate. The molar concentration of hydrogen can be estimated through gas analysis.773

Practically, the outlet molar concentration of hydrogen is determined as an average value x̄ n, H2 , out, with774

standard variance s2 (x n, H2 , out); for the calculations, refer to equation (E.3.2d) and equation (E.4.1d). In775

(13) Similar to HTFCs, radiative heat transfer to the cell/stack assembly unit - such as that provided by an electric furnace used to
maintain the stack temperature - is indirectly accounted for as the electrode gases also receive heat in this manner. Additional heat
may be generated within the cell/stack assembly unit via Joule heating, utilising a portion of the DC power supplied to maintain the
stack temperature.
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the absence of measurements of the outlet molar flow rate of hydrogen, this flow rate can be calculated776

as follows:777

q n, H2 , out (mol/s) = η F %
100 % · I (A) · N cells

z · F (C/mol)
≈ η F %

100 % · I (A) · N cells

1, 93 · 105 (A s/m3)
, (5.2.3)778

where the Faradaic efficiency may be determined through preliminary testing, as detailed in Annex D.779

The output power of hydrogen based on HHV (P HHV
H2 , out), and the output power of hydrogen based on LHV780

(P LHV
H2 , out), are calculated as follows:781

P HHV
H2 , out (kW) = q n, H2 , out (mol/s) · 79, 4 · 10−3 (kWh/mol) · 3600 (s/h) and (5.2.4a)782

P LHV
H2 , out (kW) = q n, H2 , out (mol/s) · 67, 2 · 10−3 (kWh/mol) · 3600 (s/h). (5.2.4b)783
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6 Test procedure784

6.1 Test set-up, instrumentation and equipment785

Figure 3 shows schematically the test system configuration for a cell/stack assembly unit in the test environment793

(3.1.44).794

Figure 3: Schematic of the test system configuration for a cell/stack assembly unit, encompassing all
subsystems. The dashed line encircling the green-shaded box indicates the boundary of the test
environment, while the thick line surrounding the grey-shaded box delineates the perimeter of the
cell/stack assembly unit.
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Source: JRC, 2024.792

The functions of the individual test subsystems are as follows:795

• The measurement and DAQ subsystem is responsible for acquiring and recording the test parameters796

of the cell/stack assembly unit, and optionally the environmental conditions of the test environment. THis797

is conducted in accordance with the specified measurement methods using appropriate instrumentation798

that meets the designated uncertainties and permissible variation ranges, as detailed in Table 2.799

• The power control subsystem regulates the output current or voltage of the cell/stack assembly unit800

when in fuel cell mode, and the input current or voltage supplied to the unit during electrolysis mode.801

• The optionalmechanical load control subsystem applies andmaintains amechanical load that enhances802

contacts among components in the cell/stack assembly unit through compression during testing.803

• The electrode gas control subsystems manage the composition, flow rate, and temperature of the804

respective electrode gases delivered to the cell/stack assembly unit.805

• The optional electrode gas pressure control subsystems regulate the pressure of the respective806

electrode gases of the cell/stack assembly unit, for example, by employing back pressure control valves807

(PCVs).808

• The temperature control subsystemmaintains the temperature of the cell/stack assembly unit, including809

the interior temperature of the electric furnace housing the unit, to ensure its operating temperature810

remains within the specified tolerances.811

• The safety subsystem functions as an automated detection and alarm system for hazards arising within812

the test environment and malfunctions of the test system. It operates based on defined parameters and813

criteria to mainatain a safe state for the test system and environment.814

• The test control subsystem provides oversees the test environment by providing integrated control and815

regulation of each subsystem, including the monitoring of relevant test parameters, as listed in Table 1.816

The actual test set-up employed, as well as the cell/stack assembly unit tested, should be detailed in the817

test report, including a description of the instruments and test equipment used; refer to Annex B for further818

information.819
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6.2 Test parameters820

6.2.1 Test input parameters821

Table 1 enumerates the static and variable TIPs used in the polarisation curve measurements conducted during
the tests outlined in section 6.3.2 (Test 6.3.2) and section 6.3.3 (Test 6.3.3).

822

823

Table 1: Static and variable test input parameters

non-SI SI Test
Parameter Symbol unit (a) unit 6.3.2 6.3.3

Sweep rate(s) of current (b) ∆I/∆t A/s static static
Sweep rate(s) of voltage (c) ∆U/∆t V/s static static
Maximum current (b) Imax A static static
Cut-off voltage (b,c) U cut-off V static static

Step duration (d) t step s
static static

(variable) (variable)

Step sampling rate (d) f step Hz s−1 static static
(variable) (variable)

Sweep sampling rate (e) f sweep Hz s−1 static static
(variable) (variable)

High-temperature fuel cell
Inlet volumetric flow rate of positive electrode gas qV, pos, in Nlpm, slpm (f) m3/s static variable
Utilisation of positive electrode gas λ−1

gas, pos - - variable static
Inlet molar concentration of component i in posit-
ive electrode gas (g)

x i, pos, in mol/mol static static

Inlet pressure of positive electrode gas p pos, in mbar, kPa N/m2 static (h) static (h)
Inlet temperature of positive electrode gas T pos, in

◦C K static static
Inlet volumetric flow rate of negative electrode gas qV, neg, in Nlpm, slpm (f) m3/s static variable
Inlet molar concentration of component i in negat-
ive electrode gas (f)

x i, neg, in mol/mol static static

Utilisation of negative electrode gas λ−1
gas, neg - - variable static

Inlet pressure of negative electrode gas p neg, in mbar, kPa N/m2 static (g) static (h)
Inlet temperature of negative electrode gas T neg, in

◦C K static static
High-temperature steam electrolyser

Inlet volumetric flow rate of positive electrode gas qV, pos, in Nlpm, slpm (f) m3/s static variable
Utilisation of positive electrode gas λ−1

gas, pos - - variable static
Inlet molar concentration of component i in posit-
ive electrode gas (f)

x i, pos, in mol/mol static static

Inlet pressure of positive electrode gas p pos, in mbar, kPa N/m2 static (h) static (h)
Inlet temperature of positive electrode gas T pos, in

◦C K static static
Inlet volumetric flow rate of negative electrode gas qV, neg, in Nlpm, slpm (f) m3/s static variable
Inlet molar concentration of component i in negat-
ive electrode gas (g)

x i, neg, in mol/mol static static

Utilisation of negative electrode gas λ−1
gas, neg - - variable static

Inlet pressure of negative electrode gas p neg, in mbar, kPa N/m2 static (h) static (h)
Inlet temperature of negative electrode gas T neg, in

◦C K static static

Note: Under galvanostatic (potentiostatic) conditions, current (voltage) serves as a TIP. Accordingly, current density is a TIP under galvano-
static conditions.

824

825

(a) These units are frequently used.826

(b) This parameter is pertinent for measurements under galvanostatic conditions.827

(c) This parameter is pertinent for measurements under potentiostatic conditions.828

(d) This parameter is only relevant when current or voltage is adjusted incrementally.829

(e) Relevant solely for current sweep (3.1.8) or voltage sweep (3.1.49).830

(f) Normal litre per minute, standard litre per minute.831

(g) Refer to Table 3 for the inlet electrode gas components.832

(h) For automated gas pressure regulation using a back PCV at the outlet of the cell/stack assembly unit, this TIP is variable.833

Source: JRC, 2024.834

Table 2 provides the instrument standard uncertainties for generic TIPs and TOPs, indicating whether these
standard uncertainties are rated (nominal) or full scale (FS).

835

836
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Table 2: Instrument standard uncertainties of generic test input parameters and generic test output
parameters

Parameter Symbol Instrument uncertainty

Current I ±1 % of rated
Voltage U ±0,5 % of rated
Flow rate q ±3 % of FS
Molar concentration x n ±2 % of FS
Pressure p ±3 % of rated
Temperature T ±0,5 K

Source: JRC, 2024.837

Table 3 details the constituents of the electrode gases at the inlet and outlet of HTFCs and HTSEs.838

Table 3: Electrode gas composition at the inlet and outlet of cell/stack assembly units

Type of Electrode gas composition
cell/stack electrode port Hydrogen Air Oxygen Steam Nitrogen

High-temperature fuel cell

SOFC (a)
Positive electrode

inlet ✓ ✓ (b) (✓) (c)
outlet (✓) (d) ✓ (✓) (c)

Negative electrode
inlet ✓ (e) (✓) (f) (✓) (c)
outlet ✓ ✓ (✓) (c)

PCFC (g)
Positive electrode

inlet ✓ (✓) (b) (✓) (c)
outlet ✓ (d) (✓) (b) (✓) (c)

Negative electrode
inlet ✓ (✓) (e) (✓) (c)
outlet ✓ ✓ ✓ (✓) (c)

High-temperature steam electrolyser

SOEC (h)
Positive electrode

inlet ✓ (e) (✓) (c)
outlet ✓ (e) ✓ (✓) (c)

Negative electrode
inlet ✓ (i) ✓
outlet ✓ ✓

PCEC (j)
Positive electrode

inlet ✓ (✓) (c)
outlet ✓ ✓ (✓) (c)

Negative electrode
inlet ✓
outlet ✓

Note: For testing and operation purposes, the use of ✓ indicates the mandatory presence of components in the electrode gas, while (✓)
signifies an optional inclusion of components in the electrode gas.

839

840

(a) This includes rSOCs operated in fuel cell mode.841

(b) Small additions of water vapour (steam) may be used to adjust the partial pressure of oxygen in the electrode gas, thereby establishing
a defined OCV.

842

843

(c) Nitrogen may be utilised as a diluent or inert gas and may also be employed for test safety, particularly during pressure operation.844

(d) Cell/stack assembly units in a dead-ended configuration do not have a fuel (hydrogen) gas outlet.845

(e) Typically, air is used for heat removal.846

(f) Using oxygen instead of air enhnaces the performance of the cell/stack assembly unit by reducing mass transfer limitations.847

(g) This includes rPCCs operated in fuel cell mode.848

(h) This includes rSOCs operated in electrolysis mode.849

(i) Small additions of hydrogen may be used to adjust the partial pressure of oxygen in the electrode gas to prevent metal (i. e.Ni)
oxidation in the cermet.

850

851

(j) This includes rPCCs operated in electrolysis mode.852

Source: JRC, 2024.853

6.2.2 Test output parameters854

Table 4 enumerates the TOPs obtained from polarisation curve measurements conducted under galvanostatic
or potentiostatic conditions, as well as the parameters derived from post-processing the test results.

855

856
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Table 4: Test output parameters

Parameter Symbol non-SI
unit

(derived) SI
unit

Current I dc A
Current density J A/cm2 A/m2

Cell voltage(s) U cell V (c)
Voltage U dc V
Average repeating unit voltage Ū RU V
Reversible voltage (b) U rev V (a)
Activation polarisation voltage U act V (a)
Concentration polarisation voltage U conc V (a)
Ohmic resistance R Ω
Area-specific resistance R ASR Ω.cm2 Ω.m2

Electric power P el, dc kW
Electric power density P el, d W/cm2 W/m2

Operating temperature (c) T stack
◦C K

High-temperature fuel cell
Fuel cell repeating unit voltage U RU, FC V
Outlet volumetric flow rate of positive electrode gas qV, pos, out Nlpm, slpm m3/s
Outlet molar concentration of component i in positive electrode gas (d) x i, pos, out mol/mol
Outlet pressure of positive electrode gas p pos, out mbar, kPa N/m2

Outlet temperature of positive electrode gas T pos, out
◦C K

Outlet volumetric flow rate of negative electrode gas qV, neg, out Nlpm, slpm m3/s
Outlet molar concentration of component i in negative electrode gas x i, neg, out mol/mol
Outlet pressure of negative electrode gas p neg, out mbar, kPa N/m2

Outlet temperature of negative electrode gas T neg, out
◦C K

Fuel cell electric efficiency based on HHV η HHV
el, FC %

Output thermal power P th, out kW
Fuel cell thermal efficiency based on HHV η HHV

th, FC %
Fuel cell electric efficiency based on LHV η LHV

el, FC %
Fuel cell thermal efficiency based on LHV η LHV

th, FC %
High-temperature steam electrolyser

Electrolyser repeating unit voltage U RU, EL V
Outlet volumetric flow rate of positive electrode gas qV, pos, out Nlpm, slpm m3/s
Outlet molar concentration of component i in positive electrode gas (d) x i, pos, out mol/mol
Outlet pressure of positive electrode gas p pos, out mbar, kPa N/m2

Outlet temperature of positive electrode gas T pos, out
◦C K

Outlet volumetric flow rate of negative electrode gas qV, neg, out Nlpm, slpm m3/s
Outlet molar concentration of component i in negative electrode gas (d) x i, neg, out mol/mol
Outlet pressure of negative electrode gas p neg, out mbar, kPa N/m2

Outlet temperature of negative electrode gas T neg, out
◦C K

Electrolyser energy efficiency based on HHV η HHV
e, EL %

Electrolyser energy efficiency based on LHV η LHV
e, EL %

Note: Under galvanostatic (potentiostatic) conditions, voltage (current) is a TOP. Accordingly, current density is a TOP under potentiostatic
conditions. The uncertainties of these TOPs and those of the TIPs (see Table 1) are not listed in this table.

857

858

(a) The metric prefix ’m’ stands for ’milli’
(

10−3
)
and ’k’ represents ’kilo’

(
103
)
. These prefixes may also be used.859

(b) In fuel cell mode, this TOP serves as a control parameter for stable state (3.1.38) of the cell/stack assembly unit, refer to section 6.3.1.
The theoretical value is calculated in accordance with equation (7.1.3a).

860

861

(c) This is a control parameter for the stable state (3.1.38) of the cell/stack assembly unit, refer to section 6.3.1862

(d) Refer to Table 3 for details on the outlet electrode gases.863

Source: JRC, 2024.864

6.3 Measurement of current-voltage characteristics865

6.3.1 Test parameter control for stable state866

Testing of the fully conditioned cell/stack assembly unit begins by gradually adjusting the static TIPs (as outlined867

in Table 1) usually stepwise to their specified values (test conditions) in accordance with the manufacturer’s868

instructions. The cell/stack assembly unit should be operated until the stable state is achieved under OCV869
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conditions (I = 0) in fuel cell mode, with the stack temperature and DC voltage serving as the initial controlling870

parameters.871

The stable state of the cell/stack assembly unit, including its tolerance range and observation duration,872

should be defined prior to testing. It is recommended that the variation in stack temperature does not exceed873

±5 K for a minimum duration of 30 seconds. During this period, the DC voltage of the cell/stack assembly unit874

should not vary by more than 5 mV for any RU in FC mode and 10 mV in electrolysis mode.875

Once stable state of the fully conditioned cell/stack assembly unit is achieved, the measurement of current-876

voltage (I-U ) characteristics can proceed. This can be done by incrementally changing the current under877

galvanostatic conditions or the voltage under potentiostatic conditions, as in method (A), or by sweeping the878

current or voltage at a constant speed, as in method (B); refer to Figure 4. Each step should ensure that the879

cell/stack assembly unit reaches a stable state after each incremental change in current or voltage. Specifically,880

each step must allow sufficient time for the unit to equilibrate. The duration of each step depends on several881

factors, including the unit’s architecture, technology, materials, operating history, and state. Typically, the882

number of steps will result in 20 to 40 data points for the polarisation curve, measured in either direction:883

• Ascending from zero current (I = 0) to the maximum current (I = Imax), and884

• Descending from the maximum current to zero current in FC mode.885

In electrolysis mode, where the current is conventionally negative, the term ’maximum current’ is replaced by886

’minimum current’. The maximum and minimum current should be:887

◦ Recommended by the manufacturer of the cell/stack assembly unit, or888

◦ Selected based on the following criteria:889

– The minimum/maximum voltage should be 0,6 V multiplied by the number of cells or repeating units890

electrically connected in series in the cell/stack assembly unit, or891

– The absolute power of the cell/stack assembly unit should be at its highest.892

When using a current sweep or voltage sweep, the rate must be set so that the maximum width of the893

resultant voltage hysteresis (14) does not exceed 10 mV for any RU. Unless specified by the manufacturer of the894

cell/stack assembly unit, this may necessitate preliminary testing.895

In addition to specifying the gas compositions, flow rates, temperatures and pressures, the actual steps for896

method (A) and the actual sweep rate for method (B) should also be outlined as part of the test program.897

6.3.2 Determination of polarisation curves under constant gas flow rate898

The term ’constant gas flow rate’ may refer to a consistent volumetric flow rate of the positive electrode gas,899

the negative electrode gas, or both. The gas flow rate should be set to correspond to that required to achieve900

the maximum current of the cell/stack assembly unit.901

(A) When the current or voltage is adjusted stepwise, at a minimum, the current, voltage, and temperature902

of the cell/stack assembly unit, as well as the flow rate and pressure of the electrode gases, should be903

recorded for the entire step duration (3.1.41) at the specified sampling rate. The average value, along904

with the standard uncertainty (u) or combined standard uncertainty (u c) of these measurements, should905

represent the values of the polarisation curve and their variations for that step; refer to Annex E. The906

average value should be calculated from at least the last five recorded data points.907

(B) When a current sweep or voltage sweep is emploed, at least the current, voltage, and temperature of908

the cell/stack assembly unit should be measured at the specified sweep sampling rate. The measured909

instantaneous values will be used as the values for the polarisation curve.910

Additional test parameters may also be measured, as outlined in Table 1 and Table 4.911

6.3.3 Determination of polarisation curves under constant stoichiometric ratio or con-912

stant gas utilisation913

Constant stoichiometric ratio (λ) or gas utilisation (λ−1) (3.1.17) may refer to that of positive electrode gas, of914

negative electrode gas, or of both gases.915

(14) This refers to the maximum difference in voltage when sweeping from OCV to maximum current and back to OCV, or vice versa.
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(A) When current or voltage is changed stepwise, at least current, voltage, and temperature of the cell/stack916

assembly unit, as well as flow rate and pressure of the electrode gases are recorded for the entire step917

duration at the specified sampling rate. The average value along with its standard uncertainty or combined918

standard uncertainty of these measurements shall be the polarisation curve values and their variations for919

that step; see Annex E. The average value shall be calculated from at least the last five recorded values.920

(B) When a current sweep or voltage sweep is used, at least current, voltage, and temperature of the cell/stack921

assembly unit are measured at the specified sweep sampling rate. The measured instantaneous values922

shall be the polarisation curve values.923

Additional test parameters may also be measured, as outlined in Table 1 and Table 4.924
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7 Data post-processing and presentation of test results925

7.1 Data post-processing926

Voltage breakdown analysis (VBA) (Lang et al., 2017, Ma et al., 2021, Falcão and Pinto, 2020, Gerhardt et al.,927

2021,Dizon et al., 2022) provides a method to estimate voltage losses in HTFCs. This techniques involves fitting928

the measured data from the polarisation curve measurements of the cell/stack assembly unit to an empirical929

formula using non-linear least squares (NLS) fitting. The formula is as follows:930

U RU, FC (V) = U dc

N cells
= U rev (V) − U act (V) − I (A) · R (Ω) − U conc (V); (7.1.1)931

U RU, FC is the voltage of a RU in the cell/stack assembly unit operated in fuel cell mode, U rev is the reversible932

voltage, given by equation (7.1.3a), U act is the activation polarisation voltage in the electrodes of the cell/stack933

assembly unit, given by equation (7.1.5), I is the current flowing perpendicular to the active electrode area of934

each cell in the cell/stack assembly unit, R is the resistance of the cell/stack assembly unit, and U conc is the935

concentration polarisation voltage in the cell/stack assembly unit, given by equation (7.1.6).936

For HTSEs, voltage gains can be estimated by fitting the measured data of the polarisation curve measure-937

ments of the cell/stack assembly unit to an empirical formula using NLS fitting, as follows:938

U RU, EL (V) = U dc

N cells
= U rev (V) + U act (V) + I (A) · R (Ω) + U conc (V) (7.1.2)939

U RU, EL is the voltage of a RU in the cell/stack assembly unit operated in electrolysis mode.940

In equation (7.1.1) and equation (7.1.2), the R is estimated from the slopes of the measured polarisation941

curves, for instance, through curve fitting. Alternatively, R can be determined over a suitably wide interval of942

the measured polarisation curves by calculating the ratio of differences in voltage to the corresponding current943

of the cell/stack assembly unit. An interval is deemed suitable if the associated section of the polarisation944

curve graph is linear, thereby ensuring that voltage and current are practically directly proportional throughout945

the interval. Ideally, this interval should be centred between the minimum and maximum current of the the946

measured polarisation curve.947

In the absence of gas crossover across the electrodes and other non-ideal conditions, the temperature-948

dependent reversible voltage is calculated as follows (Jia and Taheri, 2021):949

U rev(T ) (V) = 1, 253 V − 2, 4516 · 10−4 (V/K) · T (K)950

± U th (V) log
(

pH2 (kPa)
p0 (kPa)

·
(

pO2 (kPa)
p0 (kPa)

)0,5
·
(

pH2O (kPa)
p0 (kPa)

)−1
)

; (7.1.3a)951

U th (V) = R g (J/(mol K)) · T (K)
z · F (C/mol)

≈ 43, 09 · 10−6 (V/K) · T (K), (7.1.3b)952

where U th is the thermal voltage (positive for FC mode and negative for electrolysis mode), pH2 , pO2 , and pH2O953

are the partial pressure of hydrogen, oxygen and steam in the concerned electrode gases, respectively, and T954

is the operating temperature of the cell/stack assembly unit (T stack). The use of 0,5 as power exponent arises955

because half a mole of oxygen is involved in both the HTFC reaction (4.1.1) and the HTSE reaction (4.2.1). In956

cases where the pressure of a respective electrode gas exceeds the standard ambient pressure, the standard957

ambient pressure in equation (7.1.3a) must be replaced by the pressure of the concerned electrode gas. Note958

that the sum of the partial pressure of all constituents within an electrode gas equals the pressure of that gas.959

The activation polarisation voltage is depict in the Butler-Volmer equation (Hernández-Gómez et al., 2020):960

I (A) = I0 ·
[
exp

(
α neg U act (V)

U th (V)

)
− exp

(
− (1 − α pos) U act (V)

U th (V)

)]
; (7.1.4)961

I0, α neg, and α pos denote the exchange current, the negative electrode charge transfer coefficient, and the962

positive electrode charge transfer coefficient, respectively. The exchange current is an indicator of the electrode963

reaction kinetics (Fukumoto et al., 2022). Assuming α neg = α pos = 0, 5 in equation (7.1.4), the temperature-964

dependent activation polarisation voltage is calculated as follows:965

U act(T ) (V) = 2U th (V) · sinh−1
(

I (A)
2I0 (A)

)
. (7.1.5)966

The temperature-dependent concentration polarisation voltage is calculated as follows (Hernández-Gómez et al.,967

2020):968

U conc(T ) (V) = ±U th (V) · log
(

c0
O2

(mol/m3)
c TPB
O2

(mol/m3)
·

c0
H2

(mol/m3)
c TPB
H2

(mol/m3)
·
(

c0
H2O (mol/m3)

c TPB
H2O (mol/m3)

)−1)
; (7.1.6a)969
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c TPB
O2

, c TPB
H2

, and c TPB
H2O are the concentrations of oxygen, hydrogen, and steam at the respective electrode gas-

electrolyte-electrode interface (triple-phase boundary), respectively, while c0
O2
, c0

H2
, and c0

H2O are their equilibrium
concentrations in the respective electrode gases. Note that equation (7.1.6a) applies in the absence of steam
in the negative electrode gas of both PCFC and PCEC. When the concentration of a reactant approaches zero at
the TPB, equation (7.1.6a) simplifies to:970

U conc(T ) (V) = −U th (V) · log
(

1 − I (A)
I L (A)

)
; (7.1.6b)971

I L is the limiting current, representing the mass transfer (diffusion) limitation of the reactant at the TPB in the972

concerned electrode.973

The area-specific resistance (ASR) (R ASR) is calculated as follows:974

R ASR (Ω.cm2) = R (Ω) · A act (cm2); (7.1.7)975

R is the resistance used in equation (7.1.1) for HTFCs and equation (7.1.2) for HTSEs.976

For a HTFC, electrical efficiency is generally of interest, and in combined heat and power (CHP) applications,977

thermal efficiency is also relevant. For a HTSE, the focus is on energy efficiency.978

The electrical efficiency of a HTFC is determined through the fuel cell electric efficiency based on HHV (η HHV
el, FC),979

and fuel cell electric efficiency based on LHV (η LHV
el, FC), calculated as follows:980

η HHV
el, FC (%) = P el, dc (kW)

P HHV
H2 , in (kW) + P th, in (kW) + P p, in (kW)

· 100 % and (7.1.8a)981

η LHV
el, FC (%) = P el, dc (kW)

P LHV
H2 , in (kW) + P th, in (kW) + P p, in (kW)

· 100 %, (7.1.8b)982

respectively; in principle, P el, dc is given by equation (1.0.2), P HHV
H2 , in is given by equation (5.1.3a), P th, in is given by983

equation (5.1.4b), P p, in is given by equation (5.1.5b), and P LHV
H2 , in is given by equation (5.1.3b).984

The thermal efficiency of a HTFC is determined as the fuel cell thermal efficiency based on HHV (η HHV
th, FC), and985

fuel cell thermal efficiency based on LHV (η LHV
th, FC), calculated as follows:986

η HHV
th, FC (%) = P th, out (kW)

P HHV
H2 , in (kW) + P th, in (kW) + P p, in (kW)

· 100 % and (7.1.9a)987

η LHV
th, FC (%) = P th (kW)

P LHV
H2 , in (kW) + P th, in (kW) + P p, in (kW)

· 100 %, (7.1.9b)988

respectively; in principle, P th, out is given by equation (5.1.4b). Note that, in equation (7.1.8) and equation (7.1.9),989

pure hydrogen gas ( H2) is considered as the input fuel.990

The energy efficiency for a HTSE is determined through the electrolyser energy efficiency based on HHV991

(η HHV
e, EL), and electrolyser energy efficiency based on LHV (η LHV

e, EL), calculated as follows:992

η HHV
e, EL (%) =

P HHV
H2 , out (kW)

P el, dc (kW) + P th, in (kW) + P p, in (kW)
· 100 % and (7.1.10a)993

η LHV
e, EL (%) =

P LHV
H2 , out (kW)

P el, dc (kW) + P th, in (kW) + P p, in (kW)
· 100 %, (7.1.10b)994

respectively; in principle, P HHV
H2 , out is given by equation (5.2.4a), and P LHV

H2 , out is given by equation (5.2.4b). When995

hydrogen is used in addition to steam as the negative electrode inlet gas in SOE, P HHV
H2 , out in equation (7.1.10a)996

and P LHV
H2 , out in equation (7.1.10b) should be replaced by the differences, P HHV

H2 , out - P HHV
H2 , in and P LHV

H2 , out - P LHV
H2 , in,997

respectively. The same substitution applies when hydrogen is used, in addition to steam, as the negative998

electrode inlet gas in PCE.999

Unless the inlet gases are introduced to the cell/stack assembly unit at pressures above atmospheric pressure,1000

the input pneumatic power is not considered in equation (7.1.8), equation (7.1.9), and equation (7.1.10) (P p = 0).1001

In these three equations, the input thermal power of the cell/stack assembly unit is the sum of the individual1002

input thermal power of both electrode gases. The same principle applies to the input pneumatic power of the1003

cell/stack assembly unit.1004

7.2 Presentation of test results1005

Figure 4 displays polarisation curves (average repeating unit voltage versus current density) alongside the1024

evolution of stack temperature for an 84 cm2 solid oxide 5-cell/stack assembly unit operated in both FC (SOFC)1025
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mode and electrolysis (SOEC) mode. Additionally, performance curves (power density versus current density),1026

derived from the polarisation curves, are presented. The figure also illustrates the progression of gas utilisation,1027

specifically focusing on hydrogen gas utilisation in SOFC mode and steam conversion in SOFC mode.1028

Figure 4: Polarisation curves (depicting average repeating unit voltage and stack temperature versus current
density) (top) and performance curves (illustrating average power density and gas utilisation versus
current density) (bottom) for an 84 cm2 solid oxide 5-cell/stack assembly unit (designation:
CSZ-10-05-043) operated in fuel cell (SOFC) mode (a) and electrolysis (SOEC) mode (b).
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(a) SOFC mode: 2.5 Nlpm H2 (negative electrode) and 2.5
Nlpm N2 / 20 Nlpm air (positive electrode)
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(b) SOEC mode: 0.63 Nlpm H2 / 2 Nlpm H2O (g) (negative
electrode) and 5 Nlpm air (positive electrode)
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10191020

1021

Note: By convention, values of current density are displayed as positive numbers in SOFC mode and as negative numbers in SOEC mode.1022

Source: JRC, 2024.1023

In addition to presenting the test results as polarisation curves, which include the current-voltage character-1029

istics (I-U curves) and the current density-electric power characteristics (J-P el curves) or current density-power1030

density characteristics (J-P d curves) of the cell/stack assembly unit, and showcasing the evolution of the stack1031

temperature, performance curves can also be plotted. These performance curves may comprise the electrical1032

efficiency-electric power density characteristics (η el-P el, d curves) for HTFCs and the energy efficiency-electric1033

power density characteristics (η e-P el, d curves) for HTSEs.1034

When method (A) is employed in polarisation curve measurements (refer to section 6.3.2 and section 6.3.3),1035

the standard variances (s2) or standard deviations (s) of the measured test parameters, along with the combined1036

standard variances (u2
c) or combined standard uncertainties (u c) of the calculated (derived) test parameters,1037
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may be multiplied by the coverage factor (k) (see Annex E) and indicated appropriately in the plots, such as with1038

error bars.1039
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8 Conclusions1040

This report outlines a testing procedure for conducting polarisation curve measurements applicable to HTFCs1041

and HTSEs. It is equally suitable for cell/stack assembly units of SOC, including rSOC, and PCC, including rPCC.1042

As a fundamental characterisation technique, polarisation curve measurements evaluate the performance of1043

cell/stack assembly units based on their current-voltage characteristics (I-U curves) or current density-electric1044

power characteristics (J-P el curves) as well as efficiency-electric power density characteristics (η-P el, d curves).1045

This testing method serves a dual purpose in both R&D and in the realm of quality assurance (QA) (3.1.31)1046

and quality control (QC) (3.1.32) for manufactured cell/stack assembly units. Additionally, it serves as a general1047

test method for qualifying cell/stack assembly units in a given application.1048
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List of abbreviations and acronyms1213

Abbreviation Description

AI
artificial intelligence

ASR
area-specific resistance

ATEX
Appareils destinés à être utilisés en atmosphères explosibles

BCY
yttrium-doped barium cerate

biP
bipolar plate

BZ
barium zirconate

BZY
yttrium-doped barium zirconate

CC BY 4.0
Creative Commons Attribution 4.0 International

CEA
Commissariat à l’énergie atomique et aux énergies alternatives

CGO
ceria-doped gadolinium oxide

CH
Switzerland

CH2P
Clean Hydrogen Partnership

CHP
combined heat and power

Clean H2 JU
Clean Hydrogen Joint Undertaking

CORDIS
Community Research and Development Information Service

DAQ
data acquisition

DC
direct current

DIS
draft international standard

DLR
Deutsches Zentrum für Luft- und Raumfahrt e. V.

doi
digital object identifier

DTU
Danmarks Tekniske Universitet

e. V.
eingetragener Verein

EC
European Commission

ec
electrochemical cell

EEA
European Economic Area

EIfER
Europäisches Institut für Energieforschung

EMC
electromagnetic compatibility

EN
English

ENEA
Agenzia Nazionale per le Nuove tecnologie, l’Energia e lo Sviluppo economico sostenibile

ES
energy storage

EU
European Union

EUR
European Union Report

FC
fuel cell
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Abbreviation Description

FCHJU
Fuel Cells and Hydrogen Joint Undertaking

FID
first industrial deployment

FS
full scale

GLP
good laboratory practice

HER
hydrogen evolution reaction

HHV
higher heating value

HOR
hydrogen oxidation reaction

HTE
high-temperature electrolyser

HTFC
high-temperature fuel cell

HTSE
high-temperature steam electrolyser

HTSEL
high-temperature steam electrolysis

IEC
International Electrotechnical Commission

IEEE
Institute of Electrical and Electronics Engineers

IEES
Institute of Electrochemistry and Energy Systems Acad. Evgeni Budevski

IEV
International Electrotechnical Vocabulary

ISBN
international standard book number

ISO
International Organization for Standardization

ISSN
international standard serial number

IUPAC
International Union of Pure and Applied Chemistry

JCGM
Joint Committee for Guides in Metrology

JRC
Joint Research Centre

L
Luxembourg

LHS
left hand side

LHV
lower heating value

LSC
strontium-doped lanthanum cobalt oxide

LSCF
strontium-doped lanthanum cobalt iron oxide

LTWE
low-temperature water electrolyser

LVD
Low-Voltage Directive

ML
machine learning

MSC
metal-supported cell

Nlpm
normal litre per minute

NLS
non-linear least squares

NY
New York

OCP
open circuit potential

OCV
open circuit voltage
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Abbreviation Description

OER
oxygen evolution reaction

OHS
occupational health and safety

OJ
Official Journal

ORR
oxygen reduction reaction

PCC
proton-conducting ceramic

PCCEL
proton-conducting ceramic steam electrolysis

PCE
protonic ceramic electrolyser

PCEC
protonic ceramic electrolysis cell

PCFC
protonic ceramic fuel cell

PCV
pressure control valve

PDF
portable document format

PED
Pressure Equipment Directive

QA
quality assurance

QC
quality control

R&D
research and development

R&I
research and innovation

RHS
right hand side

RLV
redline version

rPCC
reversible proton-conducting ceramic electrolysis cell

rPCE
reversible protonic ceramic electrolyser

rSOC
reversible solid oxide electrolysis cell

rSOE
reversible solid oxide electrolyser

RU
repeating unit

SATP
standard ambient temperature and pressure

ScSZ
scandia-stabilised zirconia

SI
Système International d’Unités

SINTEF
Stiftelsen for industriell og teknisk forskning

slpm
standard litre per minute

SOC
solid oxide cell

SOCTESQA
Solid Oxide Cell and Stack Testing, Safety and Quality Assurance

SOE
solid oxide electrolyser

SOEC
solid oxide electrolysis cell

SOEL
solid oxide steam electrolysis

SOFC
solid oxide fuel cell

SpA
Società per azioni
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Abbreviation Description

SRIA
strategic research and innovation agenda 2021-2027

Srl
Società a responsabilità limitata

SRU
single repeating unit

TC
Technical Committee

TIP
test input parameter

TM
Test Module

TOP
test output parameter

TPB
triple-phase boundary

TR
Technical Report

TRL
technology readiness level

URL
uniform resource locator

VBA
voltage breakdown analysis

WE
water electrolyser

WG
Working Group

YSZ
yttria-stabilised zirconia
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List of symbols1214

Symbol Description

(ed) subscript denoting electrode
(el) subscript denoting electrolyte
(g) subscript denoting gaseous phase
A act active electrode area
α neg negative electrode charge transfer coefficient
α pos positive electrode charge transfer coefficient
c0
H2

equilibrium hydrogen concentration
c0
H2O equilibrium steam concentration

c0
O2

equilibrium oxygen concentration
c concentration
CO carbon monoxide
CO2 carbon dioxide
c p specific heat capacity at constant pressure
c i
p specific heat capacity at constant pressure of fluid i

c j
p specific heat capacity at constant pressure of fluid j

c TPB
H2O water vapour concentration at the triple-phase boundary

c TPB
H2

hydrogen concentration at the triple-phase boundary
c TPB
O2

oxygen concentration at the triple-phase boundary
c j
V specific heat capacity at constant volume of fluid j

E energy
e′ electron (in Kröger-Vink notation)
e− electron
E el electric energy
E p pneumatic energy
U rev voltage under reversible (equilibrium) conditions
η efficiency
η e energy efficiency
η HHV
e, EL electrolyser energy efficiency based on HHV

η̄ HHV
e, EL average value of electrolyser energy efficiency based on HHV

η LHV
e, EL electrolyser energy efficiency based on LHV

η̄ LHV
e, EL average value of electrolyser energy efficiency based on LHV

η el electrical efficiency
η HHV
el, FC fuel cell electrical efficiency based on HHV

η̄ HHV
el, FC average value of fuel cell electrical efficiency based on HHV

η LHV
el, FC fuel cell electrical efficiency based on LHV

η̄ LHV
el, FC average value of fuel cell electrical efficiency based on LHV

η F Faradaic efficiency
η th thermal efficiency
η̄ HHV
th, FC average value of fuel cell thermal efficiency based on HHV

η HHV
th, FC fuel cell thermal efficiency based on HHV

η LHV
th, FC fuel cell thermal efficiency based on LHV

η̄ LHV
th, FC average value of fuel cell thermal efficiency based on LHV

E th thermal energy
F Faraday constant
f step step sampling rate
f sweep sweep sampling rate
γ j isentropic expansion factor of fluid j
H hydrogen
H+ proton
h• electron hole
H2 molecular hydrogen or dihydrogen
H2O (g) water vapour
HHVH2 HHV of hydrogen
I L limiting current
I current
∆I/∆t sweep rate of current
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Symbol Description

I0 current
I dc direct current
Ī dc average value of direct current
I dc, l instantaneous value of direct current
I in input current
Imax maximum current
J current density
J̄ average value of current density
J l instantaneous value of current density
k coverage factor
L number of measurements
λ−1 gas utilisation
λ stoichiometric ratio
λ−1

gas, neg utilisation of negative electrode gas
λ−1

gas, pos utilisation of positive electrode gas
λH2 stoichiometric ratio of hydrogen
LHVH2 LHV of hydrogen
M molar mass
M i molar mass of component i
N2 nitrogen
N cells number of cells or RUs electrically connected in series in the cell/stack assembly unit
O oxygen
O2 molecular oxygen or dioxygen
O2− oxide ion
OH•

O hydroxide ion at singly positively charged oxygen lattice site
O x

O oxygen on neutral oxide ion lattice site
P power
p pressure
p0 standard ambient pressure
P d power density
P el electric power
P el, d electric power density
P̄ el, d average value of electric power density
P el, dc DC power
P̄ el, dc average value of DC power
P el, dc, l instantaneous value of DC power
P̃ el, dc pseudo-average of DC power
P el, d, l instantaneous value of electric power density
P̃ el, d pseudo-average of electric power density
pH2 partial pressure of hydrogen
PH2 , in input power of hydrogen
P HHV

H2 , in input power of hydrogen based on HHV
P̄ HHV

H2 , in average value of input power of hydrogen based on HHV
P HHV

H2 , in, l instantaneous value of input power of hydrogen based on HHV
P̃ HHV

H2 , in pseudo-average of input power of hydrogen based on HHV
P LHV

H2 , in input power of hydrogen based on LHV
P̄ LHV

H2 , in average value of input power of hydrogen based on LHV
P LHV

H2 , in, l instantaneous value of input power of hydrogen based on LHV
P̃ LHV

H2 , in pseudo-average of input power of hydrogen based on LHV
pH2O partial pressure of water vapour (steam)
PH2 , out output power of hydrogen
P HHV

H2 , out output power of hydrogen based on HHV
P̄ HHV

H2 , out average value of output power of hydrogen based on HHV
P HHV

H2 , out, l instantaneous value of output power of hydrogen based on HHV
P̃ HHV

H2 , out pseudo-average of output power of hydrogen based on HHV
P LHV

H2 , out output power of hydrogen based on LHV
P̄ LHV

H2 , out average value of output power of hydrogen based on LHV
P LHV

H2 , out, l instantaneous value of output power of hydrogen based on LHV
P̃ LHV

H2 , out pseudo-average of output power of hydrogen based on LHV
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Symbol Description

p i pressure of fluid i
p̄ i average value of pressure of fluid i
p i
l instantaneous value of pressure of fluid i

P in input power
p j pressure of fluid j
p̄ j average value of pressure of fluid j
p j
l instantaneous value of pressure of fluid j

p neg, in inlet pressure of negative electrode gas
p neg, out outlet pressure of negative electrode gas
pO2 partial pressure of oxygen
P out output power
P p pneumatic power
P p, in input pneumatic power
P̄ p, in average value of input pneumatic power
P p, in, l instantaneous value of input pneumatic power
P̃ p, in pseudo-average of input pneumatic power
p pos, in inlet pressure of positive electrode gas
p pos, out outlet pressure of positive electrode gas
P th thermal power
P th, in input thermal power
P̄ th, in average value of input thermal power
P th, in, l instantaneous value of input thermal power
P̃ th, in pseudo-average of input thermal power
P th, out output thermal power
P̄ th, out average value of output thermal power
P th, out, l instantaneous value of output thermal power
P̃ th, out pseudo-average of output thermal power
q flow rate
qm mass flow rate
q i
m mass flow rate of fluid i

q̄ i
m average value of mass flow rate of fluid i

q i
m, l instantaneous value of mass flow rate of fluid i

q n molar flow rate
q n, H2 molar flow rate of hydrogen
q n, H2 , in inlet molar flow rate of hydrogen
q̄ n, H2 , in average value of inlet molar flow rate of hydrogen
q n, H2 , in, l instantaneous value of inlet molar flow rate of hydrogen
q n, H2 , in, min minimum inlet molar flow rate of hydrogen
q n, H2 , net net molar flow rate of hydrogen
q n, H2 , out outlet molar flow rate of hydrogen
q̄ n, H2 , out average value of outlet molar flow rate of hydrogen
q n, H2 , out, l instantaneous value of outlet molar flow rate of hydrogen
q j
n molar flow rate of fluid j

q̄ j
n average value of molar flow rate of fluid j

q j
n, l instantaneous value of molar flow rate of fluid j

q n, l instantaneous value of molar flow rate
qV volumetric flow rate
qV, in inlet volumetric flow rate
q̄V, in average value of inlet volumetric flow rate
qV, in, l instantaneous value of inlet volumetric flow rate
qV, neg, in inlet volumetric flow rate of negative electrode gas
qV, neg, out outlet volumetric flow rate of negative electrode gas
qV, out product gas volumetric flow rate
q̄V, out, l average value of product gas volumetric flow rate
qV, out, l instantaneous value of product gas volumetric flow rate
qV, pos, in inlet volumetric flow rate of positive electrode gas
qV, pos, out outlet volumetric flow rate of positive electrode gas
R resistance
R ASR area-specific resistance
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Symbol Description

R g universal gas constant
s standard deviation
s2 standard variance
s2 (I dc) standard variance of direct current
s2 (J) standard variance of current density
s2 (P HHV

H2 , in

)
standard variance of input power of hydrogen based on HHV

s2 (P LHV
H2 , in

)
standard variance of input power of hydrogen based on LHV

s2 (P HHV
H2 , out

)
standard variance of output power of hydrogen based on HHV

s2 (P LHV
H2 , out

)
standard variance of output power of hydrogen based on LHV

s2 (p i) standard variance of pressure of fluid i
s2 (p j

)
standard variance of pressure of fluid j

s2 (q i
m) standard variance of mass flow rate of fluid i

s2 (q n, H2 , in) standard variance of inlet molar flow rate of hydrogen

s2
(

q j
n

)
standard variance of molar flow rate of fluid j

s2 (qV, in) standard variance of inlet volumetric flow rate
s2 (qV, out) standard variance of product gas volumetric flow rate
s2 (T i) standard variance of temperature of fluid i
s2 (T j

)
standard variance of temperature of fluid j

s2 (T stack) standard variance of stack temperature
s2 (U dc) standard variance of DC voltage
s2(X) standard variance of test parameter X
s2 (x n, H2 , out) standard variance of outlet molar concentration of hydrogen
T temperature
t time
T 0 standard ambient temperature
T i temperature of fluid i
T̄ i average value of temperature of fluid i
T i

l instantaneous value of temperature of fluid i
T j temperature of fluid j
T̄ j average value of temperature of fluid j
T j

l instantaneous value of temperature of fluid j
T neg, in inlet temperature of negative electrode gas
T neg, out outlet temperature of negative electrode gas
T pos, in inlet temperature of positive electrode gas
T pos, out outlet temperature of positive electrode gas
T stack stack temperature
T̄ stack average value of stack temperature
T stack, l instantaneous value of stack temperature
t step step duration
U voltage
u standard uncertainty
∆U/∆t sweep rate of voltage
u2

c

(
η HHV
e, EL

)
square of combined standard uncertainty of electrolyser energy efficiency based on HHV

u2
c

(
η LHV
e, EL

)
square of combined standard uncertainty of electrolyser energy efficiency based on LHV

u2
c

(
η HHV
el, FC

)
square of combined standard uncertainty of fuel cell electrical efficiency based on HHV

u2
c

(
η LHV
el, FC

)
square of combined standard uncertainty of fuel cell electrical efficiency based on LHV

u2
c

(
η HHV
th, FC

)
square of combined standard uncertainty of fuel cell thermal efficiency based on HHV

u2
c

(
η LHV
th, FC

)
square of combined standard uncertainty of fuel cell thermal efficiency based on LHV

u2
c (P el, d) square of combined standard uncertainty of electric power density

u2
c (P el, dc) square of combined standard uncertainty of DC power

u2
r (I dc) square of relative standard uncertainty of direct current

u2
r (J) square of relative standard uncertainty of current density

u2
r

(
p j
)

of pressure of fluid j
u2
r (q i

m) square of relative standard uncertainty of mass flow rate of fluid i
u2
r (q n, H2 , in) square of relative standard uncertainty of inlet molar flow rate of hydrogen

u2
r

(
q j
n

)
square of relative standard uncertainty of molar flow rate of fluid j

u2
r (qV, out) of product gas volumetric flow rate
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Symbol Description

u2
r (∆T i) square of relative standard uncertainty of temperature difference between temperature of fluid

i and standard ambient temperature
u2
r (U dc) square of relative standard uncertainty of DC voltage

U act activation polarisation voltage
u c combined standard uncertainty
u2

c combined standard variance
U cell cell voltage
U conc concentration polarisation voltage
uc (P el, d) combined standard uncertainty of electric power density
uc (P el, dc) combined standard uncertainty of DC power
U cut-off cut-off voltage
u2

c(Y ) square of combined standard uncertainty of test parameter Y
u c(Y ) combined standard uncertainty of test parameter Y
U dc DC voltage
Ū dc average value of DC voltage
U dc, l instantaneous value of DC voltage
U in input voltage
Umin minimum cell/stack assembly unit voltage
U I=0 open circuit voltage
ur relative standard uncertainty
u r
(
η HHV
e, EL

)
relative combined standard uncertainty of electrolyser energy efficiency based on HHV

u r
(
η LHV
e, EL

)
relative combined standard uncertainty of electrolyser energy efficiency based on LHV

u r
(
η HHV
el, FC

)
relative combined standard uncertainty of fuel cell electrical efficiency based on HHV

u r
(
η LHV
el, FC

)
relative combined standard uncertainty of fuel cell electrical efficiency based on LHV

u r
(
η HHV
th, FC

)
relative combined standard uncertainty of fuel cell thermal efficiency based on HHV

u r
(
η LHV
th, FC

)
relative combined standard uncertainty of fuel cell thermal efficiency based on LHV

U rev reversible voltage
ur (I dc) relative standard uncertainty of direct current
ur (J) relative standard uncertainty of current density
ur (P el, d) relative standard uncertainty of electric power density
ur (P el, dc) relative standard uncertainty of DC power
u r
(
P HHV

H2 , in

)
relative standard uncertainty of input power of hydrogen based on HHV

u r
(
P LHV

H2 , in

)
relative standard uncertainty of input power of hydrogen based on LHV

u r
(
P HHV

H2 , out

)
relative standard uncertainty of output power of hydrogen based on HHV

u r
(
P LHV

H2 , out

)
relative standard uncertainty of output power of hydrogen based on LHV

u r (p i) relative combined standard uncertainty of pressure of fluid i
u r
(
p j
)

relative combined standard uncertainty of pressure of fluid j
u r (q i

m) relative combined standard uncertainty of mass flow rate of fluid i
ur (q n, H2 , in) relative standard uncertainty of inlet molar flow rate of hydrogen

u r

(
q j
n

)
relative combined standard uncertainty of molar flow rate of fluid j

ur (qV, in) relative standard uncertainty of inlet volumetric flow rate
ur (qV, out) relative standard uncertainty of product gas volumetric flow rate
u r (T i) relative combined standard uncertainty of temperature of fluid i
u r (∆T i) relative standard uncertainty of temperature difference between temperature of fluid i and

standard ambient temperature
u r
(
T j
)

relative combined standard uncertainty of temperature of fluid j
u r (T stack) relative combined standard uncertainty of stack temperature
Ū RU average repeating unit voltage
ur (U dc) relative standard uncertainty of DC voltage
U RU, EL electrolyser repeating unit voltage
U RU, FC fuel cell repeating unit voltage
u r(X) relative standard uncertainty of test parameter X
u2
r (x n, H2 , out) of outlet molar concentration of hydrogen

ur (x n, H2 , out) relative standard uncertainty of outlet molar concentration of hydrogen
u r(Y ) relative standard uncertainty of test parameter Y
U th thermal voltage
U tn thermo-neutral voltage
u(X) standard uncertainty of test parameter X
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Symbol Description

V volume
V

••

O doubly positively charged oxide ion lattice vacancy
Vm molar volume
Vm, H2 molar volume of hydrogen
X test parameter
X̄ average value test parameter X
x i, neg, in inlet molar concentration of component i in negative electrode gas
x i, neg, out outlet molar concentration of component i in negative electrode gas
x i, pos, in inlet molar concentration of component i in positive electrode gas
x i, pos, out outlet molar concentration of component i in positive electrode gas
X l instantaneous value of test parameter X
x n molar concentration
x n, H2 molar concentration of hydrogen
x n, H2 , in inlet molar concentration of hydrogen
x n, H2 , out outlet molar concentration of hydrogen
x̄ n, H2 , out average value of outlet molar concentration of hydrogen
x n, H2 , out, l instantaneous value of outlet molar concentration of hydrogen
x n, i molar concentration of component i
x n, j molar concentration of component j
Y test parameter
Ȳ average value of test parameter Y
Ỹ pseudo-average of test parameter Y
z number of electrons exchanged
Z̄ average compressibility factor
Z̄ j average compressibility factor of fluid j
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Annex A Test safety1226

The measurement of polarisation curves of cell/stack assembly units should adhere to fundamental safety1227

considerations (Fu et al., 2017). In HTFC and HTSE cell/stack assembly units, hazards arise due to various1228

factors including:1229

• The presence of steam, combustible gases (especially hydrogen), oxidising gases (particularly oxygen),1230

and asphyxiating gases (such as nitrogen),1231

• High temperature,1232

• High pressure, and1233

• High voltage.1234

Throughout the phases of installation, commissioning, operation, quiescence, maintenance, and decom-1235

missioning, ensuring the safety of personnel requires diligence and caution from all involved parties. Entities1236

conducting testing and chemical analysis must adhere to the occupational health and safety (OHS) require-1237

ments outlined in ISO 45001:2018 (ISO, 2018) and follow good laboratory practices (GLPs). Tests on cell/stack1238

assembly units should comply with applicable legislation, granted licenses, and issued permits to mitigate harm1239

or unacceptable risk to humans, property, and the environment.1240

Guidance on the safety of electrical equipment (IEC, 2021b, IEC, 2018) and alkaline energy storage (ES)1241

devices (IEC, 1996) has been provided by the IEC, while ISO published guidance on the safety of hydrogen1242

systems (ISO, 2015). (15) These guidances should be adhered to when testing water electrolyser (WE) stacks. (16)1243

Standards related to FC safety issued by the IEC (IEC, 2019,IEC, 2020b) may be applied by analogy. Additionally,1244

IEC guidance on the classification of areas where explosive atmospheres can occur (IEC, 2014, IEC, 2013, IEC,1245

2017, IEC, 2020a), should be followed.1246

In the European Economic Area (EEA), (17) directives such as the ATEX Directives 2014/34/EU (EP and1247

Council, 2014b) and 94/9/EC (EP and Council, 1994) apply, alongside other EU legislation including the elec-1248

tromagnetic compatibility (EMC) Directive 2014/30/EU (EP and Council, 2014a), the Low-Voltage Directive1249

(LVD) 2014/35/EU (EP and Council, 2014c), the general product safety Directive 2001/95/EC (EP and Council,1250

2001), the machinery Directive 2006/42/EC (EP and Council, 2006), and the Pressure Equipment Directive (PED)1251

2014/68/EU (EP and Council, 2014d) (18).1252

(15) Working Group (WG) 29 of TC 197 is currently reviewing ISO/Technical Report (TR) 15916:2015.
(16) Note that ISO 22734:2019 Hydrogen generators using water electrolysis — Industrial, commercial, and residential applications (ISO,

2019b), specifies safety-related aspects of WE. Additionally, WG 34 of TC 197 recently issued ISO/DIS 22734-1:2024 Hydrogen
generators using water electrolysis - Part 1: General requirements, test protocols and safety requirements (ISO, 2024), which
includes clauses on safety among others, aiming to replace ISO 22734:2019.

(17) The EEA encompasses the European Union (EU) territory as defined by Article 52 of the Treaty on European Union and Article 355
of the Treaty on the Functioning of the European Union, as well as Island, Norway, and Liechtenstein. Switzerland also adheres to
EEA principles under a mutual recognition agreement, and Türkiye under a Customs Union Agreement with the EU.

(18) The European Commission provides online guidance for various directives and regulations, including:

- The Appareils destinés à être utilisés en atmosphères explosibles (ATEX) Directive (https://single-market-
economy.ec.europa.eu/single-market/european-standards/harmonised-standards/equipment-explosive-atmospheres-
atex_en),

- The EMC Directive (https://single-market-economy.ec.europa.eu/sectors/electrical-and-electronic-engineering-industries-
eei/electromagnetic-compatibility-emc-directive_en),

- The LVD (https://single-market-economy.ec.europa.eu/sectors/electrical-and-electronic-engineering-industries-eei/low-
voltage-directive-lvd_en),

- The General product safety Directive (https://single-market-economy.ec.europa.eu/single-market/european-
standards/harmonised-standards/general-product-safety_en),

- The Machinery Directive (https://single-market-economy.ec.europa.eu/sectors/mechanical-engineering/machinery_en), and

- The PED (https://single-market-economy.ec.europa.eu/sectors/pressure-equipment-and-gas-appliances/pressure-
equipment-sector/pressure-equipment-directive_en).
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Annex B Test report1253

B.1 General1254

The test report must accurately, clearly, and objectively present all pertinent information to demonstrate the1255

purpose(s) and objective(s) of the test. At a minimum, the test report should include a title page (section B.2)1256

and a summary (section B.3) presenting the measured or calculated TIPs and TOPs, at least as mean values,1257

accompanied by their (combined) standard uncertainties, whether absolute, relative, or both. Calibration records1258

or certificates for the measuring instruments should be documented in the report and made available upon1259

request.1260

B.2 Title page1261

The titlepage should include the following information:1262

(a) Report identification, i. e. report number (optional).1263

(b) Type of report (summary, detailed, or full).1264

(c) Author(s) of the report.1265

(d) Entity issuing the report, including name and address.1266

(e) Date of the report.1267

(f) Person(s) conducting the test, if different from the reporting author(s).1268

(g) Organisation conducting the test, if different from the report-issuing entity.1269

(h) Date and time per test run.1270

(i) Location per test run, if different from the address of the report-issuing entity.1271

(j) Descriptive name per test.1272

(k) Identification (such as model name, serial number, type and specification) of the cell/stack tested, including1273

the manufacturer.1274

A contents page may follow the title page before the summary.1275

B.3 Summary report1276

The summary should include the following information:1277

(i) Test purpose(s) and objective(s).1278

(ii) Description of the test(s) with sufficient information on the test conduct andmeasurement set-up, including1279

test methods, measurement techniques, and test conditions.1280

(iii) All relevant test parameters, namely TIPs and TOPs with uncertainties.1281

(iv) Conclusion(s), including a graphical presentation of test results and a discussion with remark(s) and/or1282

observation(s), as appropriate.1283

Further guidance on reporting test results is available in the Test Module (TM) 00 of the Solid Oxide Cell and1284

Stack Testing, Safety and Quality Assurance (SOCTESQA) project (Fu et al., 2017).1285
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Annex C Electrode reactions in Kröger–Vink notation1286

C.1 High-temperature fuel cells1287

In Kröger–Vink notation, the SOFC electrode reactions (4.1.2) read (19)1288

Negative electrode: H2 (g) + O x
O (el)

HOR−−→ H2O (g) + V
••

O (el) + 2 e′
(ed) and (C.1.1a)1289

Positive electrode:
1
2 O2 (g) + 2 e′

(ed) + V
••

O (el)
ORR−−→ O x

O (el); (C.1.1b)1290

O x
O and e′ denote oxygen on neutral oxide ion lattice site and electron in the lattice, respectively. The presence1291

of doubly positively charged oxide ion lattice vacancies in the anion lattice structure of the solid oxide ceramic1292

electrolyte is the result of the specific incorporation of foreign metal cations of lower valency into its cation1293

lattice structure.1294

For PCFC, the electrode reactions (4.1.3) read:1295

Negative electrode: H2 (g) + 2O x
O (el)

HOR−−→ 2OH•
O (el) + 2 e′

(ed) and (C.1.2a)1296

Positive electrode: 2OH•
O (el) + 2 e′

(ed) + 1
2 O2 (g)

ORR−−→ H2O (g) + 2O x
O (el). (C.1.2b)1297

C.2 High-temperature steam electrolysers1298

For SOEC, the electrode reactions (4.2.2) read in this notation as follows:1299

Negative electrode: H2O (g) + 2 e′
(ed) + V

••

O (el)
HER−−→ H2 (g) + O x

O (el) and (C.2.1a)1300

Positive electrode: O x
O (el)

OER−−→ 1
2 O2 (g) + 2 e′

(ed) + V
••

O (el) (C.2.1b)1301

while for PCEC, the electrode reactions (4.2.3) read:1302

Negative electrode: 2OH•
O (el) + 2 e′

(ed)
HER−−→ H2 (g) + 2O x

O (el) and (C.2.2a)1303

Positive electrode: H2O (g) + 2O x
O (el)

OER−−→ 2OH•
O (el) + 2 e′

(ed) + 1
2 O2 (g); (C.2.2b)1304

Note that intermittent steps and partial pressure-dependent side reactions are possible in the reactions1305

(C.2.1) and (C.2.2).1306

(19) Note, with respect to neutral lattice charge, the use of two electrons on the right hand side (RHS) of reaction (C.1.1a) is equivalent
to the use of two electron holes ( h•) on the left hand side (LHS) of this reaction. The same applies to the reactions (C.1.2a), (C.2.1b)
and (C.2.2b) and by analogy also to the reactions (C.1.1b), (C.1.2b), (C.2.1a) and (C.2.2a).
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Annex D Determination of Faradaic efficiency1307

In HTSE cell/stack assembly units, electronic leakage can occur in addition to gas leakage through sealing,1308

resulting in a reduction of Faradaic efficiency. This reduction takes place as some of the imposed current is1309

conducted through the dense ceramic electrolyte membrane without contributing to ionic flux and, consequently,1310

hydrogen flux. This phenomenon is particularly pronounced in PCECs, which employ mixed conductors as1311

ceramic electrolyte membranes. These membranes exhibit both electronic and proton conduction, typically1312

through electron hole and electron. Therefore, the Faradaic efficiency of a cell/stack assembly unit depends on1313

the material properties of the ceramic electrolyte membrane, particularly its conductivity. It is also a function1314

of the operating conditions, including current, gas inlet composition, flow rate, pressures and temperature.1315

In the presence of electrode gases on their respective sides of the ceramic electrolyte membrane, which fea-1316

tures an inherently inhomogeneous defect structure, charge carriers (electrons and ionic species) can permeate1317

this membrane (resulting in internal leakage) even at OCV, thereby allowing the determination of the minimum1318

internal leakage current. Nonetheless, Faradaic efficiency is calculated as follows:1319

η F % =z · F (C/mol) · q n, H2 , net (mol/s)
I (A) · N cells

· 100 % ≈ 1, 93 · 105 (A s/mol) · q n, H2 , net (mol/s)
I (A) · N cells

· 100 %, (D.0.1)1320

where q n, H2 , net is the net molar flow rate of hydrogen defined as the difference between the inlet and outlet1321

molar flow rates of hydrogen measured. The composition of hydrogen in the inlet and outlet gases may be1322

determined by gas analysis in accordance with ISO 21087:2019 (ISO, 2019a).1323

The Faradaic efficiency of a cell/stack assembly unit at a given pressure and temperature using defined inlet1324

gas compositions and flow rates, is determined for each specified current by performing the following steps:1325

1. Operate the cell/stack assembly unit at the specified inlet gas compositions, flow rates, and current for a1326

minimum of 20 minutes. Record the current and voltage of the unit at least every 30 seconds to verify stable1327

state conditions.1328

2. Following attainment of stable state conditions, operate the cell/stack assembly unit further under the same1329

conditions. Measure the current, voltage, and in the presence of hydrogen, the molar flow rates of hydrogen1330

at the specified sampling rate for a minimum of 10 minutes at the gas inlet and outlet. This measurement1331

is performed using flow meters according to the expected range of flow rate and gas analysers according1332

to the range of expected compositions and the required accuracy. Stable state conditions are considered to1333

be achieved when the voltage and temperature of the cell/stack assembly unit remain within their tolerance1334

ranges for a specified duration of not less than 5 minutes. Flow and gas measurements at the inlet and1335

outlet of the cell/stack assembly unit are performed at SATP conditions. Prior to gas outlet measurements,1336

this involves cooling the outlet gas, including steam condensation, and, as necessary, de-pressurisation of1337

the unit.1338

3. Repeat the previous steps until the last current value within its specified range has been evaluated.1339

4. Calculate the Faradaic efficiency in accordance with equation (D.0.1) and plot it versus current density. This1340

procedure can be repeated for other pressures and temperatures, as well as inlet gas compositions and flow1341

rates.1342
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Annex E Measurement uncertainties1343

E.1 General1344

The average value (arithmetic mean) of test parameter X (X̄) is calculated from L equally spaced measure-1345

ments (20) X l as follows (JCGM, 2008):1346

X̄ = 1
L

L∑
l=1

X l; (E.1.1a)1347

X l is the instantaneous value of test parameter X . The standard uncertainty of test parameter X is multiplied
by the coverage factor as follows (JCGM, 2008):1348

k · u(X) = 3
√

s2(X); (E.1.1b)1349

s2(X) is the standard variance of test parameter X calculated as follows (JCGM, 2008):1350

s2(X) = 1
L − 1

L∑
l=1

(
X l − X̄

)2
. (E.1.1c)1351

When test parameter Y depends on one or more test parameters X , the combined standard uncertainty of test
parameter Y is also multiplied by the coverage factor as follows (JCGM, 2008):1352

k · u c(Y ) = 3
√

u2
c(Y ); (E.1.1d)1353

u2
c(Y ) is the square of combined standard uncertainty of test parameter Y as a function of test parameters X

calculated as follows (JCGM, 2008):1354

u2
c(Y ) =

(
∂ Y

∂ X

)2
· s2(X). (E.1.1e)1355

The partial derivative ∂Y /∂X is evaluated at the pseudo-average of test parameter Y using the average
value of test parameter X . The relative standard uncertainty (ur) of test parameter X or Y is calculated as
follows (JCGM, 2008):1356

u r(X) = u(X)
X̄

or u r(Y ) = u c(Y )
Ȳ

; (E.1.1f)1357

u(X) is the positive square root of the standard variance of test parameter X and u c(Y ) is the positive square1358

root of the square of combined standard uncertainty of test parameter Y . It is assumed that all test parameters1359

are uncorrelated. These computations can easily be performed using spreadsheet software.1360

Where referring to equation (1.0.2), equation (1.0.3), equation (5.1.4b), equation (5.1.4c) and equation (5.1.5b),1361

the quantities used in these equations should be interpreted in the context of either input or output, as applicable.1362

E.2 Computation of instantaneous values1363

The instantaneous values for the inlet molar flow rate of hydrogen (q n, H2 , in, l), outlet molar flow rate of hydrogen1364

(q n, H2 , out, l), mass flow rate of fluid i (q i
m, l), and molar flow rate of fluid j (q j

n, l) are calculated as follows:1365

q n, H2 , in, l (mol/s) = x n, H2 , in (mol/mol) · qV, in, l (m3/s)
Vm, H2 (m3/mol)

, (E.2.1a)1366

q n, H2 , out, l (mol/s) = x̄ n, H2 , out (mol/mol) · qV, out, l (m3/s)
Vm, H2 (m3/mol)

, (E.2.1b)1367

q i
m, l (kg/s) = x n, i (mol/mol) · M i (kg/mol) · q n, l (mol/s) and (E.2.1c)1368

q j
n, l (mol/s) = x n, j (mol/mol) · q n, l (mol/s), (E.2.1d)1369

respectively; qV, in, l is the instantaneous value of inlet volumetric flow rate, x̄ n, H2 , out is given by equation (E.3.2d),1370

qV, out, l is the instantaneous value of product gas volumetric flow rate and q n, l is the instantaneous value of1371

(20) For polarisation curve measurements employing method A (see section 6.3.2 and section 6.3.3), the number of measurements, L,
correspond to the number of data points acquired during the step duration, t step . Each data point yields the instantaneous values
(denoted by subscript l) of the various measured and calculated test parameters, as detailed in Table 1 and Table 4.
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molar flow rate of respectively fluid i and j as regards equation (E.2.1c) and equation (E.2.1d). Note, the molar1372

concentrations x n, H2 , in, x̄ n, H2 , out, x n, i, and x n, j are assumed constant.1373

The instantaneous values of current density (J l), DC power (P el, dc, l), electric power density (P el, d, l), input1374

power of hydrogen based on HHV (P HHV
H2 , in, l), input power of hydrogen based on LHV (P LHV

H2 , in, l), input thermal power1375

(P th, in, l), input pneumatic power (P p, in, l), output thermal power (P th, out, l), output power of hydrogen based on1376

HHV (P HHV
H2 , out, l), and output power of hydrogen based on LHV (P LHV

H2 , out, l) are calculated as follows:1377

J l (A/cm2) = I dc, l (A)
A act (cm2)

, (E.2.2a)1378

P el, dc, l (kW) = U dc, l (V) · I dc, l (A) · 10−3 (kW/W), (E.2.2b)1379

P el, d, l (W/cm2) = U dc, l (V) · J l (A/cm2), (E.2.2c)1380

P HHV
H2 , in, l (kW) = q n, H2 , in, l (mol/s) · 79, 4 · 10−3 (kWh/mol) · 3600 (s/h), (E.2.2d)1381

P LHV
H2 , in, l (kW) = q n, H2 , in, l (mol/s) · 67, 2 · 10−3 (kWh/mol) · 3600 (s/h), (E.2.2e)1382

P th, in, l (kW) =
∑

i

q i
m, l (kg/s) · c i

p (T i
l ) (kJ/(kg K)) ·

(
T i

l (K) − T 0 (K)
)

, (E.2.2f)1383

P p, in, l (kW) =
∑

j

(
γ j

γ j − 1

)
Z̄ j · R g (kJ/(mol K)) · T 0 (K) · q j

n, l (mol/h)
3600 (s/h)

·1384

( p j
l (kPa)

p0 (kPa)

) γ j−1
γ j

− 1

 , (E.2.2g)1385

P th, out, l (kW) =
∑

i

q i
m, l (kg/s) · c i

p (T i
l ) (kJ/(kg K)) ·

(
T i

l (K) − T 0 (K)
)

, (E.2.2h)1386

P HHV
H2 , out, l (kW) = q n, H2 , out, l (mol/s) · 79, 4 · 10−3 (kWh/mol) · 3600 (s/h) and (E.2.2i)1387

P LHV
H2 , out, l (kW) = q n, H2 , out, l (mol/s) · 67, 2 · 10−3 (kWh/mol) · 3600 (s/h), (E.2.2j)1388

respectively; I dc, l is the instantaneous value of direct current, U dc, l is the instantaneous value of DC voltage,1389

q i
m, l is given by equation (E.2.1c), T i

l is the instantaneous value of temperature of fluid i, q j
n, l is given by1390

equation (E.2.1d), p j
l is the instantaneous value of pressure of fluid j, q n, H2 , in, l is given by equation (E.2.1a), and1391

q n, H2 , out, l is given by equation (E.2.1b). Note, the fluid properties c i
p, c j

p, c j
V and thus, γ j as well as Z̄ j which all1392

are pressure and temperature dependent, are assumed constant. For simplicity, the average value of pressure1393

of fluid i (p̄ i) given by equation (E.3.2i) and temperature of fluid i (T̄ i) given by equation (E.3.2j) may be used to1394

determine c i
p. Similarly, the average value of pressure of fluid j (p̄ j) given by equation (E.3.2k), and temperature1395

of fluid j (T̄ j) given by equation (E.3.2l) may be used to determine γ j and Z̄ j.1396

E.3 Computation of average values1397

The average repeating unit voltage (Ū RU) of the cell/stack assembly unit is calculated as follows:1398

Ū RU (V) = Ū dc (V)
N cells

; (E.3.1)1399

Ū dc is given by equation (E.3.3c).1400

The average values of stack temperature (T̄ stack), inlet volumetric flow rate (q̄V, in), inlet molar flow rate of1401

hydrogen (q̄ n, H2 , in), outlet molar concentration of hydrogen (x̄ n, H2 , out), product gas volumetric flow rate (q̄V, out, l),1402

outlet molar flow rate of hydrogen (q̄ n, H2 , out), mass flow rate of fluid i (q̄ i
m), molar flow rate of fluid j (q̄ j

n), pressure1403

of fluid i (p̄ i), temperature of fluid i (T̄ i), pressure of fluid j (p̄ j), and temperature of fluid j (T̄ j) are calculated as1404

follows:1405

T̄ stack (K) = 1
L

L∑
l=1

T stack, l (K), (E.3.2a)1406

q̄V, in (m3/s) = 1
L

L∑
l=1

qV, in, l (m3/s), (E.3.2b)1407

q̄ n, H2 , in (mol/s) = 1
L

L∑
l=1

q n, H2 , in, l (mol/s), (E.3.2c)1408
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x̄ n, H2 , out (mol/mol) = 1
L

L∑
l=1

x n, H2 , out, l (mol/mol), (E.3.2d)1409

q̄V, out, l (m3/s) = 1
L

L∑
l=1

qV, out, l (m3/s), (E.3.2e)1410

q̄ n, H2 , out (mol/s) = 1
L

L∑
l=1

q n, H2 , out, l (mol/s), (E.3.2f)1411

q̄ i
m (mol/s) = 1

L

L∑
l=1

q i
m, l (mol/s), (E.3.2g)1412

q̄ j
n (mol/s) = 1

L

L∑
l=1

q j
n, l (mol/s), (E.3.2h)1413

p̄ i (kPa) = 1
L

L∑
l=1

p i
l (kPa), (E.3.2i)1414

T̄ i (K) = 1
L

L∑
l=1

T i
l (K), (E.3.2j)1415

p̄ j (kPa) = 1
L

L∑
l=1

p j
l (kPa) and (E.3.2k)1416

T̄ j (K) = 1
L

L∑
l=1

T j
l (K), (E.3.2l)1417

respectively; T stack, l is the instantaneous value of stack temperature, qV, in, l is the instantaneous value of inlet1418

volumetric flow rate, q n, H2 , in, l is given by equation (E.2.1a), x n, H2 , out, l is the instantaneous value of outlet molar1419

concentration of hydrogen, qV, out, l is the instantaneous value of product gas volumetric flow rate, q n, H2 , out, l1420

is given by equation (E.2.1b), q i
m, l is given by equation (E.2.1c), q j

n, l is given by equation (E.2.1d), p i
l is the1421

instantaneous value of pressure of fluid i, T i
l is the instantaneous value of temperature of fluid i, p j

l is the1422

instantaneous value of pressure of fluid j, and T j
l is the instantaneous value of temperature of fluid j.1423

The average values of direct current (Ī dc), current density (J̄ ), DC voltage (Ū dc), DC power (P̄ el, dc), electric1424

power density (P̄ el, d), input thermal power (P̄ th, in), input pneumatic power (P̄ p, in), output thermal power (P̄ th, out),1425

input power of hydrogen based on HHV (P̄ HHV
H2 , in), input power of hydrogen based on LHV (P̄ LHV

H2 , in), output power1426

of hydrogen based on HHV (P̄ HHV
H2 , out), and output power of hydrogen based on LHV (P̄ LHV

H2 , out) are calculated as1427

follows:1428

Ī dc (A) = 1
L

L∑
l=1

I dc, l (A), (E.3.3a)1429

J̄ (A/cm2) = 1
L

L∑
l=1

J l (A/cm2), (E.3.3b)1430

Ū dc (V) = 1
L

L∑
l=1

U dc, l (V), (E.3.3c)1431

P̄ el, dc (kW) = 1
L

L∑
l=1

P el, dc, l (kW), (E.3.3d)1432

P̄ el, d (W/cm2) = 1
L

L∑
l=1

P el, d, l (W/cm2), (E.3.3e)1433

P̄ th, in (kW) = 1
L

L∑
l=1

P th, in, l (kW), (E.3.3f)1434

P̄ p, in (kW) = 1
L

L∑
l=1

P p, in, l (kW), (E.3.3g)1435

P̄ th, out (kW) = 1
L

L∑
l=1

P th, out, l (kW), (E.3.3h)1436
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P̄ HHV
H2 , in (kW) = 1

L

L∑
l=1

P HHV
H2 , in, l (kW), (E.3.3i)1437

P̄ LHV
H2 , in (kW) = 1

L

L∑
l=1

P LHV
H2 , in, l (kW), (E.3.3j)1438

P̄ HHV
H2 , out (kW) = 1

L

L∑
l=1

P HHV
H2 , out, l (kW) and (E.3.3k)1439

P̄ LHV
H2 , out (kW) = 1

L

L∑
l=1

P LHV
H2 , out, l (kW), (E.3.3l)1440

respectively; J l is given by equation (E.2.2a), P el, dc, l is given by equation (E.2.2b), P el, d, l is given by equa-1441

tion (E.2.2c), P th, in, l is given by equation (E.2.2f), P p, in, l is given by equation (E.2.2g), P th, out, l is given by1442

equation (E.2.2h), P HHV
H2 , in, l is given by equation (E.2.2d), P LHV

H2 , in, l is given by equation (E.2.2e), P HHV
H2 , out, l is given by1443

equation (E.2.2i), and P LHV
H2 , out, l is given by equation (E.2.2j).1444

The pseudo-averages of DC power (P̃ el, dc), electric power density (P̃ el, d), input thermal power (P̃ th, in), input1445

pneumatic power (P̃ p, in), output thermal power (P̃ th, out), output thermal power (P̃ th, out), input power of hydrogen1446

based on HHV (P̃ HHV
H2 , in), input power of hydrogen based on LHV (P̃ LHV

H2 , in), output power of hydrogen based on HHV1447

(P̃ HHV
H2 , out), and output power of hydrogen based on LHV (P̃ LHV

H2 , out) are calculated as follows:1448

P̃ el, dc (kW) = Ū dc (V) · Ī dc (A) · 10−3 (kW/W), (E.3.4a)1449

P̃ el, d (W/cm2) = Ū dc (V) · J̄ (A/cm2), (E.3.4b)1450

P̃ th, in (kW) =
∑

i

q̄ i
m (kg/s) · c i

p (kJ/(kg K)) ·
(
T̄ i (K) − T 0 (K)

)
, (E.3.4c)1451

P̃ p, in (kW) =
∑

j

(
γ j

γ j − 1

)
Z̄ j · R g (kJ/(mol K)) · T 0 (K) · q̄ j

n (mol/h)
3600 (s/h)

·1452

( p̄ j (kPa)
p0 (kPa)

) γ j−1
γ j

− 1

 , (E.3.4d)1453

P̃ th, out (kW) =
∑

i

q̄ i
m (kg/s) · c i

p (kJ/(kg K)) ·
(
T̄ i (K) − T 0 (K)

)
, (E.3.4e)1454

P̃ HHV
H2 , in (kW) = q̄ n, H2 , in (mol/s) · 79, 4 · 10−3 (kWh/mol) · 3600 (s/h), (E.3.4f)1455

P̃ LHV
H2 , in (kW) = q̄ n, H2 , in (mol/s) · 67, 4 · 10−3 (kWh/mol) · 3600 (s/h), (E.3.4g)1456

P̃ HHV
H2 , out (kW) = q̄ n, H2 , out (mol/s) · 79, 2 · 10−3 (kWh/mol) · 3600 (s/h) and (E.3.4h)1457

P̃ LHV
H2 , out (kW) = q̄ n, H2 , out (mol/s) · 67, 2 · 10−3 (kWh/mol) · 3600 (s/h), (E.3.4i)1458

respectively; Ū dc is given by equation (E.3.3c), Ī dc is given by equation (E.3.3a), J̄ is given by equation (E.3.3b),1459

q̄ i
m is given by equation (E.3.2g), T̄ i is given by equation (E.3.2j), p̄ j is given by equation (E.3.2k), q̄ j

n is given by1460

equation (E.3.2h), q̄ n, H2 , in is given by equation (E.3.2c), and q̄ n, H2 , out is given by equation (E.3.2f).1461

The average values of fuel cell electric efficiency based on HHV (η̄ HHV
el, FC), fuel cell electric efficiency based on1462

LHV (η̄ LHV
el, FC), fuel cell thermal efficiency based on HHV (η̄ HHV

th, FC), fuel cell thermal efficiency based on LHV (η̄ LHV
th, FC),1463

electrolyser energy efficiency based on HHV (η̄ HHV
e, EL), and electrolyser energy efficiency based on LHV (η̄ LHV

e, EL) are1464

calculated as follows:1465

η̄ HHV
el, FC (%) = 1

L

L∑
l=1

P el, dc, l (kW)
P HHV

H2 , in, l (kW) + P th, in, l (kW) + P p, in, l (kW)
· 100 %, (E.3.5a)1466

η̄ LHV
el, FC (%) = 1

L

L∑
l=1

P el, dc, l (kW)
P LHV

H2 , in, l (kW) + P th, in, l (kW) + P p, in, l (kW)
· 100 %, (E.3.5b)1467

η̄ HHV
th, FC (%) = 1

L

L∑
l=1

P th, out, l (kW)
P HHV

H2 , in, l (kW) + P th, in, l (kW) + P p, in, l (kW)
· 100 %, (E.3.5c)1468

η̄ LHV
th, FC (%) = 1

L

L∑
l=1

P th, out, l (kW)
P LHV

H2 , in, l (kW) + P th, in, l (kW) + P p, in, l (kW)
· 100 %, (E.3.5d)1469
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η̄ HHV
e, EL (%) = 1

L

L∑
l=1

P HHV
H2 , out, l (kW)

P el, dc, l (kW) + P th, in, l (kW) + P p, in, l (kW)
· 100 % and (E.3.5e)1470

η̄ LHV
e, EL (%) = 1

L

L∑
l=1

P LHV
H2 , out, l (kW)

P el, dc, l (kW) + P th, in, l (kW) + P p, in, l (kW)
· 100 %, (E.3.5f)1471

respectively; P el, dc, l is given by equation (E.2.2b), P HHV
H2 , in, l is given by equation (E.2.2d), P LHV

H2 , in, l is given by1472

equation (E.2.2e), P th, in, l is given by equation (E.2.2f), P p, in, l is given by equation (E.2.2g), P th, out, l is given by1473

equation (E.2.2h), P HHV
H2 , out, l is given by equation (E.2.2i), and P LHV

H2 , out, l is given by equation (E.2.2j).1474

E.4 Computation of uncertainties1475

The standard variances of stack temperature (s2 (T stack)), inlet volumetric flow rate (s2 (qV, in)), inlet molar flow1476

rate of hydrogen (s2 (q n, H2 , in)), outlet molar concentration of hydrogen (s2 (x n, H2 , out)), product gas volumetric1477

flow rate (s2 (qV, out)), mass flow rate of fluid i (s2 (q i
m)), molar flow rate of fluid j (s2

(
q j
n

)
), pressure of fluid1478

i (s2 (p i)), temperature of fluid i (s2 (T i)), pressure of fluid j (s2 (p j
)
), and temperature of fluid j (s2 (T j

)
) are1479

calculated as follows:1480

s2 (T stack) (K)2 = 1
L − 1

L∑
l=1

(
T stack, l (K) − T̄ stack (K)

)2
, (E.4.1a)1481

s2 (qV, in) (m3/s)2 = 1
L − 1

L∑
l=1

(
qV, in, l (m3/s) − q̄V, in (m3/s)

)2
, (E.4.1b)1482

s2 (q n, H2 , in) (mol/s)2 = 1
L − 1

L∑
l=1

(q n, H2 , in, l (mol/s) − q̄ n, H2 , in (mol/s))2
, (E.4.1c)1483

s2 (x n, H2 , out) (mol/s)2 = 1
L − 1

L∑
l=1

(x n, H2 , out, l (mol/s) − x̄ n, H2 , out (mol/s))2
, (E.4.1d)1484

s2 (qV, out) (m3/s)2 = 1
L − 1

L∑
l=1

(
qV, out, l (m3/s) − q̄V, out, l (m3/s)

)2
, (E.4.1e)1485

s2 (q i
m) (kg/s)2 = 1

L − 1

L∑
l=1

(
q i
m, l (kg/s) − q̄ i

m (kg/s)
)2

, (E.4.1f)1486

s2 (q j
n

)
(mol/s)2 = 1

L − 1

L∑
l=1

(
q j
n, l (mol/s) − q̄ j

n (mol/s)
)2

, (E.4.1g)1487

s2 (p i) (kPa)2 = 1
L − 1

L∑
l=1

(p i
l (kPa) − p̄ i (kPa))2

, (E.4.1h)1488

s2 (T i) (K)2 = 1
L − 1

L∑
l=1

(
T i

l (K) − T̄ i (K)
)2

, (E.4.1i)1489

s2 (p j) (kPa)2 = 1
L − 1

L∑
l=1

(
p j
l (kPa) − p̄ j (kPa)

)2
and (E.4.1j)1490

s2 (T j) (K)2 = 1
L − 1

L∑
l=1

(
T j

l (K) − T̄ j (K)
)2

, (E.4.1k)1491

respectively; T stack, l is the instantaneous value of stack temperature, T̄ stack is given by equation (E.3.2a), qV, in, l1492

is the instantaneous value of inlet volumetric flow rate, q̄V, in is given by equation (E.3.2b), q n, H2 , in, l is the1493

instantaneous value of inlet molar flow rate of hydrogen, q̄ n, H2 , in is given by equation (E.3.2c), x n, H2 , out, l is the1494

instantaneous value of outlet molar concentration of hydrogen, x̄ n, H2 , out is given by equation (E.3.2d), qV, out, l1495

is the instantaneous value of product gas volumetric flow rate, q̄V, out, l is given by equation (E.3.2e), q i
m, l is the1496

instantaneous value of mass flow rate of fluid i, q̄ i
m is given by equation (E.3.2g), q j

n, l is the instantaneous value1497

of molar flow rate of fluid j, q̄ j
n is given by equation (E.3.2h), p i

l is the instantaneous value of pressure of fluid i,1498

p̄ i is given by average value of pressure of fluid i, T i
l is the instantaneous value of temperature of fluid i, T̄ i is1499

given by average value of temperature of fluid i, p j
l is the instantaneous value of pressure of fluid j, p̄ j is given1500
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by average value of pressure of fluid j, T j
l is the instantaneous value of temperature of fluid j, and T̄ j is given1501

by average value of temperature of fluid j.1502

The relative standard uncertainties of stack temperature (u r (T stack)), inlet volumetric flow rate (ur (qV, in)),1503

inlet molar flow rate of hydrogen (ur (q n, H2 , in)), outlet molar concentration of hydrogen (ur (x n, H2 , out)), product1504

gas volumetric flow rate (ur (qV, out)), mass flow rate of fluid i (u r (q i
m)), difference between temperature of fluid1505

i and standard ambient temperature (u r (∆T i)), molar flow rate of fluid j (u r

(
q j
n

)
), pressure of fluid i (u r (p i)),1506

temperature of fluid i (u r (T i)), pressure of fluid j (u r
(
p j
)
), and temperature of fluid j (u r

(
T j
)
) are calculated1507

as follows:1508

u r (T stack) =
√

s2 (T stack) (K)2

T̄ stack (K)
, (E.4.2a)1509

ur (qV, in) =
√

s2 (qV, in) (m3/s)2

q̄V, in (m3/s)
, (E.4.2b)1510

ur (q n, H2 , in) =
√

s2 (q n, H2 , in) (mol/s)2

q̄ n, H2 , in (mol/s)
, (E.4.2c)1511

ur (x n, H2 , out) =
√

s2 (x n, H2 , out) (mol/mol)2

x̄ n, H2 , out (mol/mol)
, (E.4.2d)1512

ur (qV, out) =
√

s2 (qV, out) (m3/s)2

q̄V, out, l (m3/s)
, (E.4.2e)1513

u r (q i
m) =

√
s2 (q i

m) (kg/s)2

q̄ i
m (kg/s)

, (E.4.2f)1514

u r (∆T i) =
√

s2 (T i) (K)2

T̄ i (K) − T 0 (K)
, (E.4.2g)1515

u r
(
q j
n

)
=

√
s2
(

q j
n

)
(mol/s)2

q̄ j
n (mol/s)

, (E.4.2h)1516

u r (p i) =
√

s2 (p i) (kPa)2

p̄ i (kPa)
, (E.4.2i)1517

u r (T i) =
√

s2 (T i) (K)2

T̄ i (K)
, (E.4.2j)1518

u r
(
p j) =

√
s2 (p j) (kPa)2

p̄ j (kPa)
, (E.4.2k)1519

u r
(
T j) =

√
s2 (T j) (K)2

T̄ j (K)
, (E.4.2l)1520

respectively; s2 (T stack) is given by equation (E.4.1a), T̄ stack is given by equation (E.3.2a), s2 (qV, in) is given by1521

equation (E.4.1b), q̄V, in is given by equation (E.3.2b), s2 (q n, H2 , in) is given by equation (E.4.1c), q̄ n, H2 , in is given1522

by equation (E.3.2c), s2 (x n, H2 , out) is given by equation (E.4.1d), x̄ n, H2 , out is given by equation (E.3.2d), s2 (qV, out)1523

is given by equation (E.4.1e), q̄V, out, l is given by equation (E.3.2e), s2 (q i
m) is given by equation (E.4.1f), q̄ i

m is1524

given by equation (E.3.2g), s2 (T i) is given by equation (E.4.1i), T̄ i is given by equation (E.3.2j), s2
(

q j
n

)
is1525

given by equation (E.4.1g), q̄ j
n is given by equation (E.3.2h), s2 (p i) is given by equation (E.4.1h), p̄ i is given1526

by equation (E.3.2i), s2 (T i) is given by equation (E.4.1i), T̄ i is given by equation (E.3.2j), s2 (p j
)
is given by1527

equation (E.4.1j), p̄ j is given by equation (E.3.2k), s2 (T j
)
is given by equation (E.4.1k), and T̄ j is given by1528

equation (E.3.2l).1529

The standard variances of DC voltage (s2 (U dc)), direct current (s2 (I dc)), current density (s2 (J)), input power1530

of hydrogen based on HHV (s2 (P HHV
H2 , in

)
), input power of hydrogen based on HHV (s2 (P HHV

H2 , in

)
), output power of1531

hydrogen based on LHV (s2 (P LHV
H2 , out

)
), and output power of hydrogen based on LHV (s2 (P LHV

H2 , out

)
) are calculated1532

as follows:1533

s2 (U dc) (V)2 = 1
L − 1

L∑
l=1

(
U dc, l (V) − Ū dc (V)

)2
, (E.4.3a)1534

s2 (I dc) (A)2 = 1
L − 1

L∑
l=1

(
I dc, l (A) − Ī dc (A)

)2
, (E.4.3b)1535
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s2 (J) (A/cm2)2 = 1
L − 1

L∑
l=1

(
J l (A/cm2) − J̄ (A/cm2)

)2
, (E.4.3c)1536

s2 (P HHV
H2 , in

)
(kW)2 = 1

L − 1

L∑
l=1

(
P HHV

H2 , in, l (kW) − P̄ HHV
H2 , in (kW)

)2
, (E.4.3d)1537

s2 (P LHV
H2 , in

)
(kW)2 = 1

L − 1

L∑
l=1

(
P LHV

H2 , in, l (kW) − P̄ LHV
H2 , in (kW)

)2
, (E.4.3e)1538

s2 (P HHV
H2 , out

)
(kW)2 = 1

L − 1

L∑
l=1

(
P HHV

H2 , out, l (kW) − P̄ HHV
H2 , out (kW)

)2
and (E.4.3f)1539

s2 (P LHV
H2 , out

)
(kW)2 = 1

L − 1

L∑
l=1

(
P LHV

H2 , out, l (kW) − P̄ LHV
H2 , out (kW)

)2
, (E.4.3g)1540

respectively; U dc, l is the instantaneous value of DC voltage, Ū dc is given by equation (E.3.3c), I dc, l is the1541

instantaneous value of direct current, Ī dc is given by equation (E.3.3a), J l is given by equation (E.2.2a), J̄ is given1542

by equation (E.3.3b), P HHV
H2 , in, l is given by equation (E.2.2d), P̄ HHV

H2 , in is given by equation (E.3.3i), P LHV
H2 , in, l is given by1543

equation (E.2.2e), P̄ LHV
H2 , in is given by equation (E.3.3j), P HHV

H2 , out, l is given by equation (E.2.2i), P̄ HHV
H2 , out is given by1544

equation (E.3.3k), P LHV
H2 , out, l is given by equation (E.2.2j), and P̄ LHV

H2 , out is given by equation (E.3.3l).1545

The relative standard uncertainties of DC voltage (ur (U dc)), direct current (ur (I dc)), current density (ur (J)),1546

input power of hydrogen based on HHV (u r
(
P HHV

H2 , in

)
), input power of hydrogen based on LHV (u r

(
P LHV

H2 , in

)
), output1547

power of hydrogen based on HHV (u r
(
P HHV

H2 , out

)
), and output power of hydrogen based on LHV (u r

(
P LHV

H2 , out

)
) are1548

calculated as follows:1549

ur (U dc) =
√

s2 (U dc) (V)2

Ū dc (V)
, (E.4.4a)1550

ur (I dc) =
√

s2 (I dc) (A)2

Ī dc (A)
, (E.4.4b)1551

ur (J) =
√

s2 (J) (A/cm2)2

J̄ (A/cm2)
, (E.4.4c)1552

u r
(
P HHV

H2 , in

)
=

√
s2
(
P HHV

H2 , in

)
(kW)2

P̄ HHV
H2 , in (kW)

, (E.4.4d)1553

u r
(
P LHV

H2 , in

)
=

√
s2
(
P LHV

H2 , in

)
(kW)2

P̄ LHV
H2 , in (kW)

, (E.4.4e)1554

u r
(
P HHV

H2 , out

)
=

√
s2
(
P HHV

H2 , out

)
(kW)2

P̄ HHV
H2 , out (kW)

and (E.4.4f)1555

u r
(
P LHV

H2 , out

)
=

√
s2
(
P LHV

H2 , out

)
(kW)2

P̄ LHV
H2 , out (kW)

, (E.4.4g)1556

respectively; s2 (U dc) is given by equation (E.4.3a), Ū dc is given by equation (E.3.3c), s2 (I dc) is given by1557

equation (E.4.3b), Ī dc is given by equation (E.3.3a), s2 (J) is given by equation (E.4.3c), J̄ is given by equa-1558

tion (E.3.3b), s2 (P HHV
H2 , in

)
is given by equation (E.4.3d), P̄ HHV

H2 , in is given by equation (E.3.3i), s2 (P LHV
H2 , in

)
is given by1559

equation (E.4.3e), P̄ LHV
H2 , in is given by equation (E.3.3j), s2 (P HHV

H2 , out

)
is given by equation (E.4.3f), P̄ HHV

H2 , out is given1560

by equation (E.3.3k), s2 (P LHV
H2 , out

)
is given by equation (E.4.3g), and P̄ LHV

H2 , out is given by equation (E.3.3l).1561

The combined standard uncertainties of DC power (uc (P el, dc)) and electric power density (uc (P el, d)) are1562

calculated as follows:1563

u2
c (P el, dc) (kW)2 =

(
P̃ el, dc (kW)

)2 ·
(
u2
r (U dc) + u2

r (I dc)
)

and (E.4.5a)1564

u2
c (P el, d) (W/cm2)2 =

(
P̃ el, d (W/cm2)

)2 ·
(
u2
r (U dc) + u2

r (J)
)

, (E.4.5b)1565

respectively; P̃ el, dc is given by equation (E.3.4a), ur (U dc) is given by equation (E.4.4a), ur (I dc) is given by1566

equation (E.4.4b), P̃ el, d is given by equation (E.3.4b), and ur (J) is given by equation (E.4.4c).1567

The relative standard uncertainties of relative standard uncertainty of DC power (ur (P el, dc)) and electric1568
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power density (ur (P el, d)) are calculated as follows:1569

ur (P el, dc) =
√

u2
c (P el, dc) (kW)2

P̄ el, dc (kW)
= P̃ el, dc (kW)

P̄ el, dc (kW)
·
√

u2
r (U dc) + u2

r (I dc) and (E.4.6a)1570

ur (P el, d) =
√

u2
c (P el, d) (W/cm2)2

P̄ el, d (W/cm2)
= P̃ el, d (W/cm2)

P̄ el, d (W/cm2)
·
√

u2
r (U dc) + u2

r (J), (E.4.6b)1571

respectively; u2
c (P el, dc) is given by equation (E.4.5a), P̄ el, dc is given by equation (E.3.3d), P̃ el, dc is given by1572

equation (E.3.4a), Ū dc is given by equation (E.3.3c), Ī dc is given by equation (E.3.3a), u2
c (P el, d) is given by1573

equation (E.4.5b), P̄ el, d is given by equation (E.3.3e), P̃ el, d is given by equation (E.3.4b), and J̄ is given by1574

equation (E.3.3b).1575

The combined standard variances of square of combined standard uncertainty of fuel cell electrical efficiency1576

based on HHV (u2
c

(
η HHV
el, FC

)
), fuel cell electric efficiency based on LHV (u2

c

(
η LHV
el, FC

)
), fuel cell thermal efficiency1577

based on HHV (u2
c

(
η HHV
th, FC

)
), fuel cell thermal efficiency based on LHV (u2

c

(
η LHV
th, FC

)
), electrolyser energy efficiency1578

based on HHV (u2
c

(
η HHV
e, EL

)
), and electrolyser energy efficiency based on LHV (u2

c

(
η LHV
e, EL

)
) are calculated as follows:1579

1580

u2
c

(
η HHV
el, FC

)
(%)2 =

(
η̄ HHV
el, FC (%)

)2 ·

[(
P̃ el, dc (kW)
P̄ el, dc (kW)

)2

·
[
u2
r (U dc) + u2

r (I dc)
]

+
(
η̄ HHV
el, FC (%)

)2 ·1581 ( P̃ HHV
H2 , in (kW)

P̄ el, dc (kW)

)2

· u2
r (q n, H2 , in) +

∑
i

(
P̃ th, in (kW)
P̄ el, dc (kW)

)2

·
[
u2
r (q i

m) + u2
r (∆T i)

]
1582

+
∑

j

(
P̃ p, in (kW)
P̄ el, dc (kW)

)2

·

u2
r

(
q j
n

)
+

 γ j−1
γ j

p̄ j

p0 −
(

p̄ j

p0

) 1
γ j


2

u2
r

(
p j)


 , (E.4.7a)1583

u2
c

(
η LHV
el, FC

)
(%)2 =

(
η̄ LHV
el, FC (%)

)2 ·

[(
P̃ el, dc (kW)
P̄ el, dc (kW)

)2

·
[
u2
r (U dc) + u2

r (I dc)
]

+
(
η̄ LHV
el, FC (%)

)2 ·1584 ( P̃ LHV
H2 , in (kW)

P̄ el, dc (kW)

)2

· u2
r (q n, H2 , in) +

∑
i

(
P̃ th, in (kW)
P̄ el, dc (kW)

)2

·
[
u2
r (q i

m) + u2
r (∆T i)

]
1585

+
∑

j

(
P̃ p, in (kW)
P̄ el, dc (kW)

)2

·

u2
r

(
q j
n

)
+

 γ j−1
γ j

p̄ j

p0 −
(

p̄ j

p0

) 1
γ j


2

u2
r

(
p j)


 , (E.4.7b)1586

u2
c

(
η HHV
th, FC

)
(%)2 =

(
η̄ HHV
th, FC (%)

)2 ·

[(
P̃ th, out (kW)
P̄ th, out (kW)

)2

·
[
u2
r (q i

m) + u2
r (∆T i)

]
+
(
η̄ HHV
el, FC (%)

)2 ·1587 ( P̃ HHV
H2 , in (kW)

P̄ th, out (kW)

)2

· u2
r (q n, H2 , in) +

∑
i

(
P̃ th, in (kW)
P̄ th, out (kW)

)2

·
[
u2
r (q i

m) + u2
r (∆T i)

]
1588

+
∑

j

(
P̃ p, in (kW)

P̄ th, out (kW)

)2

·

u2
r

(
q j
n

)
+

 γ j−1
γ j

p̄ j

p0 −
(

p̄ j

p0

) 1
γ j


2

u2
r

(
p j)


 , (E.4.7c)1589

u2
c

(
η LHV
th, FC

)
(%)2 =

(
η̄ LHV
th, FC (%)

)2 ·

[(
P̃ th, out (kW)
P̄ th, out (kW)

)2

·
[
u2
r (q i

m) + u2
r (∆T i)

]
+
(
η̄ LHV
el, FC (%)

)2 ·1590 ( P̃ LHV
H2 , in (kW)

P̄ th, out (kW)

)2

· u2
r (q n, H2 , in) +

∑
i

(
P̃ th, in (kW)
P̄ th, out (kW)

)2

·
[
u2
r (q i

m) + u2
r (∆T i)

]
1591

+
∑

j

(
P̃ p, in (kW)

P̄ th, out (kW)

)2

·

u2
r

(
q j
n

)
+

 γ j−1
γ j

p̄ j

p0 −
(

p̄ j

p0

) 1
γ j


2

u2
r

(
p j)


 , (E.4.7d)1592

u2
c

(
η HHV
e, EL

)
(%)2 =

(
η̄ HHV
e, EL (%)

)2 ·

( P̃ HHV
H2 , out (kW)

P̄ HHV
H2 , out (kW)

)2

·
[
u2
r (x n, H2 , out) + u2

r (qV, out)
]

+
(
η̄ HHV
e, EL (%)

)2 ·1593
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( P̃ el, dc (kW)
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respectively; η̄ HHV
el, FC is given by equation (E.3.5a), P̃ el, dc is given by equation (E.3.4a), P̄ el, dc is given by equa-1601

tion (E.3.3d), ur (U dc) is given by equation (E.4.4a), ur (I dc) is given by equation (E.4.4b), P̃ HHV
H2 , in is given by1602

equation (E.3.4f), ur (q n, H2 , in) is given by equation (E.4.2c), P̃ th, in is given by equation (E.3.4c), u r (q i
m) is given1603

by equation (E.4.2f), u r (∆T i) is given by equation (E.4.2g), P̃ p, in is given by equation (E.3.4d), u r

(
q j
n

)
is given1604

by equation (E.4.2h), p̄ j is given by equation (E.3.2k), u r
(
p j
)
is given by equation (E.4.2k), η̄ LHV

el, FC is given by1605

equation (E.3.5b), P̃ LHV
H2 , in is given by equation (E.3.4g), η̄ HHV

th, FC is given by equation (E.3.5c), P̃ th, out is given by1606

equation (E.3.4e), η̄ LHV
th, FC is given by equation (E.3.5d), η̄ HHV

e, EL is given by equation (E.3.5e), P̃ HHV
H2 , out is given by1607

equation (E.3.4h), P̄ HHV
H2 , out is given by equation (E.3.3k), ur (x n, H2 , out) is given by equation (E.4.2d), ur (qV, out) is1608

given by equation (E.4.2e), η̄ LHV
e, EL is given by equation (E.3.5f), P̃ LHV

H2 , out is given by equation (E.3.4i), and P̄ LHV
H2 , out is1609

given by equation (E.3.3l).1610
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respectively; u2
c

(
η HHV
el, FC

)
is given by equation (E.4.7a), η̄ HHV

el, FC is given by equation (E.3.5a), u2
c

(
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)
is given by1621

equation (E.4.7b), η̄ LHV
el, FC is given by equation (E.3.5b), u2
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is given by equation (E.4.7c), η̄ HHV
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is given by equation (E.4.7f), and η̄ LHV
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by equation (E.3.5f).1625
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