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Abstract

The objective of this pre-normative research document is to present a testing procedure for establishing the
energy performance of water (steam) electrolyser systems, whether grid-connected or off-grid and individual
water electrolysers (high-temperature electrolysers) for the generation of hydrogen by water (steam) electrolysis.
The water (steam) electrolyser systems (WE systems) use electricity mostly from variable renewable energy
sources. High-temperature electrolyser may additionally utilise (waste) heat from energy conversion and other
industrial processes.

By applying this procedure, the determination of the specific energy consumption per unit of hydrogen output
under SATP conditions allows for a fair and adequate comparison of different water (steam) electrolyser systems.
Also, the energy performance potential of water electrolysers or water electrolyser (WE) systems employing
low-temperature water electrolysis technologies compared to high-temperature electrolyser employing high-
temperature steam electrolysis technologies may be established under actual hydrogen output conditions by
applying this procedure.

The test method is to evaluate the specific energy consumption during steady-state operation at specified
conditions including rated input power, pressure and temperature of hydrogen recommended by the manufac-
turer of the water electrolyser or WE system. The energy efficiency and the electrical efficiency based on higher
and lower heating value of hydrogen can be derived from respectively the specific energy consumption and the
specific electric energy consumption as additional energy performance indicators. In a plant setting, the specific
energy consumption of an individual water electrolyser including high-temperature electrolyser under hydrogen
output conditions may also be determined using this testing procedure.

This procedure is intended to be used by the research community and industry alike as a general char-
acterisation method for evaluating the energy performance of water electrolysers including high-temperature
electrolysers and systems.
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202022_0.pdf
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1 Introduction

For a fair and adequate comparison of one water (steam) electrolyser system (WE system) to another system
(Figure 1.1) in respect of the specific energy consumption (c.) per unit output (mole, ¢ n, volume, €.y and
mass, e m) Of hydrogen (Hs) generated under standard ambient temperature and pressure (SATP) conditions,
section 3.2.1 provides for these energy performance indicators (EPIs). For the same three units of hydrogen
output, the specific energy consumption is complemented by two additional EPIs namely the specific electric
energy consumption (g ¢) in section 3.2.2 and the specific thermal energy consumption (e,) in section 3.2.3.

In section 3.2.4, two more EPIs namely the energy efficiency (n.) based on higher heating value (HHV),
TRhv,e,sys @nd lower heating value (LHV) of hydrogen, 73 . s generated by the WE system are derived from
the specific energy consumption while in section 3.2.5, the electrical efficiency (1) based on these two heating
values, 75y, el,sys and N, el sys» are derived from the specific electric energy consumption.

Note, under SATP conditions namely 79=298,15 K and p0=100 kPa (IUPAC, 2019), the HHV and LHV of
hydrogen are respectively HHV},=79,4 kWh/mol and LHVy,=67,2 kWh/mol (Tsotridis and Pilenga, 2018).

Figure 1.1: Schematic of a water (steam) electrolyser system comprising one or more water electrolysers
including high-temperature electrolysers (HTEs), common balance of plant (BoP) and
instrumentation & control devices including safety sensors and operation software.

Water (steam) electrolyser(s)

Instrumentation & control

Based on the application particularly the intended use of the generated hydrogen (including purity)®> whether
as fuel for mobility (road, rail, maritime), combined heat and power (CHP) generation, energy-storage (ES) or
directly in H2I processes (i. e. direct reduction of iron (DRI), methanation, synthetic fuels, methanol, ammonia and
fertiliser production, etc), the manufacturer is to define which BoP components form part of the system. This
applies to alkaline water electrolyser (AWE), anion exchange polymer membrane water electrolyser (AEMWE),
bipolar polymer membrane water electrolyser (BPMWE), proton exchange polymer membrane water electrolyser
(PEMWE), solid oxide electrolyser (SOE) and proton ceramic electrolyser (PCE) alike.

Besides common hardware (piping, valves, actuators, sensors, wiring/cabling, etc), BoP usually consists
of (Tsotridis and Pilenga, 2021)

e power supply such as an alternating current-to-direct current (AC/DC) converter (rectifier) when grid-
connected or direct current-to-direct current (DC/DC) converter(s) when directly coupled to one or more
renewable energy sources (RESs), for example, photovoltaic (PV) arrays, wind turbine (off-grid), etc,

e water conditioning including pump(s), ion exchanger(s), heat exchanger(s) for feeding de-ionised water
to an AWE, an AEMWE, a BPMWE or a PEMWE,

e steam generator for feeding steam (water vapour) to SOE/PCE and

5 Note, the SRIA key performance indicator (KPI) targets of the Clean Hydrogen Partnership for Europe state a hydrogen purity

of 5 (99,999 vol-% of hydrogen in the product gas) irrespective of the four mentioned WE technologies namely alkaline water
electrolysis (AEL), proton exchange polymer membrane water electrolysis (PEMEL), anion exchange polymer membrane water
electrolysis (AEMEL) and solid oxide steam electrolysis (SOEL), see the notes at https://www.clean-hydrogen.europa.eu/
knowledge-management/sria-key-performance-indicators-kpis_en.


https://iupac.org
https://www.researchgate.net/profile/Georgios_Tsotridis
https://www.researchgate.net/profile/Alberto_Pilenga
https://www.researchgate.net/profile/Georgios_Tsotridis
https://www.researchgate.net/profile/Alberto_Pilenga
https://www.clean-hydrogen.europa.eu/knowledge-management/sria-key-performance-indicators-kpis_en
https://www.clean-hydrogen.europa.eu/knowledge-management/sria-key-performance-indicators-kpis_en

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

162

163

164

165

166

167

168

180

171

e gas purification including liquid/gas separator(s), demister(s), cooler(s), dryer(s), steam-trap and de-
oxidiser.

Depending on the immediate use of the generated hydrogen especially in power-to-gas (P2G) applications as
well as in industrial processes requiring high pressure hydrogen, BoP usually include compression equipment. In
ES applications with hydrogen stored as compressed hydrogen (CH5) in vessels or large (seasonal) underground
storage facilities, compression equipment may or may not be part of BoP of a particular WE system.

Similarly, in power-to-mobility (P2M) applications with hydrogen stored as liquefied hydrogen (LHs) in vessels,
liquefaction equipment may or may not be part of BoP of a particular WE system.

Under given conditions, the comparison of WE systems by their specific energy consumption per unit of
hydrogen output and the energy efficiency may irrespective of the employed WE technology serve to

- evaluate research and development (R&D) progress made in P2H2 applications such as P2G, P2M and
power-to-X (P2X) including power-to-chemical (P2C), power-to-liquid (P2L) and power-to-fuel (P2F).

- set research and innovation (R&l) priorities, development milestones and technological benchmarks for
improved specific energy consumption and assess impact on cost.

- make informed decisions regarding technology selection and energy demand of a system or plant (Fig-
ure 1.2).

For a comparison, the hydrogen generated by the WE system should be put out under SATP conditions (see
section 3.2). Additionally, other reference conditions namely the pressure and temperature at which hydrogen
is eventually put out by the system may be agreed upon.®

The specific energy consumption per mole, 621I,sys, unit volume, EEZ\T/,sys and unit mass, 52;;‘ sys, Of generated
hydrogen by a WE system put out at its actual pressure and temperature (hydrogen output conditions), is the
subject-matter of section 3.3.1.

In addition, for the same output units of generated hydrogen, section 3.3.2 and section 3.3.3 provide
respectively for the specific electric energy consumption, Ei,Tn,syy sgiﬁV’ sys and ggiﬁm_sys and specific thermal energy
consumption (e ), etpH,Tn_sys, 53’:\,, o5 and atpH,Tm, sys» Of @ WE system under actual hydrogen output conditions. These
EPIs of a WE system may serve to

a) verify meeting specifications through acceptance testing whether in a factory or on-site.
b) exchange data in commercial transactions between manufacturer and customer.

c) assess technological developments in target applications.

Figure 1.2: Schematic of an electrolysis plant comprising N water electrolysers including HTEs, shared BoP
and instrumentation & control devices including safety sensors and operation software.

WE/HTE N

Instrumentation & control

& For example, the SRIA KPI targets of the Clean Hydrogen Partnership for Europe state for AEL and PEMEL technologies a hydrogen

pressure of 30 bar while for AEMEL and SOEL technologies, an atmospheric pressure of hydrogen is stated, see the respective notes
at https://www.clean-hydrogen.europa.eu/knowledge-management/sria-key-performance-indicators-kpis_en
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Where systems share common BoP or jointly use points of connection (PoCs) for electricity and/or fluid supplies
as well as for conveying exiting hydrogen, the delineation (system boundary) between system interior and
exterior should be well defined by the manufacturer preferably in agreement with the system operator (user).

The sharing of all or several BoP components by two or more water electrolysers/high-temperature elec-
trolysers is of particular relevance for an electrolysis plant (Figure 1.2) with several individual water electro-
lysers/high-temperature electrolysers, whether or not all operate simultaneously or operate at a fraction or a
multiple of their rated input power, Pyg,in.

In a plant setting (Figure 1.2), the specific energy consumption per output unit of hydrogen generated
by a water electrolyser/high-temperature electrolyser, €2 e, €20 and €21 e, is the subject-matter of
section 3.4.1.

Under actual hydrogen output conditions and for the same output units, section 3.4.2 and section 3.4.3
provide respectively for the specific electric energy consumption, Egi,Tr1,WE' ggi,TVYWE and ggi,Tm,WE and specific
thermal energy consumption, €$H,Tn,w5r gtpHTV,WE and et"r;,Tm,WE, of a water electrolyser/high-temperature electro-
lyser.

Notably, the application of this procedure does not require specification of the type and characteristic of an
water electrolyser/high-temperature electrolyser or WE system. Particularly, the size and the application-specific
BoP may affect the comparison of one to another WE/HTE.
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2 Objective and scope

The objective of this pre-normative research (PNR) document is to present a testing procedure for establishing
the energy performance of WE systems and of individual water electrolyser/high-temperature electrolyser in
an electrolysis plant setting. By generating bulk amounts of hydrogen in the electrolysis of water (steam),
the water electrolyser/high-temperature electrolyser use electricity mostly from sources of variable renewable
energy (VRE) (solar, tidal, wave, wind, etc) which is not readily dispatchable. In addition, waste heat may be
utilised by HTE whether SOE including reversible solid oxide electrolyser (rSOE) or PCE including reversible proton
ceramic electrolyser (rPCE).

By applying this procedure, the determination of the specific energy consumption per unit of hydrogen output
(mole, volume and mass), e, € v and € ¢, m, allows for a fair and adequate comparison of different WE systems.
It also allows comparing the energy performance potential of the various technologies of

e Low-temperature water electrolysis (LTWE) such as

- AEL,
- AEMEL,
PEMEL and

- bipolar polymer membrane water electrolysis (BPMEL) that is, water electro-dissociation under
reverse bias.

e High-temperature steam electrolysis (HTSEL) namely

- SOEL,
- proton conducting ceramic steam electrolysis (PCCEL) and

- hybrid-solid oxide cell (50C) electrolysis.

The test method is to determine the specific energy consumption, €, the specific electric energy consumption,
€el and the specific thermal energy consumption, e, of WE systems during steady-state operation at specified
operating conditions recommended by the manufacturer, i. e. the input power to the WE system, Py in. These EPIs
are calculated as average (mean) values from the results of repetitive measurements of test input parameters
(TIPs) particularly the said input power and the input electric power, Pgin as well as test output parameters
(TOPs) particularly pressure, psys n,, temperature, T's,s 1, and molar flow rate of hydrogen, gn,sys, out, 1o, generated
by the WE system.

For the comparison of WE system, the hydrogen is to be put out under SATP conditions. The energy efficiency
based on HHV, 7134y e s @nd LHV of hydrogen, 3 . o, both derived from the specific energy consumption as
well as the electrical efficiency based on HHV, 713,y ¢ s,s @nd LHV of hydrogen, 70y ¢ s both derived from the
specific electric energy consumption are additional EPIs.

In an electrolysis plant setting, the specific energy consumption, specific electric energy consumption, and
specific thermal energy consumption per unit of output of hydrogen generated by one or more water electrolys-
ers/high-temperature electrolysers may also be determined using this procedure.

As a general characterisation method for determining the energy performance of water electrolysers/high-
temperature electrolysers and systems whether grid-connected or directly coupled to one or another RES
(off-grid), this procedure is intended to be used by the research community and industry alike. It may serve to
evaluate the energy performance of water electrolysers/high-temperature electrolysers and systems for R&D&!
purposes including technology monitoring and assessment (TMA) as well as for measuring their accomplishments
in technology development.

The method applies to different types of water electrolyser including high-temperature electrolyser in various
P2H2 applications whether for ES, hydrogen-to-power (HtP), hydrogen-to-mobility (HtM) and H2I processes. The
hydrogen generated by water (steam) electrolysis is used as an energy carrier (fuel or commodity) among others
in applications such as P2M, P2G and P2X including P2C, P2L and P2F.

The scope of this procedure includes LTWE technologies such as AWE, AEMWE, BPMWE and PEMWE including
reversible proton exchange polymer membrane water electrolyser (rPEMWE) as well as HTSEL technologies
namely HTE whether oxygen ion conducting solid oxide electrolyser (0-SOE) or proton conducting solid oxide
electrolyser (P-SOE) also known as hydrogen ion (proton) conducting solid oxide electrolyser (H-SOE) or PCE.

As EPIs, the specific energy consumption, specific electric energy consumption and specific thermal energy
consumption allow to readily evaluate the energy-related production cost of hydrogen generated by water
(steam) electrolysis knowing the unit price of the kind of energy used.

Note, electrolysers employing seawater or waste water directly are not in the scope of this procedure. The
same holds for redox flow batteries (RFBs) performing water electrolysis.
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3 Energy performance indicators

3.1 General
In this document, EPIs are
for a WE system (Figure 3.1)

e under SATP conditions of hydrogen output (see section 3.2),

- the specific energy consumption (mole, volume and mass), see equation (3.2.1),

the specific electric energy consumption (mole, volume and mass), see equation (3.2.9),
the specific thermal energy consumption (mole, volume and mass), see equation (3.2.10),
the energy efficiency based on HHV and LHV of hydrogen, see equation (3.2.11) and

the electrical efficiency based on HHV and LHV of hydrogen, see equation (3.2.12).

e under actual conditions of hydrogen output (see section 3.3),

- the specific energy consumption (mole, volume and mass), see equation (3.3.1),

- the specific electric energy consumption (mole, volume and mass), see equation (3.3.2) and
- the specific thermal energy consumption (mole, volume and mass), see equation (3.3.3).

for a water electrolyser/high-temperature electrolyser (Figure 3.2)

(@) under actual conditions of hydrogen generation (see section 3.4),

- the specific energy consumption (mole, volume and mass), see equation (3.4.1),

- the specific electric energy consumption (mole, volume and mass), see equation (3.4.4) and
- the specific thermal energy consumption (mole, volume and mass), see equation (3.4.5).

Figure 3.1 shows schematically the input and output streams of energy and substances of a WE system.

Figure 3.1: Schematic of the input and output streams (directional arrows) of energy (diamond shape) and
substances (circular shape) for a water (steam) electrolyser system (rectangular shape). The thick
line around the grey shaded box represents the system boundary (as defined preferably by the

manufacturer).

i

Water (steam) electrolyser system

Chemical energy (HHV, q)

Mechanical energy (g, p)

Water (steam) Sweep gas
q,T,p q,T,p

At its PoCs, the input energy streams to a WE system are

Hydrogen
q,T,p

e Electricity (electric energy) in the form of AC electric power (Pg ac), DC electric power (Pg 4c), or both; U

is the input voltage to the WE system and I is the input current to the WE system.
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e Heat/cold (thermal energy), if any, carried by heat transfer fluids (air, water/steam, etc) being at temper-
ature, T' and having flow rate, ¢; for example, heat may be used to heat-up water or to generate steam
while cold may be used to cool down the generated hydrogen and oxygen.

e Chemical energy, if any, is represented by the HHV of input fuel (HHV); for example, natural gas (NG)
may be used to generate steam from water. Such fuel may also be used for heat-up especially during
start-up of the WE system and for maintaining the temperature of the enclosure containing HTE stack(s)
during transient operation as needed.

e Mechanical energy, if any, conveyed in the form of hydraulic energy (i e. oil), pneumatic energy
(i. e.compressed air and pressurised steam), or both; for example, stack compression may require hy-
draulic fluids, control devices may be actuated by compressed air and substances (steam, hydrogen or
oxygen) may be compressed by hydraulic or pneumatic fluids at pressure, p.

Figure 3.2 shows schematically the input and output streams of energy and substances of an individual
water electrolyser or high-temperature electrolyser.

Figure 3.2: Schematic of the input and output streams (directional arrows) of energy (diamond shape) and
substances (circular shape) of a water electrolyser/high-temperature electrolyser (rectangular
shape). The thick line around the rectangular box shaded in dark grey represents the boundary of
the electrolyser (as defined preferably by the manufacturer).

KT

Water (steam) electrolyser

Electricity (Uge, Iqe)

Hydrogen
q,T,p

Pneumatic energy (g, p)

Water (steam)

q,T,p

Sweep gas

q,T,p

At its PoCs, the input energy streams to a water electrolyser/high-temperature electrolyser are

e Electricity (electric energy) in the form of DC power; U is the input DC voltage of the stack and 14 is
the input direct current of the stack.

e Heat (thermal energy), if any, carried by fluids such as

- water as feed to BPMWEs and PEMWEs,
- air as sweep gas to SOEs and
- steam as feed to SOEs and as feed and sweep gas to PCEs.

e Pneumatic energy, if any, conveyed by fluids such as

- pressurised water to AEMWEs, BPMWESs and PEMWEs,
- pressurised steam to SOEs and PCEs and
- compressed air to SOEs.

11
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3.2 Water (steam) electrolyser system under SATP conditions
3.2.1 Specific energy consumption

In order to determine the specific energy consumption under SATP conditions, a by-pass may be required
when an electrolyser operates normally at a pressure higher than ambient pressure unless system control
allows electrolyser operation at atmospheric pressure. Also, it is assumed that the hydrogen generated by the
electrolyser is cooled down to near ambient temperature, for example, to knock-off any remaining water vapour
in the product gas.’

The specific energy consumption per mole (2, 5.), unit volume (2, sys) @nd unit mass (€ m.sys) Of hydrogen
generated and put out by a WE system under SATP conditions are respectively given by
Poys in (kW)
0 sys,in
€ (kWh/mol) = , (3.2.1a)
& nsys Qn sys, out, Hy (mol/h)
3 g9 (kWh/mol)
Qs (KWh/m?) = ;:15:: ol 40,34 (mol/m?) - 2, &5 (KWh/mol) and (3.2.1b)
£ nsys (KWh/mol)
ee m.sys (KWh/kg) = =~ 495,05 (mol/kg) - € e nsys (KWh/mol); (3.2.1c)

my, (kg/mol)

Psys in is given by equation (3.2.2), gn,sys,out 1, 1S given by equation (3.2.6), Vi n,~ 24,79 - 1073 m3/mol is the
molar volume of hydrogen at SATP and mu,~ 2,02 - 103 kg/mol is the molar mass of hydrogen not considering
the isotopes of deuterium and tritium.

Psys,in (kW) :Pel,sys (kW) + Pth,sys,in (kW) + Pcompr,sys,in (kW) (3-2-2)

is the input power of the system where Py s is given by equation (3.2.3a), P, sys,in iS given by equation (3.2.4)
and Pcompr sys,in 1S given by equation (3.2.5).

Pel,sys (kw) :Pel, ac, sys (kW) + Pel,dc, sys (kw) (3.2.3a)

is the electric power of the system (Pg| sys) at its PoCs with AC electric power (P ac, sys) Which may be symmetrical
three-phase AC electric power (P 3p, ac sys) given by

Pel,3p,ac.sys (KW) =V/3 - Uac sys (KV) - Tnc sys (A) - cos (3.2.3b)
or single-phase AC electric power (Pe| 1p ac sys) given by
Pei 1pac,sys (KW) =Uqc,sys (KV) - Inc,sys (A) - cos @; (3.2.3¢)

Uacsys and Iyc sys are the root mean square (rms) of respectively the AC voltage and the alternating current
and cos ¢ is the power factor (IEEE, 2010). Note, for simplicity and ease of use, harmonics (IEEE, 2010) are
ommitted. The DC electric power (Pe|, dc sys) iS given by

Pl dc,sys (kW) =U g, sys (kv) - Tdc sys (A); (3.2.3d)

U gc,sys and Iy sys are respectively DC voltage and direct current. Remark, the electric power may also be used
for operating system auxiliaries such as control devices and other instrumentation.

Pinsys.in (KW) = HHV' (kWh/mol)- f (mol/h) (3.2.4a)
+ Z ¢y (kgls) - ¢ (ki(kg K) - (T" (K) — T° (K)) (3.2.4b)

is the input thermal power of the system at its PoCs by heat transfer fluid i having mass flow rate, ¢\, and by
fuel with higher heating value, HHV' and molar flow rate, q-; cip is the fluid’s specific heat capacity at constant
pressure, p' and temperature, T".

Remark, a non-zero temperature difference can be positive or negative. A heat transfer fluid may not directly
be involved in the electrolysis process. The expression (3.2.4a) is only relevant when fuel is put into and used
by the system. The summation (3.2.4b) is only relevant when heat/cold is transferred to the WE system.

) 7! (m3/mol) .
) — _ 0 Lomby R
Pompr,sys,in (KW) Ej (p‘ (kPa) — p (kPa)) 3600 (5 ¢, (mol/h) (3.2.5a)

7 For the purpose of this document, we only consider hydrogen containing gas as product gas of a WE/HTE and WE system.
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is the input power of compression provided to the WE system at its PoCs by incompressible hydraulic/pneumatic
fluid j of pressure, p/, molar volume, V3, and molar flow rate, ¢,
N\ Z- Rg (kJ/(mol K)) - T° (K) - ¢, (mol/h)
| 3600 (s/h)

Pcompr,sys, in (kW) - Z
j
J—1

P kPa)\ 7
(piea) T, 525

is the input power of compression provided to the WE system at its PoCs by compressible hydraulic/pneumatic
fluid j where ZJ is the average compressibility factor of this fluid and R4 is the universal gas constant. The
isentropic expansion factor of this fluid is given by

fyj :M; (3.2.50)
¢y (kJ/kg K))

cy is the specific heat capacity at constant volume. Note, the summations (3.2.5a) and (3.2.5b) are only relevant
when hydraulic/pneumatic fluids are put into the WE system. When both, incompressible and compressible fluids
are put into the WE system, the summations (3.2.5a) and (3.2.5b) must be added together.

@n, sys, out, Ho (mol/h) = n,sys,Hy (mol/mol) - qn, sys, out (mol/h) (3.2.6)

is the output molar flow rate of hydrogen generated by the system with z 55 1,, the molar concentration of
hydrogen in the product gas to be determined by gas analysis® and ¢, sys,out IS the molar flow rate of the product
gas exiting the system.

Remark, incompressible gases are assumed to behave according to the ideal gas law given by

p (kPa) - V (m*) =n (mol) - R4 (kJ/(mol K)) - T' (K); (3.2.7)

p, V, n and T are respectively the pressure, volume, number of moles and temperature of the gas concerned.®
For compressible gases, this law reads

p (kPa) - V (m3) =n (mol) - Z - Rq (kJ/(Mol K)) - T (K). (3.2.8)

Note, the pressure and temperature of the product gas are taken as those of hydrogen.

3.2.2 Specific electric energy consumption

The specific electric energy consumption per mole (3 , 4c), unit volume (£, y,5,¢) and unit mass (9 ., s) of
hydrogen generated and put out by a WE system under SATP conditions are respectively given by
P (kw)
0 el, sys
€ (kWh/mol) = , (3.2.9a)
eln.sys @n,sys,out, Ho (mol/h)
0
o 3y Eeln,sys (KWh/mol) ~ 3 o
Eelvsys (KWh/m?®) = Vo, (mmo) 40, 34 (mol/m?) - £ ¢ 1 s (KWh/mol) and (3.2.9b)
g9 (kWh/mol)
20 m.sys (KWhikg) =2 ~ 495,05 (Mol/kg) - £ s (KWh/mol); (3.2.9¢)

my, (kg/mol)

Pe|sys is given by equation (3.2.3a) and ¢, sys, out, H, iS given by equation (3.2.6).

3.2.3 Specific thermal energy consumption

The specific thermal energy consumption per mole (E'?h,n,sys)' unit volume (5?h,v,sys) and unit mass (€t m,sys) of
hydrogen generated and put out by a WE system under SATP conditions are respectively given by

Pth, sys, in (kW)

0

€ (kWh/mol) = , (3.2.10a)
thn.sys dn,sys,out, Ho (mol/h)
el (kWh/mol)

€ v.sys (KWhm?) = t{;”";ys ool 40,34 (mol/m®) - €3, ¢ (kWh/mol) and (3.2.10b)

m, Az

g2 (kWh/mol)

Ethm,sys (KWh/kg) = th n,sys ~ 495, 05 (mol/kg) - s?h_n,SVS (kWh/mol); (3.2.10c)

mp, (kg/mol)

P, sys,in is given by equation (3.2.4) and ¢n, sys,out 1, 1S given by equation (3.2.6).

See note h of Table 6.1.

9 Note, the pressure and temperature of hydrogen are taken identical to those of the product gas of a WE system or WE/HTE.
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3.2.4 Energy efficiency

Using the estimated specific energy consumption (¢ 9 en,sys) given by equation (3.2.1a), the energy efficiency based
on HHY (WHHv,e,sys) and LHV of hydrogen (WLHv,e,sys) generated by the WE system under SATP conditions are
respectively given by

HHV (kWh/mol)
0 Ha
n (%) = -100% and (3.2.11a)
HHV, e, sys e nsys (kWh/mOl)
LHVy, (kWh/mol)
0 Ha
eas (%) = -100%. (3.2.11b)
77LHV, , SY. ( O) 0 nsys (kWh/mOl) 0

Note, one has USHV,e,sys (%) ~1,18- nEH\/,e,sys (%) and 77(L)Hv,e,sys (%) ~0,85- nSHV,e,sys (%)

3.2.5 Electrical efficiency

Using the estimated specific electric energy consumption (52“‘5\/5) given by equation (3.2.9a), the electrical
efficiency based on HHV (1784 o.s,s) @nd LHV of hydrogen (104 o s,s) generated by the WE system under SATP

conditions are respectively given by
HHVHZ (kWh/mol)

0 0
7% eteys (%) = 100% & 1,18 - 10y ot ove (%) and (3.2.12a)
HHV, el, sys e[ nsys (kWh/ ) LHV, el, sys
LHV (kWh/mol)
0 Ha 0
= -100% =~ 0,85 - . 3.2.12b
TLhy, el, sys (%) el nsys (kWh/m l) % ) TTHHY, el, sys (%) ( )

3.3 Water (steam) electrolyser system under hydrogen output conditions
3.3.1 Specific energy consumption

The specific energy consumption per mole (Ee n,sys), unit volume (e e Vsys) and unit mass (e E;In,sys) of hydrogen
generated and put out by a WE system under hydrogen output conditions are respectively given by

Psys, in (kW)

bl s (KWh/mol) = : (3.3.1a)
Smsys ( ) qn, sys out, Ho (mol/h)
eb n sys (kWh/mol)
kwh d 33.1b
eVsys ( /m ) Vm Ha (m /mol) an ( )
b (kwWh/mol)
kWhk Ensye 331
59 m, sys ( / g) M, ( /mol) ; ( C)
Pays.in is given by equation (3.2.2)!° and gn, sys,out 1, iS given by equation (3.2.6).
3.3.2 Specific electric energy consumption
The specific electric energy consumption per mole (EE'LTn,SyS) unit volume (5 VSyS) and unit mass (Egi,Tm,sys) of

hydrogen generated and put out by a WE system under hydrogen output conditions are respectively given by

Pel sys (kw)
el kWh/mol . , (3.3.2a)
El mevs ( ) Qn sys out, Ho (mol/h)
(kWh/mol)
KWh/m?) = s d 332b
el V sys ( /m ) Vm Ha (mg/mol) an ( )
(kWh/mol)
KWh/ki “Hnss ; 332
€el m, sys ( / ) Hy (kg/mol) 3 ( (]
Pe|,sys is given by equation (3.2.3a) and gn,sys, out H, IS given by equation (3.2.6).
3.3.3 Specific thermal energy consumption
The specific thermal energy consumption per mole (sth n.sysh UNit volume (ethV &s) and unit mass (eth m.sys) OF

hydrogen generated and put out by a WE system under hydrogen output conditions are respectively given by

Pth,sys,in (kW)
qn,sys,out,Ha (mol/h)’

5th nsys (KWh/mol) = (3.3.3a)

10 Note, for input parameters, no distinction is made between SATP conditions and hydrogen output conditions throughout this report.
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el kWh/mol
el sys (KWhim?) = t‘h/ HV Em /mol)) and (3.3.3b)

ath nsys (KWh/mol)
kWh/kg) = n, (kgimoD

R ays , (3.3.30)

P, sys,in is given by equation (3.2.4) and ¢n, sys,out 1, 1S given by equation (3.2.6).

3.4 Water electrolyser/high-temperature electrolyser under hydrogen output con-
ditions

3.4.1 Specific energy consumption
The specific energy consumption per mole (e§ T we), unit volume (e e VWE) and unit mass (&, T we) of hydrogen

generated by a water electrolyser/high-temperature electrolyser under hydrogen output conditions namely the
pressure (pwe, H,) and temperature of hydrogen (T 1, ), are respectively given by

PWE in (kW)
e n we (kWh/mol) = W, (3.4.1a)

2! we (kWh/mol)

kWh 34.1b
eVWE ( /m?) = Vm 1o (MP/mol) ( )
kWh/mol)
kwh/k “Cnwe ( ; 341
5e mwe (KWh/kg) = e, (kgimol) ( c)
Py in is given by equation (3.4.2a) and q‘fﬁz is given by equation (3.4.3).
Puyg,in (KW) =P dcwe (KW) + Pin we in (KW) 4+ Peompr, we,in (KW) (3.4.2a)

is the input power to the water electrolyser/high-temperature electrolyser with the DC electric power given by
Pedc,we (KW) =U g we (KV) - Tgc,we (A); (3.4.2b)

Udc,we and Iy we are respectively the DC voltage and direct current of the water electrolyser/high-temperature
electrolyser. The input thermal power to the water electrolyser/high-temperature electrolyser is given by

Py, we,in (KW) qu we (ka/s) - ¢, (kKJIkg K)) - (Tye (K) — T° (K)) ; (3.4.20)

¢ we and Ty are respectively the input mass flow rate and temperature of heat transfer fluid i to the water
electrolyser/high-temperature electrolyser. For incompressible fluids j, the input power of compression to the
water electrolyser/high-temperature electrolyser is given by

Vi, (m3/mol)

3600 (gfh) dnwe (moh); (3.4.2d)

Pcompr WE, in (kW) Z (ﬁwg (kPa) — (kPa)) :

j

p{NE and an,WE are respectively the input pressure and molar flow rate of hydraulic/pneumatic fluid j to the water
electrolyser/high-temperature electrolyser. For compressible fluids j, the input power of compression to the
water electrolyser/high-temperature electrolyser is given by

‘ B A Z. Rg (kJ/(mol K)) - T (K) - an,WE (mol/h)
Peompr,wi,in (KW) = ; (’yj — 1> 3600 (s/h)

F-1

e (kPa) |
<’M> —-1]. (3.4.2e)

Remark, the summations (3.4.2d) and (3.4.2e) are only relevant when one or more hydraulic/pneumatic fluids
enter the water electrolyser/high-temperature electrolyser. When both, incompressible and compressible fluids
enter the water electrolyser/high-temperature electrolyser, the summations (3.4.2d) and (3.4.2e) must be added
together.

The molar flow rate of hydrogen generated by the water electrolyser/high-temperature electrolyser is given
by

)%, (molh) =2V, (molimol) - g, (mol/h); (3.4.3)

oWE, , is the molar concentration of hydrogen in the product gas exiting the water electrolyser/high-temperature

electrolyser with molar flow rate ¢} ..
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3.4.2 Specific electric energy consumption

The specific electric energy consumption per mole (eg T we), unit volume (P eV, v we) and unit mass (? em T we) of hy-
drogen generated by a water electrolyser/high-temperature electrolyser under hydrogen output are respectively

given by

Pel,dc,WE (kW)

g}, (mol/h)’

~ehilwe (kKWh/mol)
Vm H, (M3/mol)

eB T we (kWhjmol) =

EelVWE (kWh/m )=

69[ m, WE (kWh/k ) muy (kg/mol)

Pl dc,we is given by equation (3.4.2b) and qn h, IS given by equation (3.4.3).

el n, WE (kWh/mOl) .

i

an

3.4.3 Specific thermal energy consumption

The specific thermal energy consumption per mole (¢ en, WE) unit volume (e e VWE) and unit mass (e
hydrogen generated by a water electrolyser/high-temperature electrolyser are respectively given by

P we,in (KW)
q‘ﬁ (mol/h)’

5th n, WE (kWh/mol)

Eth nwe (KWh/mol) =

€4 kWh/mol
5:th m, WE (kWh/k ) th n, WE ( )

H, (kg/mol)

P, we,in is given by equation (3.4.2c) and q‘ﬁ,

’

and

£, is given by equation (3.4.3).
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4 Terminology

Terms and definitions used in this document are given below as well as in two JRC reports (Tsotridis and
Pilenga, 2018,Malkow et al., 2021). In addition, the International Organization for Standardization (I1SO) and the
International Electrotechnical Commission (IEC) maintain terminological databases at the following websites:

- 1S0 Online browsing platform available at https://www.iso.org/obp.

- |IEC Electropedia available at http://www.electropedia.org.
Remark, the following verbal forms are principally used as follows:

e 'shall" indicates a requirement,

e 'should" indicates a recommendation,

e "'may" indicates a permission and

e 'can’ indicates a possibility or a capability.

Note, reference herein to Systéme International d’Unités (SI) coherent (derived) units include, as appropriate,
metric prefixes of the concerned unit. Decimal fractions are denoted by comma. Alongside SI units, non-SI units
may be used when customary. For example, we use kWh instead of kJ as unit of energy.

4.1 Terms and definitions

All terms listed below appear uniformly in ascending alphabetical order of the starting characters of their names
with prefixed sequential numbers of increasing order preceded by the number of this subsection.

4.1.1 conditioning phase
test duration of specified length for determining the specific energy consumption of a water electro-
lyser/high-temperature electrolyser or WE system under steady-state operation (4.1.13) meeting the
stability criterion (4.1.9) which precedes the data acquisition (DAQ) phase (4.1.2)

4.1.2 data acquisition (DAQ) phase
test duration of specified length for determining the specific energy consumption of a water electro-
lyser/high-temperature electrolyser or WE system under steady-state operation (4.1.13) during which the
stability criterion (4.1.9) is met throughout and relevant TIPs (4.1.11) and TOPs (4.1.12) are continuously
monitored, synchronously sampled and fail-safe recorded at specified rates

4.1.3 digital twin
digital replica of physical assets (physical twin), processes and systems that can be used for various pur-
poses or a fit-for-purpose digital representation of something outside its own context with data connections
that enable convergence between the physical and virtual states at an appropriate rate of synchronization

[Source: IS0 23704-1:2022, 3.1.14]

4.1.4 hydrogen output conditions
specified conditions of pressure and temperature of hydrogen put out by a water electrolyser/high-
temperature electrolyser or WE system

4.1.5 specific electric energy consumption (c|)
ratio of input electric power to flow rate of hydrogen generated

4.1.6 specific energy consumption (c.)
ratio of input power to flow rate of hydrogen generated

4.1.7 specific thermal energy consumption (c,)
ratio of input thermal power to flow rate of hydrogen generated

4.1.8 machine learning (ML)
process using algorithms rather than procedural coding that enables learning from existing data in order
to predict future outcomes

[Source: ISO/IEC 38505-1:2017, 3.7]
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55 4.1.9

526

527

s204.1.10

529

s304.1.11

531

s:24.1.12

533

s:44.1.13

535

536

537 4-2

stability criterion
condition of a test output parameter (TOP) (4.1.12) to be met within a specified margin for a given time
interval

standard ambient temperature and pressure (SATP) conditions
conditions of standard ambient pressure (p°=100 kPa) and standard ambient temperature (7°=298,15 K)

test input parameter (TIP)
physical quantity whether static or variable, which sets a condition for the test

test output parameter (TOP)
physical quantity whether measured or calculated, which results from carrying out the test

steady-state operation
operation of a water electrolyser/high-temperature electrolyser or WE system meeting the stability criterion
(4.1.9) during either the conditioning phase (4.1.1) or the DAQ phase (4.1.2)

Abbreviations and Acronyms used

sss A list of abbreviations and acronyms used in this report are appended, see page 36.

539 4-3

Symbols used

s« A list of symbols used in this report are appended, see page 39.
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5 Test parameters

5.1 Water (steam) electrolyser system

Schematically displayed in Figure 5.1, the TIPs and TOPs listed respectively in Table 5.1 and Table 5.2 are used
to determine the EPIs of a WE system.

Figure 5.1: Schematic of test input parameters and test output parameters for a water (steam) electrolyser
system.
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Note, Pl ac sys and Pe| dc sys are respectively the input AC electric power and DC electric power, see equa-
tion (3.2.3a); p', P, pf, pY and p;;? are respectively the input pressure of heat transfer fluid i, hydraulic/pneumatic
fluid j, fuel, water (steam) and sweep gas; 7', TV, T, T, and T;;° are respectively the input temperature of
heat transfer fluid i, hydraulic/pneumatic fluid j, fuel, water (steam) and sweep gas; ¢\, ¢, qmin and dmin
are respectively the input mass flow rate of heat transfer fluid i, fuel, water (steam) and sweep gas; ¢’ is the
molar flow rate of hydraulic/pneumatic fluid j; p 3, P32, paS, and Dsys H, are respectively the output pressure of
water (steam), oxygen, sweep gas and product gas (hydrogen);!* 7Y, Tcgf’t, Too and T'sys 1, are respectively the
output temperature of water (steam), oxygen, sweep gas and product gas (hydrogen);*? ¢ ., qPoue and 19 o
are respectively the output mass flow rate of water (steam), oxygen and sweep gas; ¢n sys out iS the product gas
molar flow rate and x , sys 1, is the molar concentration of hydrogen.

Table 5.1: Test input parameters for a water (steam) electrolyser system

Symbol (unit) Description Control accuracy (unit)
Pejac (kW) AC electric power 1%
Pl gc (kW) DC electric power 0,3%
Gm.in (ka/s) mass flow rate of water (steam) 2%
i (kPa) pressure of water (steam) 2%
T (K) temperature of water (steam) 2K
q', (kals) mass flow rate of heat transfer fluid i® 2%
p' (kPa) pressure of heat transfer fluid i° 2%
T (K) temperature of heat transfer fluid i 2K
q" (mol/h) molar flow rate of fuel 2%

Continue to next page

11
12

See footnote 9.
See footnote 9.
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Table 5.1 - continued from previous page

pf (kPa) pressure of fueld 2%
Tf (K) temperature of fueld 2K
an (mol/h) molar flow rate of hydraulic/pneumatic fluid j¢ 2%
P (kPa) pressure of hydraulic/pneumatic fluid jf 2%
T3 (K) temperature of hydraulic/pneumatic fluid j 2K

ssa  Note: Primarily, the input of liquid water is with reference to AWE, AEMWE and PEMWE systems while steam is solely with reference to HTE
seo  systems whether SOE or PCE.

se1 @ Except for water (steam) as heat transfer fluid, i may stand for oil, air, fuel and/or sweep gas.

sz ° Required to look up cl,.

ses ¢ Fuel j can be a fluid such as NG.

ss« 9 Required to look up HHVF.

ses ¢ Except for steam as a hydraulic/pneumatic fluid, j may stand for oil and/or air.

ses | Required to look up V..

Table 5.2: Test output parameters for a water (steam) electrolyser system

Measurement
Symbol (unit) Description accuracy (unit)
Zn,sys,H, (Mol/mol)  molar concentration of hydrogen 0.01 (mol/mol)
n,sys,out (Mol/h) product gas molar flow rate 2%
Gn,sys,H, (Mol/h) molar flow rate of hydrogen? -
Psys.Hy (kP2) pressure of hydrogen® 2 %
Tsys, 1, (K) temperature of hydrogen® 2K

EPI related to SATP conditions of hydrogen
e nsys (KWh/mol)  specific energy consumption per mole* -
e V,sys (kWh/m3) specific energy consumption per unit of volume? -

5e m.sys (KWh/kg) specific energy consumption per unit of mass® -
el nsys (KWh/mol)  specific electric energy consumption per molef -
el V,sys (kWh/m3)  specific electric energy consumption per unit of volume? -
el msys (KWh/kg)  specific electric energy consumption per unit of mass" -

eth nsys (kWh/mol)  specific thermal energy consumption per molef -
(kWh/m3)  specific thermal energy consumption per unit of volume? -

th V, sys
5th . :ys (kWh/kg)  specific thermal energy consumption per unit of mass” -
77HHv e.sys (%) energy efficiency based on HHV‘ -
N0, e,sys (%) energy efficiency based on LHV! -
nSHV el sys (%) electrical efficiency based on HHV* -
Mo el oys (%) electrical efficiency based on LHV! -

EPI related to hydrogen output conditions
€e nsys (kWh/mol)  specific energy consumption per mole™ -
e v sys (kWh/m?) specific energy consumption per unit of volume” -
5e m sys (KWh/kg) specific energy consumption per unit of mass® -

el p5vs (kWh/mol)  specific electric energy consumption per mole® -
el v oy (kWh/m3)  specific electric energy consumption per unit of volume® -
5e1 m.sys (kWh/kg)  specific electric energy consumption per unit of mass’ -
5th nsys (kWh/mol)  specific thermal energy consumption per mole® -
5th V.sys (kWh/m3)  specific thermal energy consumption per unit of volume! -
eth m.sys (kWh/kg)  specific thermal energy consumption per unit of mass" -

se7  Note: The symbols of TOPs stand synonymously for both, their respective instantaneous values (see section A.1.1 and section A.1.2) and
ses  average values (see section 8.2.1, section 8.2.2, section A.2.1 and section A.2.2).
ses 2@ Calculated by equation (3.2.6).

s70 P See footnote 9.

571 © Calculated by equation (3.2.1a).

s72 9 Calculated by equation (3.2.1b).

573 © Calculated by equation (3.2.1¢).

s74 f Calculated by equation (3.2.9a).

s75 9 Calculated by equation (3.2.9b).

s76 N Calculated by equation (3.2.9¢).

s77 ' Calculated by equation (3.2.11a).
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3.2.11b).
3.2.12a).
3.2.12b).
3.3.1a).
3.3.1b).
3.3.1c).
3.3.2a).
3.3.2b).
3.3.20).
3.3.3a).
3.3.3b).
3.3.30).

i Calculated by equation
k Calculated by equation
L Calculated by equation
M Calculated by equation
" Calculated by equation
° Calculated by equation
P Calculated by equation
9 Calculated by equation
Calculated by equation
Calculated by equation
Calculated by equation
Calculated by equation

r
S
t
u

It is recommended to sample test parameters at a minimum sampling rate of 1 Hz. When this is not possible,
the minimum sampling rate common to all test parameters except the molar concentration of hydrogen in the
product gas should be the sampling rate of the test parameter exhibiting the lowest sampling rate.

Depending on the time required between two successive intervals for gas sampling and analysis, the test
parameter exhibiting the lowest sampling rate can be the molar concentration of hydrogen in the product gas,
T n,sys,Hy» S€€ also note h of Table 6.1.

5.2 Water electrolyser/high-temperature electrolyser

Schematically displayed in Figure 5.2, the TIPs and TOPs listed respectively in Table 5.3 and Table 5.4 are used
to determine the EPIs of a water electrolyser/high-temperature electrolyser.

Figure 5.2: Schematic of test input parameters and test output parameters for a water
electrolyser/high-temperature electrolyser.
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Note, Pei dc,we is the input DC electric power, see equation (3.4.2b); piye, Plye, Pl in @nd Pyt in are respectively
the input pressure of heat transfer fluid i, hydraulic/pneumatic fluid j, water (steam) and sweep gas; T, T\J'NE,
Tyt and Ty , are respectively the input temperature of heat transfer fluid i, hydraulic/oneumatic fluid j,
water (steam) and sweep 4as; ¢\, we, 4 wein @0 ¢oewe in are respectively the input mass flow rate of heat
transfer fluid i, water (steam) and sweep gas; pye out: pv?,g outr PWE.out @nd pwe,n, are respectively the output
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pressure of water (steam), oxygen, sweep gas and product gas (hydrogen);'3 TWE, outs T\,?g outs T\f,gout and Twe, n,

are respectively the output temperature of water (steam), oxygen, sweep gas and product gas (hydrogen);'*
. WE, out: qr?fwaout and ¢, e in are respectively the output mass flow rate of water (steam), oxygen and sweep
gas; g5, is the product gas molar flow rate and #'}\5, is the molar concentration of hydrogen.

Table 5.3: Test input parameters for a water electrolyser/high-temperature electrolyser

Symbol (unit) Description Control accuracy (unit)
Py dcwe (kW) DC electric power 0,3 %
qm wein (K/s)  input mass flow rate of water (steam) 2%
PWE,in (kPa) input pressure of water (steam) 2%
Twe.in (K) input temperature of water (steam) 2K
q‘m,WE (kals) mass flow rate of heat transfer fluid i? 2%
plye (kPa) pressure of heat transfer fluid i 2%
Tie (K) temperature of heat transfer fluid i® 2K
an'WE (mol/h) molar flow rate of hydraulic/pneumatic fluid j° 2%
pwa (kPa) pressure of hydraulic/pneumatic fluid 2%
T\j,\,E (K) temperature of hydraulic/pneumatic fluid j¢ 2K

Note: Primarily, the input of liquid water is with reference to AWE, AEMWE, BPMWE and PEMWE while steam is solely with reference to HTE
whether SOE or PCE.

2 Except for water (steam) as heat transfer, i may stand for air, fuel or sweep gas.

® Required to look up cl,.

¢ Except for steam as a pneumatic fluid, j may stand for air.

d Required to look up V..

Table 5.4: Test output parameters for a water electrolyser/high-temperature electrolyser

Measurement
Symbol (unit) Description accuracy (unit)
2\, (mol/mol)  molar concentration of hydrogen 0.01 (mol/mol)
qne.: (mol/h) product gas molar flow rate 2%
qng, (mol/h) molar flow rate of hydrogen? -
DPwe H, (kPa) pressure of hydrogen® 2%
Twe,n, (K) temperature of hydrogen® 2K
EZ:I’WE specific energy consumption per mole of hydrogen® -
eE:&WE specific energy consumption per unit of volume of hydrogen? -
52111,\1\/5 specific energy consumption per unit of mass of hydrogen® -
52'1,Tn,w5 specific electric energy consumption per mole of hydrogen’ -
521,T\/,WE specific electric energy consumption per unit of volume of hydrogen® -
€ Bim, WE specific electric energy consumption per unit of mass of hydrogen” -
E'E)HTn,WE specific thermal energy consumption per mole of hydrogen' -
53'1TV,WE specific thermal energy consumption per unit of volume of hydrogen/ -
eg']jrm’WE specific thermal energy consumption per unit of mass of hydrogen® -

Note: The symbols of TOPs stand synonymously for both, their respective instantaneous values (see section A.1.3) and average values (see
section 8.2.3 and section A.2.3).

2 Calculated by equation (3.4.3).
b See footnote 9.

¢ Calculated by equation (3.4.1a).
d Calculated by equation (3.4.1b).
€ Calculated by equation (3.4.1c).
f Calculated by equation (3.4.4a).
9 Calculated by equation (3.4.4b).
h Calculated by equation (3.4.4c).
i Calculated by equation (3.4.5a).
i Calculated by equation (3.4.5b).
k Calculated by equation (3.4.5c).

The sampling rate of the test parameters of WES/HTEs should be the same as suggested for WE systems, see

section 5.1.

13
14

See footnote 9.
See footnote 9.

22



633

634

635

637

638

639

640

642

644

645

6 Measurement set-up

Note, in the near future, the likely use of artificial intelligence (Al) based work flows of electrolysis processes to
regularly monitor and periodically optimise the energy performance of a water electrolyser/high-temperature
electrolyser or WE system will entail a greater amount of instrumentation to be built-in ex-ante.

This will necessitate employing many more sensors and other measuring devices as compared to current
practices especially when deploying ML algorithms (ISO and IEC, 2017) and a digital twin (ISO, 2022) of a
water electrolyser/high-temperature electrolyser or WE system to reliably perform on-demand grid services or
be integrated into a continual industrial process requiring hydrogen. Then, most of the needed measurement
instrumentation (devices and sensors) may already be included in the water electrolyser/high-temperature
electrolyser or WE system ex-factory.

6.1 Water (steam) electrolyser system

Besides system internal control and measurement devices, the measurement instrumentation recommended to
measure the TIPs and TOPs of a WE system is given in Table 6.1.

Table 6.1: Recommended measurement instrumentation for testing a WE system

Instrumentation Parameter measured Symbol (unit) Quantity (minimum)
Power meter AC electric power? P ac (KW) 1b
DC electric power? Pei dc (kW) 1b
Flow meter mass flow rate of water (steam) ¢, ;, (ka/s) 1°
mass flow rate of fluid i q+, (kals) 1d
mass flow rate of fuel qF, (ka/s) 1¢
molar flow rate of fluid j ¢~ (mol/h) 1f
product gas molar flow rate @n,sys,out (Mol/h) 1
Pressure sensor pressure of water (steam) D (kPa) 1¢
pressure of fluid i p' (kPa) 1
pressure of fuel of (kPa) 1¢
pressure of fluid j P (kPa) 1f
product gas pressure9 Dsys, Hy (KPA) 1
Temperature sensor temperature of water (steam) T (K) 1¢
temperature of fluid i P (K) 1
temperature of fuel T (K) 1¢
temperature of fluid j T (K) 1f
product gas temperature? Tsys h, (K) 1
Gas analyser" molar concentration of hydrogen  xn sys 1, (Mol/mol) 1

Note: Especially temperature sensors such as thermocouples can be subject to faults. It is advised to account for their redundancy.

@ An alternating current (AC) (direct current (DC)) power meter may besides the value of Peyac sys (Pel dcsys) provide simultaneously for
values of Uag, sys (Udc, sys), Tac, sys (Zdc, sys) and cos .

b In case a WE system has more than one PoC, the number of power meters shall match the number PoCs unless a single power meter can
provide for the measurement at more than one PoC simultaneously.

€In case a WE system has more than one PoC, the number of flow meters shall match the number of PoCs. The same applies to the number
of sensors required for measuring pressure and temperature. For example, a WE system have one PoC for the input of liquid water and
another PoC for steam input. In such case two different flow meters, two pressure sensors and two temperature sensors are required.

d Depending whether or not other fluid(s) than water (steam) transfer heat/cold to the WE system (i. e. sweep gas).

€ Depending whether or not fuel is supplied to the WE system.

f Depending whether or not hydraulic/pneumatic fluid(s) enter the WE system (i. e. compresed air, pressurised steam, etc).

9 See footnote 9.

h Conditional on the intended use of the generated hydrogen in upstream processes or customer requirements, product gas sampling and
analysis may be employed merely as a quality control (QC) measure, for example, to check on oxygen content using a oxygen meter and
residual humidity using a dew point meter. More strictly implemented, product gas analysis may be employed as a regular means of quality
assurance (QA).

The various devices and sensors used in the measurements shall be synchronised in time and sampling frequency
so that the values of the TIPs and TOPs are acquired in the same instant during a sampling interval.

Remark, accurate temperature measurements of a fluid require appropriate insulation of its containment
against unintended thermal losses including the point of measurement where the temperature sensor is located.
Accurate measurements of fluid pressure and flow require leak-tight piping of the fluid concerned including at
the point of measurement where the pressure sensor and the flow meter are respectively located.
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Preferably, the location for measuring fluid temperature, pressure and flow is the same. It should be near the
fluid’s PoC to the WE system. The sampling of the product gas to analyse the molar concentration of hydrogen
should ideally occur at the PoC where the product gas exits the WE system.

The input electric power of the WE system should ideally be measured at its PoC or PoCs to the WE system.

6.2 Water electrolyser/high-temperature electrolyser

The measurement instrumentation recommended to measure the TIPs and TOPs of a water electrolyser/high-
temperature electrolyser is given in Table 6.2.

Table 6.2: Recommended measurement instrumentation for testing a water electrolyser/high-temperature

electrolyser
Instrumentation Parameter measured Symbol (unit) Quantity (minimum)
Power meter DC electric power? Pey gc we (KW) 1°
stack current? Tgcwe (A) -b
stack voltage? Udewe (V) -b
Flow meter mass flow rate of water (steam) ¢ we i (ka/s) 1
mass flow rate of fluid i @ we (Ka/s) 1¢
molar flow rate of fluid j ¢ we (molh) 14
product gas molar flow rate Gn,out (Mol/h) 1
Pressure sensor pressure of water (steam) DPWE,in (kPa) 1
pressure of fluid i Py (kPa) 1¢
pressure of fluid j Plye (kPa) 14
product gas pressure® DPwe H, (kPa) 1
Temperature sensor temperature of water (steam) TWe, in (K) 1
temperature of fluid i Tye (K) 1°
temperature of fluid j The (K) 14
product gas temperature® Twe n, (K) 1
Gas analyser molar concentration of hydrogen x‘rﬁ’% (mol/mol) 1

Note: Especially temperature sensors such as thermocouples can be subject to faults. It is advised to account for their redundancy.

2 A power meter to measure the DC electric power may besides the value of Pl dc,we provide simultaneously for values of Uqcwe as a
measure of voltage loss (degradation) and I4c, we as a measure for the production rate (yield) of hydrogen.

b In case the WE/HTE has more than one stack, the number of power (ampere and volt) meters should be more than one unless a single of
such meter can provide for the measurement of more than one stack simultaneously.

¢ Depending whether or not another fluid than water (steam) transfers heat to the WE/HTE (i. e. air in SOE).

d Depending whether or not another fluid than pressurised steam transfers compression power to the WE/HTE (i. e. compressed air in SOE).
€ See footnote 9.

f See note h of Table 6.1.

For a water electrolyser/high-temperature electrolyser, PoCs refer to the input and output connections of
electricity and fluids.

24



686

687

688

689

690

691

7 Test safety

In water electrolysers/high-temperature electrolysers and WE systems, hazards may especially arise from
e hydrogen and oxygen gases,

e alkaline electrolyte, hot water, steam and other fluids (combustible fuel, compressed air, hydraulic oil, etc)
as well as

e high temperature, high pressure and high voltage.

During installation, commissioning, operation including quiescence (standby) and maintenance as well as
decommissioning, safety requires due care and vigilance by all persons involved. The entity carrying out the
testing should comply with the occupational health and safety (OHS) requirements of 1SO 45001:2018 (ISO,
2018).

Tests on a water electrolyser/high-temperature electrolyser or WE system!® shall be conducted in accordance
with the applicable legislation as well as granted licenses and issued permits so as to pose no harm and
unacceptable risk to humans, property and the environment.

ISO has published guidance regarding basic safety considerations for hydrogen systems (ISO, 2015)® which
shall be observed while performing tests. Additionally, IEC published guidance on the classification of areas
where explosive atmospheres can occur (IEC, 2020) which shall also be followed.

In the European Economic Area (EEA),'7 the ATEX Directives 2014/34/EU (European Parliament and Council,
2014b) and 94/9/EC (European Parliament and Council, 1994) apply.'8

In addition, the WE system should comply with other EU legislation such as the electromagnetic com-
patibility (EMC) Directive 2014/30/EU (European Parliament and Council, 2014a),'® the Low-Voltage Dir-
ective (LVD) 2014/35/EU (European Parliament and Council, 2014c),%° the general product safety Directive
2001/95/EC (European Parliament and Council, 2001),2! the machinery Directive 2006/42/EC (European Parlia-
ment and Council, 2006)?? and the Pressure Equipment Directive (PED) 2014/68/EU (European Parliament and
Council, 2014d).23

Generally, electrolysers or systems which do not conform to these EU legislation shall not be subject to
testing within the EEA.

15 Note, working group (WG) 32 of IS0 Technical Committee (TC) 197 currently prepares the approved working item (AW1) IS0 22734-2
Hydrogen generators using water electrolysis - Industrial, commercial, and residential applications - Part 2: Testing guidance for
performing electricity grid service".

16 Currently, WG 29 of 1SO TC 197 reviews this Technical Report (TR).

17 At present, this comprises the territories of the EU, Island, Norway and Liechtenstein. It also applies to Switzerland under a Mutual
Recognition Agreement (MRA) and Turkey under a Customs Union Agreement (CUA) with the EU.

18 The EC publishes guidance online at https://single-market-economy.ec.europa.eu/single-market/
european-standards/harmonised-standards/equipment-explosive-atmospheres-atex_en.

19 The EC publishes guidance online at https://single-market-economy.ec.europa.eu/sectors/
electrical-and-electronic-engineering-industries-eei/electromagnetic-compatibility-emc-directive_en.
20 The EC publishes guidance online at https://single-market-economy.ec.europa.eu/sectors/

electrical-and-electronic-engineering-industries-eei/low-voltage-directive-1lvd_en.
2L The EC publishes guidance online at https://single-market-economy.ec.europa.eu/single-market/
european-standards/harmonised-standards/general-product-safety_en.

22 The EC publishes guidance online at https://single-market-economy.ec.europa.eu/sectors/
mechanical-engineering/machinery_en.
23 The EC publishes guidance online at https://single-market-economy.ec.europa.eu/sectors/

pressure-equipment-and-gas-appliances/pressure-equipment-sector/pressure-equipment-directive_en.
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8 Test method and data reporting

8.1 Test conduct and measurement of test parameters

Prior to the measurement of the TIPs and TOPs, the water electrolyser/high-temperature electrolyser or WE sys-
tem shall be operated under steady-state at the operating conditions specified by the manufacturer namely rated
input power (P,), pressure and temperature of hydrogen generated and put out by the water electrolyser/high-
temperature electrolyser or WE system (conditioning phase). A duration of 30 minutes is recommended for this
phase of the test.

Unless otherwise specified by the manufacturer, steady-state operation is considered achieved when

- the temperature of the water electrolyser/high-temperature electrolyser (as specified by the manufacturer)
deviates during a specified duration from its setting by not more than a specified value and successively,

- the product gas molar flow rate exiting the water electrolyser/high-temperature electrolyser or WE system
deviates for the same length of time from its setting by not more than a specified value (stability criterion).

A value of &+ 2 K for LTWE and + 5 K for HTSEL consecutively measured during 30 minutes is recommended
as deviation from the temperature setting of the water electrolyser/high-temperature electrolyser. A value of
+ 5 % is recommended as stability criterion for the deviation of the product gas molar flow rate.

For the actual test during which TIPs and TOPs shall continuously be measured at their respective sampling
rates, the water electrolyser/high-temperature electrolyser or WE system shall be operated for a specified
duration under the same conditions as prevalent during the preceding conditioning phase including meeting the
stability criterion for the entire duration of this DAQ phase. A duration of one hour is recommended for the
DAQ phase of the test. This ensures a sufficient number of data points (L) are acquired for all test parameters
relevant to determine the sought EPI.

Consequentially, L=3600 is recommended as the number of data points considering a sampling rate of 1
Hz for the test parameters and one hour duration for the DAQ phase. In any case, the choice for the number
of data points shall be consistent with the sampling rate of all relevant test parameters and the duration of the
DAQ phase to allow statistically meaningful EPI estimation, see also Annex A.

In case the specific energy consumption is to be determined also for a fraction or a multiple of the rated
input power, a different pressure and/or a different temperature of hydrogen, these operating conditions shall
accordingly be adjusted for the conditioning phase and the DAQ phase of the test preferably without changes
to the duration of either test phase.

Remark, neither should an external supply of hydrogen to the WE system nor a storage of hydrogen in the
system be used during the DAQ phase of the test. Proper measures should nevertheless be taken to prevent
the oxidation of metals in SOC cermet electrodes of HTE stacks using additions of hydrogen gas. In any case, a
system internal hydrogen storage should completely be filled prior to the test and the test should not end until
such storage is replenished.

8.2 Reporting of energy performance indicators
In a test report (see Annex B), the EPIs estimated as TOPs should be reported as:

e the average (arithmetic mean) values (JCGM, 2008) of TOPs namely

- the specific energy consumption per mole (2 s), €21 &ys. ev,sys and unit
mass (€2 sysh €om,sys Of hydrogen generated and put out by the WE system tested under SATP

conditions, see equation (8.2.1),

g2 unit volume (£ v s,6), €0

- the specific electric energy consumption per mole (¢ 21, nsys) égl,n,sys, of hydrogen generated and put

out by the WE system tested under SATP conditions, see equation (8.2.3),

- the specific thermal energy consumption per mole (¢, , o), €9 1 s> OF hydrogen generated and put

out by the WE system tested under SATP conditions, see equation (8.2.5),

- the energy efficiency based on HHV (1)84y e ys): T5kv,e,sys @Nd LHV (n01y ¢ oy6): 7104, e, sy OF hydrogen
generated and put out by the WE system tested under SATP conditions, see equation (8.2.7),

- the electrical efficiency based on HHV (34 e sys) Thhv.elsys @nd LHY (034 aisys) M0, elsyss OF
hydrogen generated and put out by the WE system tested under SATP conditions, see equation (8.2.9),

- the specific energy consumption per mole (€21 «s), 0 sys, Unit volume (2, =P7 __and unit

eV, sys)' Ee,\/, sys
mass (e 5;;, sysh éSjIn, sys, Of hydrogen generated and put out by the WE system tested under hydrogen

output conditions, see equation (8.2.11),
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764 - the specific electrlc energy consumption per mole (e§; | Sys) EE'IL,SVS, unit volume (e g VSyS) ’EITVSVS,
765 and unit mass (5 el m.sys) 551,,“,%, of hydrogen generated and put out by the WE system tested under
766 hydrogen output conditions, see equation (8.2.13a),

767 - the specific thermal energy consumption per mole (¢%' thn S,ys) thTn sys» UNIt volume (£?1 v, Sys) éthV -

768 and unit mass (eth m, sys) et"hTm sys’ of hydrogen generated and put out by the WE system tested under
769 hydrogen output conditions, see equation (8.2. lSa)

770 - the speaﬁc energy consumption per mole (e T we) 52 nwe, Unit volume (¢ VWE) aE:&WE, and unit
m mass (& WE) 5E,L,WE, of hydrogen generated by the water electrolyser/high-temperature electro-
772 lyser tested under hydrogen output conditions, see equation (8.2.17),

73 - the specific electric energy consumption per mole (%7 \e), £51, we, unit volume (51, we), 51 we
774 and unit mass (h el m, WE ) EZi,Tm,WE’ of hydrogen generated by the water electrolyser/high-temperature
775 electrolyser tested under hydrogen output conditions, see equation (8.2.19) and

776 - the specific thermal energy consumption per mole (55F1,Tn,we)’ g?HTn,WE' unit volume (e f};Tv‘WE), g?ﬁTv,WE’
777 and unit mass (e fH’Tm’WE), 3 FtJH,Tm,WE' of hydrogen generated by the water electrolyser/high-temperature
778 electrolyser tested under hydrogen output conditions, see equation (8.2.21)

779 e along with their combined standard uncertainties (u.) (JCGM, 2008) defined as positive square root of the
780 combined standard variance (u2) of TOPs namely

781 - the specific energy consumption per mole (2 o), u? (£2,), unit volume (8, o), u? (£24.)
782 and unit mass (¢2 ., o6), u2 (€2 1 ,s), OF hydrogen generated and put out by the WE system tested
783 under SATP condltlons see equation (8.2.2),

784 - the specific electric energy consumption per mole (€3, ¢s), u% (€9 5ys), Of hydrogen generated and
785 put out by the WE system tested under SATP conditions, see equation (8.2.4),

786 - the specific thermal energy consumption per mole (¢, . ), u? <5th, Sys), of hydrogen generated and
787 put out by the WE system tested under SATP conditions, see equation (8.2.6),

788 - the energy efficiency based on HHV (2 e ys) 4% (753, e,5s) @Nd LHY (004 o ys) 13 (13hv,e.oys)» OF
789 hydrogen generated and put out by the WE system tested under SATP conditions, see equation (8.2.8),
790 - the electrical efficiency based on HHV (1734y, ei sys) %% (M8hv, el sys) @Nd LHV (04y o1 oys) 42 (10, el sys)
791 of hydrogen generated and put out by the WE system tested under SATP conditions, see equa-
792 tion (8.2.10),

793 - the specific energy consumption per mole (27, sys), u2 (eg;lys) unit volume (e§ VSyS) u? (EE:;SVS)
754 and unit mass (e, sys), u> (e Ej;,sys), of hydrogen generated and put out by the WE system tested
795 under hydrogen output conditions, see equation (8.2.12),

7%6 - the specific electric energy consumption per mole (62i,1;1,sys)' u? (52i,Tsys): unit volume (EEi,Tv,sys):
797 u? (84,5) and unit mass (57 .), u? (e, s), Of hydrogen generated and put out by the
798 WE system tested under hydrogen output conditions, see equation (8.2.14),

799 - the specific thermal energy consumption per mole (Efﬁ,Tn,sys)’ u? (55{5\/5), unit volume (5?;1,TV’SVS),
800 u? (E'E)H,Tv,sys) and unit mass (? th m Sys) u? (5fr']’Tm’ Sys), of hydrogen generated and put out by the WE
801 system tested under hydrogen output conditions, see equation (8.2.16),

802 - the specific energy consumption per mole (8] e), u2 (2] e ), unit volume (8 ye), w2 (€20 we)
803 and unitmass (& T weh u? (e Q;WE) of hydrogen generated by the water electrolyser/high-temperature
804 electrolyser tested under hydrogen output conditions, see equation (8.2.18),

0 - the specific electric energy consumption per mole (5, ye), u2 (%7 we), unit volume (%, ye),
80 u? (%, we) and unit mass (%], we), u? (e%7, we), of hydrogen generated by the water electro-
807 lyser/high-temperature electrolyser tested under hydrogen output conditions, see equation (8.2.20)
808 and

a08 - the specific thermal energy consumption per mole (5{’,;,TH,WE), u? (5?H,Tn,we)' unit volume (e vws)
810 u? (5, we) and unit mass (5" 0), uZ (51 ), of hydrogen generated by the water electro-
811 lyser/high-temperature electrolyser tested under hydrogen output conditions, see equation (8.2.22).

s> Remark, the multiplier or coverage factor (k) (JCGM, 2008) by which the estimated combined standard uncer-
s1s  tainties are to be multiplied and reported should be taken as k=3, see equation (A.3.1). It is to associate test
s« results with an interval of uncertainty at a level of confidence greater than 99 %.

815 The test conditions whether SATP conditions or actual hydrogen output conditions along with the operating
s conditions such as input power, pressure and temperature of hydrogen shall also be reported, see section B.2.
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8.2.1 Water (steam) electrolyser system tested under SATP conditions

Using equation (3.2.1), the averages of the specific energy consumption per mole (¢9 ), €0

ensys) €en sys UNIt volume
(€2 1,sy) E9v,sys @nd unit mass (2, ), €9 1 5,5, OF hydrogen generated and put out by a WE system tested

under SATP conditions are respectlvely calculated as

L
ensys (kWh/m0[ Z ensysl kWh/mOl)» (821&)
kWh/mol
g0\ 55 (kWhim?) = e”sys( . mob ~ 40, 34 (mol/m?) - £2 . . (kWh/mol) and (8.2.1b)
Vm h, (M°/mol)
n svs (KWh/mol
0 msys (KWhikg) = Senss | ) 495,05 (mol/kg) - £ 4,6 (KWh/mol); (8.2.1c)

my, (kg/mol)

52, nsys | IS given by equation (A.1.1a). Correspondingly, the combined standard variances of the specific energy
consumption per mole (2, ), u2 (£24), unit volume (2, .), u? (2,,) and unit mass of hydrogen

(€9 moys) u2 (€2 sys ), are respectively calculated as

u? (g2 4s) (kWhimol)* = (£2 o/ kWh/mol)) 2 (Psys,in)
( gn sys kWh/mOl)) ( (‘Tn sys, Hz) + Sr2 (Qn, sys,out)) , (8.2.2a)
%(agsys) (kWh/mol)?

u? (£2,4s) (KWh/m?)? ~ 1,63 10% (mol/m?®)? - w2 (e2,.) (kWh/mol)?

(Vinws (M3/moD))?

(8.2.2b)
and
2.0 o _ e (285ys) (KWh/mol)? 5 2
U2 (2211 4y5) (KWhikg)? = e g~ 2145+ 10° (malia) cu? (£2,,.) (kWhimol)?;
(8.2.20)
EQnsys U (Psysiin) £2 1 sysr 57 (Znsys,Hy) @nd s7 (¢n,sys,0ut) are respectively given by equation (A.2.2b), equa-

tion (A.3.4a), equation (A.2.2a), equation (A.3.4m) and equation (A.3.4n).

Using equation (3.2.9), the average of the specific electric energy consumption per mole (€3, os) Eonsyss
of hydrogen generated and put out by a WE system tested under SATP conditions is calculated as

kWh/mol) = Z €2 nsys, (KWh/mol), (8.2.3)

el n,sys (

Sl nsys, 1S @iven by equation (A.1.1b). Correspondingly, the combined standard variance of the specific electric
energy consumption per mole (€9, , 5,¢), % (e SLSVS), of hydrogen is calculated as

- 2
u? (£Q,5s) (KWhimol)® = (&9, /s (KWH/MOD))™ u? (Pesys)
+ (g2 nsys (kWh/mol)) (2 (@ n,sys,t) + 57 (@nsys,out)) » (8.2.4)
EQnsys Uf (Pelsys)s € nsys 57 (Znsyshy) @and s7 (qn,sys,0ut) are respectively given by equation (A.2.3b), equa-
tion (A.3.4b), equation (A.2.3a), equation (A.3.4m) and equation (A.3.4n).

Using equation (3.2.10), the average of the specific thermal energy consumption per mole (g9 Cthn, Sys) E?h,nysys, of
hydrogen generated and put out by a WE system tested under SATP conditions is calculated as
1 L
0 nsys (KWh/mol) = Zs & n syt (kWh/mol), (8.2.5)

=1

E’h nsys,| 1S given by equation (A.1.1c). Correspondingly, the combined standard variance of the specific thermal

energy consumption per mole (2 thn sys) u? (E?h‘sys), of hydrogen is calculated as
uQC ( Eth Sys) (kWh/mol)? ( Ethn,sys (kWh/mol)) f (Pt sys,in)
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2
+ (e, nsys (KWh/mol)) (57 (znsystz) + 57 (ansys,out)) - (8.2.6)

531, n.sys’ u? (Pih sys,in) g?h, n.sys’ 52 (T sys,H,) @Nd s2 (qn,sys,out) are respectively given by equation (A.2.4b), equa-
tion (A.3.4c), equation (A.2.4a), equation (A.3.4m) and equation (A.3.4n).

Using equation (3.2.11), the averages of the energy efficiency based on HHV (5 e sys): 7Ry, e,sys @Nd LHV
of hydrogen (% e sys): 1Chv, e,sys aTe respectively calculated as
1
ﬁSHV,e,sys (%) :Z ZnSHV,e,sys,l (%) and (8273)
=1
1 L
ﬁEHV,e,sys (%) :Z ZUEHV,e,sys,l (%)5 (8.2.7b)

l

I
-

ngHV,e,sys,l and UEHv,e,sys,l are respectively given by equation (A.1.2a) and equation (A.1.2b). Correspondingly,
the combined standard variances of the energy efficiency based on HHV (3 ¢ oys) 42 (794, e,sys) @nd LHV of
hydrogen (04, e sys) %% (1104, e,sys) are respectively calculated as

2
uzc (nSHV,e,sys) (%)2 = (ﬂgHvye'sys (%)) (3? (xn,sys,Hz) + 5r2 (qn,sys,out)) + (ﬁIC-I)HV,e,sys (%))2 ur2 (Psys,in)
(8.2.8a)

and

2
u2c (nEHV,e,sys) (%)2 = (ﬂcL)Hv,e,sys (%)) (5? (xn,sys,Hz) + 3r2 (QH,sys,out)) + (ﬁl?HV,e,sys (%))2 Ur2 (Psys,in)§
(8.2.8b)

ﬁaHv,e,sys’ 57 (Tn,systa), 57 (n,sys,out), ﬁSHV,e,sys' uf (Psys,in), QEHVVQ,SVS and ﬁl(_)HV,e,sys are respectively given by
equation (A.2.2c), equation (A.3.4m), equation (A.3.4n), equation (A.2.2d), equation (A.3.4a), equation (A.2.2e)
and equation (A.2.2f).

Using equation (3.2.12), the averages of the electrical efficiency based on HHV (134y e sys) 78Hv.elsys @nd
LHV of hydrogen (1% e sys): THv el sys» @€ respectively calculated as

L
_ 1 _
nSHV,el,sys (%) :Z anHV,el,sys,l (%) ~1,18- nEHV,el,sys (%) and (8.2.9a)
=1
1 L
77IE)HV,el,sys (%) :E Z 77E"N,el,sys,l (%) ~0,85- ﬁlc-I)HV,el,sys (%); (8.2.9b)
=1

Bk, elsyst AN 704y e sys, are respectively given by equation (A.1.3a) and equation (A.1.3b). Correspondingly,
the combined standard variances of the electrical efficiency based on HHV (1784y ei sys)» 42 (v, el sys) @nd LHV
of hydrogen (7% e sys) U2 (134 el sys) Are respectively calculated as

2 5 2
W2 (Metsrs) (7 = (M0 ermge () (52 (@) + 52 (@nsysnt)) + (Tf,etys (%)) 02 (Pesys)
(8.2.10a)

and

2 5 2
(5r2 (xn.sys,Hz) + 5r2 (Qn,SVS.Out)) + (WEHv,el,sys (%)) Urz (Pel.sv5)3

(8.2.10Db)

U2c (WEHV,el,sys) (%)2 = (ﬂ(L)HV,el,sys (%)>

ﬂaHv, el,sys’ 57 (Tnsys,z), 57 (qn,sys,out), 77SHv,el, sys’ uf (Pelsys), ﬂCL)HVV el sys and ﬁlc_)HV,el,sys are respectively given by
equation (A.2.3c), equation (A.3.4m), equation (A.3.4n), equation (A.2.3d), equation (A.3.4b), equation (A.2.3e)
and equation (A.2.3f).

8.2.2 Water (steam) electrolyser system tested under hydrogen output conditions

Using equation (3.3.1), the averages of the specific energy consumption per mole (¢ Sjl, sysh égj;sys, unit volume

(€27, eys) €V, 5ys @nd unit mass (21, sys), €2 sys, Of hydrogen generated and put out by a WE system tested
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under hydrogen output conditions are respectively calculated as

L

52 n,sys (kWh/mOl Z e n, sys l kWh/mOl)a (8.2.113)

kWh/mol)

g7 s (kWhim?) _E‘;/” s (( o 2 (82.11b)
m, Ho
-p, T
Eensys (kWh/mol)
b m os (kWh/kg) = s, (kgimol) ; (8.2.11¢)

ehT | is given by equation (A.1.4a). Correspondingly, the combined standard variances of the specific energy

e,n,sys,
consumption per mole (e27 ,s), u? (€84ys), unit volume (24 ), w2 (¢27..) and unit mass of hydrogen

(€8 M sys), u2 (€81 sys), are respectively calculated as

u? (21.) (kWhimol)? = (227 . .. (kWhimol))” u? (Pays in)
pT 2
e, Y 2 r 5 5 L.
+ (€8nsys kWh/mol) (57 (Tnsyst) + 57 (dnsysout)) » (8.2.12a)
u? (£85,5) (KWh/m?)2

&5y and (8.2.12b)
(Vin,ty (m?/mol))”

: kwh
UQC (Ee m, Svs) (kWh/kg ) uc (69 VSys) ( /m? )

u? (€87 ,5) (kWh/m?)?

(8.2.12¢)

(m, (kg/mol))

ER N s U2 (Psysiin) E0m sysr 52 (T sys, i) @nd 52 (qn sys.out) are respectively given by equation (A.2.5b), equa-

tion (A.3.4a), equation (A.2.5a), equation (A.3.4m) and equation (A.3.4n).
Using equation (332) the averages of the speuﬁc electric energy consumption per mole (? éz’lTn sys’
gPt ghT

unit volume (e§; Sys) el v,sys @nd unit mass (e§ el m.sys) € el,m,sys OF Nydrogen generated and put out by the WE
system tested under hydrogen output conditions are respectlvely calculated as

el n sys)

27 o5 (KWhimol) = Z ey (kWh/mol), (8.2.13a)
(KWh/m?) _ Elinss (WH/mob) (8.2.13b)
el Vsys Vm,H2 (m /mol)
=PT _ _ (kWh/mol
Eel m, sys (kWh/k ) 69[ . ( ) 5 (8213C)

H, (kg/mol)

elTsysl is given by equation (A.1 4b) Correspondingly, the combined standard variances of the specific electric
energy consumption per mole (e &7, ;) u2 (5 5,s), unitvolume (&1, 5 ), u2 (€8 ,5,s) and unit mass of hydrogen
(e ELTm,SyS), u? (e ELTm, oys)» are respectively calculated as
u? (5%,s) (kWhimol)® = (&8 oy (kWhimol))” u? (Pey sys)
+ (6 el,n,sys (kWh/mOl)) ( (xn sys, Hz) =+ Sr2 (Qn, sys,out)) > (8.2.14a)
u? (kWh/mol)?
u ( eleys) (kWh/m 3) C( Cel SyS) and (8.2.14b)

(Vi 1, (M /mol))

u? (e %,s) (KWh/mol)?

u? (8T ys) (kWhikg)? =— (8.2.14¢)

(mu, (kg/mol))®

521;,”5, u? (Peysys), in,Tn,sys, 82 (@ n,sys Hy) @Nd 52 (qn sys.out) are respectively given by equation (A.2.5d), equa-

tion (A.3.4b), equation (A.2.5c), equation (A.3.4m) and equation (A.3.4n).

Using equation (3 3.3), the averages of the specific thermal energy consumption per mole (eth N Sys) étpth sys?
unit volume (a v, Sys) éthV oys and unit mass (5th m Sys) 5thm sys’ of hydrogen generated and put out by the WE
system tested under hydrogen output conditions are respectlvely calculated as

L

gth n,sys (kWh/mOl Z h n,sys, | kWh/mOl)’ (8.2.15&)
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Eth nsys (KWh/mol)

—-nT 3

thvSys (kWh/m?) = Vo, (mimoD and (8.2.15b)
,pT
Ethn kWh/mol

BT e (KWhikg) =0 ((kg/mol) ); (8.2.15¢)

53’12’ oys,1 IS given by equation (A.1.4c). Correspondingly, the combined standard variances of the specific thermal

energy consumption per mole (athn o) u? (EtpH,Tsys>r unit volume (thTV oys) u? (E?H,Tv,sys> and unit mass of
hydrogen (eth msys) Ut (5 fr‘]’Tm’ Sys), are respectively calculated as
u? (57, ) whimob? = (%7 (kWh/mol)) 2 (P ys.in)
+ (2B (kWh/mol)) (52 (Znsys) + 57 (dnsys,ou)) (82.16a)
u2 (<5, ) (kWhimol?
w2 (2B o) (KWhIM?)2 =22 and (8.2.16b)

(Vi vy (m3/moD)?
u (57,) (Whimol?*

u? (ep‘ ) (kWhkg)? =

th, m, sys

(8.2.16¢)
(my, (ka/mol))?

éﬁth oys’ u? (Pih,sys,in), gtp,fsys, 52 (T sys,H,) @nd 52 (gn,sys,out) are respectively given by equation (A.2.5f), equa-
tion (A.3.4c), equation (A.2.5e), equation (A.3.4m) and equation (A.3.4n).

8.2.3 Water electrolyser/high-temperature electrolyser tested under hydrogen output
conditions

Using equation (3.4.1), the averages of the specific energy consumption per mole (¢2 WE) 52,'l,w5, unit volume
(e2Vwe) E20we and unit mass (21 ), E20 e, of hydrogen generated by the water electrolyser/high-
temperature electrolyser tested under hydrogen output conditions are respectively calculated as

27 we (KWh/mol) = de " we.t (KWh/mol), (8.2.17a)
=1

kWh/mol

By we (KWhjm?) = “Cnue (KWhimol) (8.2.17b)
(Vm e (M3/mol))”

5e n WE (kWh/mol)

(mp, (kg/mol))?

g

(8.2.17¢)

22T e (kWhikg) =

52l we,| IS given by equation (A.1.5a). Correspondingly, the combined standard variances of the specific energy
consumption per mole (2 \e), u2 (€2 we), unit volume (27 ), u2 (2 e) and unit mass of hydrogen

(€21 we), u2 (€21 we), are respectively calculated as

u? (27 ) (kWh/mol)? (enWE (kWhimol))® u2 (Pug,in)

+ ( e n WE (kWh/mol)) ( (:L‘n WE, H2) + S? (Qn,WE,out>) s (8.2.18a)
(kWh/mol)?
u? (2T e) (KWhim3)2 =2 ¢(eln WE) (8.2.18b)
(Eeve) (Viny (m3moD))?

m, Ha
u? (27 we) (kWh/mol)?
(my, (ka/mol))?

u? (21 we) (kWhikg)? = (8.2.18¢c)
g2 we uZ (Pugin), €2 nwe 82 (Tnwen,) and s? (¢n we,out) are respectively given by equation (A.2.7b), equa-
tion (A.3.7a), equation (A.2.7a), equation (A.3.7h) and equation (A.3.7i).

Using equation (3.4.4), the averages of the specific energy consumption per mole (e E’I’Tn’WE), 5_2'1,Tn,we' unit volume
(e we) E% Y\ we and unit mass (%7 ), €57 we Of hydrogen generated by the water electrolyser/high-

temperature electrolyser tested under hydrogen output conditions are respectively calculated as

&8, we (kWh/mol) = Z BT we. (kKWh/mol), (8.2.19a)
=1
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el n, WE (kWh/mOI)
SelVWE (kWh/m?) = Vm - (mPimol) and (8.2.19b)
el nwe (KWh/mol)

Ho (kg/mol)

28w (KWhikg) = ; (8.2.19¢)

521,Tn,w5,1 is given by equation (A.1.5b). Correspondingly, the combined standard variances of the specific electric

energy consumption per mole (%}, we), u? (5, we), unit volume (8, ), u? (¢2 we) and unit mass of

hydrogen (¢ el mwe) U2 (ggifm,WE), are respectively calculated as

u? (e8], we) (kWh/mol)? = (57, e ( kWh/mol))2 uf (Pt oc, we)

+ (g8 el n WE kWh/mol)) (s? (znwe ) + 57 (@nweout)) s (8.2.20a)
[ (kWh/mol
u? (5 we) (KWh/m?)? = 42 (<8 we) (Whimol? (8.2.20b)
v (Vi b (M /mol))
(kWh/mol
2 (5T e) (Whkg)? — e Cene) (WHimol)? (8.2.200)

(my, (kg/mol))?

52'1,Tn,WE: (Pel, dc, we), §El n WE> 52 (znwe ) and s (gnwe out) are respectively given by equation (A.2.7d), equa-

tion (A.3.7b), equation (A.2.7c), equation (A.3.7h) and equation (A.3.7i).

Using equation (3.4.5), the averages of the specific energy consumption per mole (sfHTn_WE), s‘fg‘,Tn,WE, unit volume
(z—:fr']TV we) é?I:]TV we and unit mass (EfHTm we ) 5fH,Tm,WE' of hydrogen generated by the water electrolyser/high-
temperature electrolyser tested under hydrogen output conditions are respectively calculated as

&8 we (KWh/mol) = Zem nwe, (KWh/mol), (8.2.21a)

gb kWh/mol

étpH,Tv,WE (kWh/m?) = t‘h/n \:E Em 3/mol) ) and (8.2.21b)
m, Rz

Eth n,we (kKWh/mol)

H, (kg/mol)

0 we (KWhikg) = ; (8.2.21¢)

53’% we | 1S given by equation (A.1.5¢). Correspondingly, the combined standard variances of the specific thermal
energy consumption per mole (Eg,']’Tn’WE), u? (E?H,Tn,WE)' unit volume (ef, VWE) u? (5?H,Tv,w5) and unit mass of
hydrogen (gth mweh Us (e 5’1,Tm,w5): are respectively calculated as

u? ( €ihn, WE) (kWh/mol) = (£§ th n, WE (kWh/mol))2 7 (Pt we,in)

+ (5], we WWHImOD)® (52 (2w hy) + 52 (G we,out)) (8.2.22a)
p.T kWh/mol
u? (5, we) (KWh/m?) = te (£ we) (kKWh/mol and (8.2.22b)

(Vinhy (m3mol))
u? (5, we) (kWh/mol)

u? (5 we) (kWhikg) = th,n, WE

th, m, WE

(8.2.22¢)

(mp, (ka/mol))?

£ we U2 (Pinwein) €50 wer 52 (0 wehy) and s? (gnwe,out) are respectively given by equation (A.2.7f), equa-

tion (A.3. 7c), equation (A.2.7e), equation (A.3.7h) and equation (A.3.7i).
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9 Conclusions with final remarks

This report provides for a testing procedure to determine the specific energy consumption and specific electric
energy consumption per unit of hydrogen output of WE systems as well as their energy efficiency and electrical
efficiency under SATP conditions allowing to compare different systems and technologies of water (steam)
electrolysers.

Under hydrogen output conditions, this testing procedure determines as EPIs the specific energy consumption,
specific electric energy consumption and specific thermal energy consumption per unit of hydrogen output of
water electrolysers/high-temperature electrolysers and WE systems.

This procedure may be used by the research community and industry alike.
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.« List of Abbreviations and Acronyms

A/S Aktieselskab

AC alternating current

AC/DC alternating current-to-direct current

AEL alkaline water electrolysis

AEMEL anion exchange polymer membrane water electrolysis

AEMWE anion exchange polymer membrane water electrolyser

AG Aktiengesellschaft

Al artificial intelligence

AS Aktsiaselts

ASA Allmennaksjeselskap

ATEX Appareils destinés a étre utilisés en atmospheres explosibles

AWE alkaline water electrolyser

AWI approved working item

BoP balance of plant

BPMEL bipolar polymer membrane water electrolysis

BPMWE bipolar polymer membrane water electrolyser

CEA Commissariat a l'énergie atomique et aux énergies alternatives

CH Switzerland

CH, compressed hydrogen

CHP combined heat and power

Clean H, JU Clean Hydrogen Joint Undertaking

CNR-ITAE Consiglio Nazionale delle Ricerche - Istituto di Tecnologie Avanzate per 'Energia
“Nicola Giordano”

CUA Customs Union Agreement

DAQ data acquisition

DC direct current

DC/DC direct current-to-direct current

DECHEMA Gesellschaft fur Chemische Technik und Biotechnologie e.V.

DG Directorate-General

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

doi digital object identifier

DRI direct reduction of iron

DTU Danmarks Tekniske Universitet

e. V. eingetragener Verein

EC European Commission

EEA European Economic Area

EMC electromagnetic compatibility

EN English

ENEA Agenzia Nazionale per le Nuove tecnologie, 'Energia e lo Sviluppo economico sos-
tenibile

EPI energy performance indicator

ES energy-storage

EU European Union

EUR European Union Report

FBK Fondazione Bruno Kessler

FCH2JU Fuel Cells and Hydrogen second Joint Undertaking

FHa Fundacion para el Desarrollo de las Tecnologias del Hidrégeno en Aragén

FR France

FWC framework contract

FzZJ Forschungszentrum Julich GmbH

GmbH Gesellschaft mit beschrankter Haftung

H-SOE hydrogen ion (proton) conducting solid oxide electrolyser

H2l hydrogen-to-industry

HHV higher heating value

HTE high-temperature electrolyser

HtM hydrogen-to-mobility

HtP hydrogen-to-power

HTSEL high-temperature steam electrolysis
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IEC International Electrotechnical Commission

IEEE Institute of Electrical and Electronics Engineers

IEN Instytut Energetyki - Instytut Badawczy

IFAM Fraunhofer-Institut fur Fertigungstechnik und Angewandte Materialforschung
IKTS Fraunhofer-Institut fiir Keramische Technologien und Systeme
ISBN international standard book number

IS0 International Organization for Standardization

IUPAC International Union of Pure and Applied Chemistry
JCGM Joint Committee for Guides in Metrology

JRC Joint Research Centre

KIT Karlsruher Institut fir Technologie

KPI key performance indicator

L Luxembourg

LH, liquefied hydrogen

LHV lower heating value

LTWE low-temperature water electrolysis

LUT Lappeenranta-Lahti teknillinen yliopisto

LVD Low-Voltage Directive

ML machine learning

MPIM Max-Planck-Institut fir Dynamik komplexer technischer Systeme Magdeburg
MRA Mutual Recognition Agreement

NC North Carolina

NG natural gas

NPL National Physical Laboratory

NTNU Norges teknisk-naturvitenskapelige universitet

NY New York

0-SOE oxygen ion conducting solid oxide electrolyser

OHS occupational health and safety

Oy Osakeyhtid

P-SOE proton conducting solid oxide electrolyser

P2C power-to-chemical

P2F power-to-fuel

P2G power-to-gas

P2H2 power-to-hydrogen

P2L power-to-liquid

P2M power-to-mobility

P2X power-to-X

PCCEL proton conducting ceramic steam electrolysis

PCE proton ceramic electrolyser

PDF portable document format

PED Pressure Equipment Directive

PEMEL proton exchange polymer membrane water electrolysis
PEMWE proton exchange polymer membrane water electrolyser
PNR pre-normative research

PoC point of connection

PV photovoltaic

PWR Politechnika Wroctawska

QA quality assurance

QcC quality control

R&D research and development

R&D&I research, development and innovation

R&l research and innovation

RES renewable energy source

RFB redox flow battery

rms root mean square

rPCE reversible proton ceramic electrolyser

rPEMWE reversible proton exchange polymer membrane water electrolyser
rSOE reversible solid oxide electrolyser

RTO research and technology organisation

SA Société anonyme

SATP standard ambient temperature and pressure
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Sl
SINTEF
socC
SOE
SOEL
SpA
SRIA
TC

TIP
TMA
TNO
TOP
TR
TUB
ucb
ucL™m
URL
USA
VRE
VSCHT
WE
WE system
WG
WP

Systéeme International d’Unités

Stiftelsen for industriell og teknisk forskning
solid oxide cell

solid oxide electrolyser

solid oxide steam electrolysis

Societa per azioni

strategic research and innovation agenda
Technical Committee

test input parameter

technology monitoring and assessment
Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek
test output parameter

Technical Report

Technische Universitdt Berlin

University College Dublin

Universidad de Castilla-La Mancha

uniform resource locator

United States of America

variable renewable energy

Vysoka Skola chemicko-technologicka v Praze
water electrolyser

water (steam) electrolyser system

working group

work programme
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w5 List of Symbols

e,n,sys

0

€ e,n,sys,l

€el

0
5el,n,sys,l

Eel,m
0
Eel, m, sys

p,T

Eel, m, sys

p,T
€ el,m,sys

p, T
€ el,m, WE

_p,T
Eel, m, WE

Eeln
p,T
€ el,n, WE

_p,T
Eel,n,WE

~p, T
Eel,n,WE

p,T
§el,n,WE

p,T
€ el,n, WE, |

=p,T
€ el,n,sys

0
€ el,n,sys
=0
€ el,n,sys
0
Qel, n,sys

~0
€ el,n,sys

p,T
€ el,n,sys
—p, T

€ el,n,sys

p,T
§el, n,sys

specific heat capacity

power factor

specific heat capacity at constant volume

specific heat capacity at constant pressure

specific heat capacity at constant pressure of heat transfer fluid i

specific heat capacity at constant pressure of hydraulic/pneumatic fluid j

specific heat capacity at constant volume of hydraulic/pneumatic fluid j

specific energy consumption

specific energy consumption per mole related to SATP conditions of a water (steam)
electrolyser system

instantaneous specific energy consumption per mole related to SATP conditions of a
water (steam) electrolyser system

specific electric energy consumption

instantaneous specific electric energy consumption per mole related to SATP condi-
tions of a water (steam) electrolyser system

specific electric energy consumption per unit of mass

specific electric energy consumption per unit of mass related to SATP conditions of
a water (steam) electrolyser system

specific electric energy consumption per unit of mass related to hydrogen output
conditions of a water (steam) electrolyser system

average specific electric energy consumption per unit of mass related to hydrogen
output conditions of a water (steam) electrolyser system

specific electric energy consumption per unit of mass related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

average specific electric energy consumption per unit of mass related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser

specific electric energy consumption per mole

specific electric energy consumption related to hydrogen output conditions of a water
electrolyser/high-temperature electrolyser

average specific electric energy consumption related to hydrogen output conditions
of a water electrolyser/high-temperature electrolyser

pseudo-average specific electric energy consumption related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser calculated by equa-
tion (A.2.7d)

pseudo-average specific electric energy consumption related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyserequation (A.2.7¢c)
instantaneous specific electric energy consumption related to hydrogen output con-
ditions of a water electrolyser/high-temperature electrolyser

pseudo-average specific electric energy consumption per mole related to hydro-
gen output conditions of a water (steam) electrolyser system calculated by equa-
tion (A.2.5d)

specific electric energy consumption per mole related to SATP conditions of a water
(steam) electrolyser system

average specific electric energy consumption per mole related to SATP conditions of
a water (steam) electrolyser system

pseudo-average specific electric energy consumption per mole related to SATP con-
ditions of a water (steam) electrolyser system calculated by equation (A.2.3a)
pseudo-average specific electric energy consumption per mole related to SATP con-
ditions of a water (steam) electrolyser system calculated by equation (A.2.3b)
specific electric energy consumption per mole related to hydrogen output conditions
of a water (steam) electrolyser system

average specific electric energy consumption per mole related to hydrogen output
conditions of a water (steam) electrolyser system

pseudo-average specific electric energy consumption per mole related to hydro-
gen output conditions of a water (steam) electrolyser system calculated by equa-
tion (A.2.5¢)
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instantaneous specific electric energy consumption per mole related to hydrogen
output conditions of a water (steam) electrolyser system

specific electric energy consumption per unit of volume

specific electric energy consumption per unit of volume related to SATP conditions
of a water (steam) electrolyser system

specific electric energy consumption per unit of volume related to hydrogen output
conditions of a water (steam) electrolyser system

average specific electric energy consumption per unit of volume related to hydrogen
output conditions of a water (steam) electrolyser system

specific electric energy consumption per unit of volume related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

average specific electric energy consumption per unit of volume related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser

specific energy consumption per unit of mass

specific energy consumption per unit of mass related to SATP conditions of a water
(steam) electrolyser system

average specific energy consumption per unit of mass related to SATP conditions of
a water (steam) electrolyser system

specific energy consumption per unit of mass related to hydrogen output conditions
of a water (steam) electrolyser system

average specific energy consumption per unit of mass related to hydrogen output
conditions of a water (steam) electrolyser system

specific energy consumption per unit of mass related to hydrogen output conditions
of a water electrolyser/high-temperature electrolyser

average specific energy consumption per unit of mass related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

specific energy consumption per mole

specific energy consumption per mole related to hydrogen output conditions of a
water electrolyser/high-temperature electrolyser

average specific energy consumption per mole related to hydrogen output conditions
of a water electrolyser/high-temperature electrolyser

pseudo-average specific energy consumption per mole related to hydrogen out-
put conditions of a water electrolyser/high-temperature electrolyser calculated by
equation (A.2.7b)

pseudo-average specific energy consumption per mole related to hydrogen out-
put conditions of a water electrolyser/high-temperature electrolyser calculated by
equation (A.2.7a)

instantaneous specific energy consumption per mole related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

average specific energy consumption per mole related to SATP conditions of a water
(steam) electrolyser system

pseudo-average specific energy consumption per mole related to SATP conditions of
a water (steam) electrolyser system calculated by equation (A.2.2a)
pseudo-average specific energy consumption per mole related to SATP conditions of
a water (steam) electrolyser system calculated by equation (A.2.2b)

specific energy consumption per mole related to hydrogen output conditions of a
water (steam) electrolyser system

average specific energy consumption per mole related to hydrogen output conditions
of a water (steam) electrolyser system

pseudo-average specific energy consumption per mole related to hydrogen output
conditions of a water (steam) electrolyser system calculated by equation (A.2.5a)
instantaneous specific energy consumption per mole related to hydrogen output
conditions of a water (steam) electrolyser system

pseudo-average specific energy consumption per mole related to hydrogen output
conditions of a water (steam) electrolyser system calculated by equation (A.2.5b)
specific energy consumption per unit of volume

specific energy consumption per unit of volume related to SATP conditions of a water
(steam) electrolyser system

average specific energy consumption per unit of volume related to SATP conditions
of a water (steam) electrolyser system
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specific energy consumption per unit of volume related to hydrogen output conditions
of a water (steam) electrolyser system

average specific energy consumption per unit of volume related to hydrogen output
conditions of a water (steam) electrolyser system

specific energy consumption per unit of volume related to hydrogen output conditions
of a water electrolyser/high-temperature electrolyser

average specific energy consumption per unit of volume related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

specific thermal energy consumption

instantaneous specific thermal energy consumption per mole related to SATP condi-
tions of a water (steam) electrolyser system

specific thermal energy consumption per unit of mass

specific thermal energy consumption per unit of mass related to hydrogen output
conditions of a water (steam) electrolyser system

average specific thermal energy consumption per unit of mass related to hydrogen
output conditions of a water (steam) electrolyser system

specific thermal energy consumption per unit of mass related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

average specific thermal energy consumption per unit of mass related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser

specific thermal energy consumption per unit of mass related to SATP conditions of
a water (steam) electrolyser system

specific thermal energy consumption per mole

specific thermal energy consumption per mole related to hydrogen output conditions
of a water electrolyser/high-temperature electrolyser

average specific thermal energy consumption per mole related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

pseudo-average specific thermal energy consumption per mole related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser calculated
by equation (A.2.7f)

pseudo-average specific thermal energy consumption per mole related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser calculated
by equation (A.2.7e)

instantaneous specific thermal energy consumption per mole related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser

specific thermal energy consumption per mole related to SATP conditions of a water
(steam) electrolyser system

average specific thermal energy consumption per mole related to SATP conditions
of a water (steam) electrolyser system

pseudo-average specific thermal energy consumption per mole related to SATP
conditions of a water (steam) electrolyser system calculated by equation (A.2.4a)
pseudo-average specific thermal energy consumption per mole related to SATP
conditions of a water (steam) electrolyser system calculated by equation (A.2.4b)
specific thermal energy consumption per mole related to hydrogen output conditions
of a water (steam) electrolyser system

average specific thermal energy consumption per mole related to hydrogen output
conditions of a water (steam) electrolyser system

instantaneous specific thermal energy consumption per mole related to hydrogen
output conditions of a water (steam) electrolyser system

pseudo-average specific thermal energy consumption per mole related to hydro-
gen output conditions of a water (steam) electrolyser system calculated by equa-
tion (A.2.5f)

pseudo-average specific thermal energy consumption per mole related to hydro-
gen output conditions of a water (steam) electrolyser system calculated by equa-
tion (A.2.5e)

specific thermal energy consumption per unit of volume

specific thermal energy consumption per unit of volume related to SATP conditions
of a water (steam) electrolyser system

specific thermal energy consumption per unit of volume related to hydrogen output
conditions of a water (steam) electrolyser system
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average specific thermal energy consumption per unit of volume related to hydrogen
output conditions of a water (steam) electrolyser system

specific thermal energy consumption per unit of volume related to hydrogen output
conditions of a water electrolyser/high-temperature electrolyser

average specific thermal energy consumption per unit of volume related to hydrogen
output conditions of a water electrolyser/high-temperature electrolyser

efficiency

energy efficiency

energy efficiency based on HHV

energy efficiency based on LHV

energy efficiency based on HHV related to SATP conditions

electrical efficiency

electrical efficiency based on HHV related to SATP conditions

electrical efficiency based on HHV

energy efficiency based on LHV related to SATP conditions

electrical efficiency based on LHV related to SATP conditions

electrical efficiency based on LHV

electrical efficiency based on HHV of a water (steam) electrolyser system

electrical efficiency based on HHV related to SATP conditions of a water (steam)
electrolyser system

average electrical efficiency based on HHV related to SATP conditions of a water
(steam) electrolyser system

instantaneous electrical efficiency based on HHV related to SATP conditions of a
water (steam) electrolyser system

pseudo-average electrical efficiency based on HHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.3c)

pseudo-average electrical efficiency based on HHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.3d)

electrical efficiency based on LHV related to SATP conditions of a water (steam)
electrolyser system

average electrical efficiency based on LHV related to SATP conditions of a water
(steam) electrolyser system

instantaneous electrical efficiency based on LHV related to SATP conditions of a
water (steam) electrolyser system

pseudo-average electrical efficiency based on LHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.3e)

pseudo-average electrical efficiency based on LHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.3d)

energy efficiency based on HHV related to SATP conditions of a water (steam)
electrolyser system

average energy efficiency based on HHV related to SATP conditions of a water
(steam) electrolyser system

instantaneous energy efficiency based on HHV related to SATP conditions of a water
(steam) electrolyser system

pseudo-average energy efficiency based on HHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.2c)

pseudo-average energy efficiency based on HHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.2d)

pseudo-average energy efficiency based on LHV of a water (steam) electrolyser
system calculated by equation (A.2.2f)

energy efficiency based on LHV of a water (steam) electrolyser system

energy efficiency based on LHV related to SATP conditions of a water (steam)
electrolyser system

average energy efficiency based on LHV related to SATP conditions of a water
(steam) electrolyser system

instantaneous energy efficiency based on LHV related to SATP conditions of a water
(steam) electrolyser system

pseudo-average energy efficiency based on LHV related to SATP conditions of a
water (steam) electrolyser system calculated by equation (A.2.2e)

isentropic expansion factor
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isentropic expansion factor of hydraulic/pneumatic fluid j

pseudo-average molar flow rate of fuel calculated by equation (A.2.2j)

molecular hydrogen

higher heating value of fuel

higher heating value of hydrogen

current

alternating current

alternating current of a water (steam) electrolyser system

direct current

direct current of a water electrolyser/high-temperature electrolyser

direct current of a water (steam) electrolyser system

stack current

coverage factor

number of data point

lower heating value of hydrogen

mass

molar mass of hydrogen

number of water electrolysers

number of mole

power

pressure

standard ambient pressure

power of compression

input power of compression

input power of compression of hydraulic/pneumatic fluid j

input power of compression of a water (steam) electrolyser system

average input power of compression of a water (steam) electrolyser system

input power of compression of hydraulic/pneumatic fluid j of a water (steam) elec-
trolyser system

average input power of compression of hydraulic/pneumatic fluid j of a water (steam)
electrolyser system

pseudo-average input power of compression of hydraulic/pneumatic fluid j of a water
(steam) electrolyser system calculated by equation (A.2.2h) or equation (A.2.2i)
instantaneous input power of compression of hydraulic/pneumatic fluid j of a water
(steam) electrolyser system

instantaneous input power of compression of a water (steam) electrolyser system
input power of compression of a water electrolyser/high-temperature electrolyser
average input power of compression of a water electrolyser/high-temperature elec-
trolyser

input power of compression of hydraulic/pneumatic fluid j of a water electro-
lyser/high-temperature electrolyser

average input power of compression of hydraulic/pneumatic fluid j of a water
electrolyser/high-temperature electrolyser

pseudo-average input power of compression of hydraulic/pneumatic fluid j of a
water electrolyser/high-temperature electrolyser calculated by equation (A.2.7h) or
equation (A.2.7i)

instantaneous input power of compression of hydraulic/pneumatic fluid j of a water
electrolyser/high-temperature electrolyser

instantaneous input power of compression of a water electrolyser/high-temperature
electrolyser

electric power

single-phase AC electric power

single-phase AC electric power of a water (steam) electrolyser system

three-phase AC electric power

three-phase AC electric power of a water (steam) electrolyser system

AC electric power

AC electric power of a water (steam) electrolyser system

average AC electric power of a water (steam) electrolyser system

instantaneous AC electric power of a water (steam) electrolyser system

DC electric power
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DC electric power of a water (steam) electrolyser system

average DC electric power of a water (steam) electrolyser system

instantaneous DC electric power of a water (steam) electrolyser system

DC electric power of a water electrolyser/high-temperature electrolyser

average DC electric power of a water electrolyser/high-temperature electrolyser
instantaneous DC electric power of a water electrolyser/high-temperature electro-
lyser

input electric power

electric power of a water (steam) electrolyser system

average electric power of a water (steam) electrolyser system

instantaneous electric power of a water (steam) electrolyser system

pressure of fuel

pressure of heat transfer fluid i

input power

input power related to hydrogen output conditions

pressure of hydraulic/pneumatic fluid j

average pressure of hydraulic/pneumatic fluid j

instantaneous pressure of hydraulic/pneumatic fluid j

partial pressure of oxygen

output partial pressure of oxygen

output partial pressure of oxygen of a water electrolyser/high-temperature electro-
lyser

pressure of hydrogen

pressure of sweep gas

input pressure of sweep gas

output pressure of sweep gas

input pressure of sweep gas of a water electrolyser/high-temperature electrolyser
output pressure of sweep gas of a water electrolyser/high-temperature electrolyser
pressure of hydrogen of a water (steam) electrolyser system

average pressure of hydrogen of a water (steam) electrolyser system
instantaneous pressure of hydrogen of a water (steam) electrolyser system

input power of a water (steam) electrolyser system

average input power of a water (steam) electrolyser system

instantaneous input power of a water (steam) electrolyser system

thermal power

input thermal power

input thermal power of heat transfer fluid i

input thermal power of a water (steam) electrolyser system

average input thermal power of a water (steam) electrolyser system

input thermal power of heat transfer fluid i of a water (steam) electrolyser system
average input thermal power of heat transfer fluid i of a water (steam) electrolyser
system

pseudo-average input thermal power of heat transfer fluid i of a water (steam)
electrolyser system calculated by equation (A.2.2g)

instantaneous input thermal power of heat transfer fluid i of a water (steam) elec-
trolyser system

instantaneous input thermal power of a water (steam) electrolyser system

input thermal power of a water electrolyser/high-temperature electrolyser

average input thermal power of a water electrolyser/high-temperature electrolyser
input thermal power of heat transfer fluid i of a water electrolyser/high-temperature
electrolyser

average input thermal power of heat transfer fluid i of a water electrolyser/high-
temperature electrolyser

pseudo-average input thermal power of heat transfer fluid i of a water
electrolyser/high-temperature electrolyser calculated by equation (A.2.7g)
instantaneous input thermal power of heat transfer fluid i of a water
electrolyser/high-temperature electrolyser

instantaneous input thermal power of a water electrolyser/high-temperature elec-
trolyser

pressure of water
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pressure of heat transfer fluid i of a water electrolyser/high-temperature electrolyser
input power of a water electrolyser/high-temperature electrolyser

average input power of a water electrolyser/high-temperature electrolyser
instantaneous input power of a water electrolyser/high-temperature electrolyser
input power related to hydrogen output conditions of a water electrolyser/high-
temperature electrolyser

pressure of hydraulic/pneumatic fluid j of a water electrolyser/high-temperature
electrolyser

average pressure of hydraulic/pneumatic fluid j of a water electrolyser/high-
temperature electrolyser

instantaneous pressure of hydraulic/pneumatic fluid j of a water electrolyser/high-
temperature electrolyser

pressure of hydrogen of a water electrolyser/high-temperature electrolyser

input pressure of water

output pressure of water

pressure of water of a water electrolyser/high-temperature electrolyser

input pressure of water of a water electrolyser/high-temperature electrolyser
output pressure of water of a water electrolyser/high-temperature electrolyser
flow rate

mass flow rate

mass flow rate of fuel

mass flow rate of heat transfer fluid i

average mass flow rate of heat transfer fluid i

instantaneous mass flow rate of heat transfer fluid i

mass flow rate of oxygen

output mass flow rate of oxygen

output mass flow rate of oxygen of a water electrolyser/high-temperature electro-
lyser

mass flow rate of sweep gas

input mass flow rate of sweep gas

output mass flow rate of sweep gas

input mass flow rate of sweep gas of a water electrolyser/high-temperature elec-
trolyser

mass flow rate of water

mass flow rate of heat transfer fluid i of a water electrolyser/high-temperature
electrolyser

average mass flow rate of heat transfer fluid i of a water electrolyser/high-
temperature electrolyser

instantaneous mass flow rate of heat transfer fluid i of a water electrolyser/high-
temperature electrolyser

input mass flow rate of water

output mass flow rate of water

input mass flow rate of water of a water electrolyser/high-temperature electrolyser
output mass flow rate of water of a water electrolyser/high-temperature electrolyser
molar flow rate

molar flow rate of fuel

average molar flow rate of fuel

instantaneous molar flow rate of fuel

molar flow rate of hydrogen

molar flow rate of hydraulic/pneumatic fluid j

average molar flow rate of hydraulic/pneumatic fluid j

instantaneous molar flow rate of hydraulic/pneumatic fluid j

product gas molar flow rate

average product gas molar flow rate

output molar flow rate of hydrogen

molar flow rate of hydrogen of a water (steam) electrolyser system

product gas molar flow rate of a water (steam) electrolyser system

average product gas molar flow rate of a water (steam) electrolyser system

output molar flow rate of hydrogen of a water (steam) electrolyser system
average output molar flow rate of hydrogen of a water (steam) electrolyser system
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pseudo-average output molar flow rate of hydrogen of a water (steam) electrolyser
system calculated by equation (A.2.2k)

instantaneous output molar flow rate of hydrogen of a water (steam) electrolyser
system

instantaneous product gas molar flow rate of a water (steam) electrolyser system
molar flow rate of hydrogen of a water electrolyser/high-temperature electrolyser
average molar flow rate of hydrogen of a water electrolyser/high-temperature elec-
trolyser

pseudo-average molar flow rate of hydrogen of a water electrolyser/high-
temperature electrolyser calculated by equation (A.2.7j)

instantaneous molar flow rate of hydrogen of a water electrolyser/high-temperature
electrolyser

molar flow rate of hydraulic/pneumatic fluid j of a water electrolyser/high-
temperature electrolyser

average molar flow rate of hydraulic/pneumatic fluid j of a water electrolyser/high-
temperature electrolyser

instantaneous molar flow rate of hydraulic/pneumatic fluid j of a water
electrolyser/high-temperature electrolyser

product gas molar flow rate of a water electrolyser/high-temperature electrolyser
average product gas molar flow rate of a water electrolyser/high-temperature elec-
trolyser

instantaneous product gas molar flow rate of a water electrolyser/high-temperature
electrolyser

universal gas constant

standard variance of AC electric power of a water (steam) electrolyser system
standard variance of DC electric power of a water (steam) electrolyser system
standard variance of DC electric power of a water electrolyser/high-temperature
electrolyser

standard variance of pressure of hydraulic/pneumatic fluid j

standard variance of pressure of hydrogen of a water (steam) electrolyser system

standard variance of pressure of hydraulic/pneumatic fluid j of a water
electrolyser/high-temperature electrolyser

standard variance of mass flow rate of heat transfer fluid i

standard variance of mass flow rate of heat transfer fluid i of a water
electrolyser/high-temperature electrolyser

standard variance of molar flow rate of fuel

standard variance of molar flow rate of hydraulic/pneumatic fluid j

standard variance of product gas molar flow rate of a water (steam) electrolyser
system

standard variance of molar flow rate of hydraulic/pneumatic fluid j of a water
electrolyser/high-temperature electrolyser

standard variance of product gas molar flow rate of a water electrolyser/high-
temperature electrolyser

relative standard variance of pressure of hydraulic/pneumatic fluid j

relative standard variance of pressure of hydrogen of a water (steam) electrolyser
system

relative standard variance of pressure of hydraulic/pneumatic fluid j of a water
electrolyser/high-temperature electrolyser

relative standard variance of mass flow rate of heat transfer fluid i

relative standard variance of mass flow rate of heat transfer fluid i of a water
electrolyser/high-temperature electrolyser

relative standard variance of molar flow rate of fuel

relative standard variance of molar flow rate of hydraulic/pneumatic fluid j

relative standard variance of product gas molar flow rate of a water (steam) elec-
trolyser system

relative standard variance of molar flow rate of hydraulic/pneumatic fluid j of a
water electrolyser/high-temperature electrolyser
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relative standard variance of product gas molar flow rate of a water
electrolyser/high-temperature electrolyser

relative standard variance of temperature of heat transfer fluid i

relative standard variance of temperature of hydrogen of a water (steam) electro-
lyser system

relative standard variance of temperature of heat transfer fluid i of a water
electrolyser/high-temperature electrolyser

relative standard variance of molar concentration of hydrogen of a water (steam)
electrolyser system

relative standard variance of molar concentration of hydrogen of a water
electrolyser/high-temperature electrolyser

standard variance of temperature of heat transfer fluid i

standard variance of temperature of hydrogen of a water (steam) electrolyser sys-
tem

standard variance of temperature of heat transfer fluid i of a water electrolyser/high-
temperature electrolyser

standard variance of molar concentration of hydrogen of a water (steam) electrolyser
system

standard variance of molar concentration of hydrogen of a water electrolyser/high-
temperature electrolyser

temperature

standard ambient temperature

temperature of fuel

temperature of hydrogen

temperature of heat transfer fluid i

average temperature of heat transfer fluid i

instantaneous temperature of heat transfer fluid i

temperature of hydraulic/pneumatic fluid j

temperature of oxygen

output temperature of oxygen

output temperature of oxygen of a water electrolyser/high-temperature electrolyser
temperature of sweep gas

input temperature of sweep gas

output temperature of sweep gas

input temperature of sweep gas of a water electrolyser/high-temperature electro-
lyser

output temperature of sweep gas of a water electrolyser/high-temperature electro-
lyser

temperature of hydrogen of a water (steam) electrolyser system

average temperature of hydrogen of a water (steam) electrolyser system
instantaneous temperature of hydrogen of a water (steam) electrolyser system
temperature of water

temperature of hydrogen of a water electrolyser/high-temperature electrolyser
temperature of heat transfer fluid i of a water electrolyser/high-temperature elec-
trolyser

average temperature of heat transfer fluid i of a water electrolyser/high-temperature
electrolyser

instantaneous temperature of heat transfer fluid i of a water electrolyser/high-
temperature electrolyser

temperature of hydraulic/pneumatic fluid j of a water electrolyser/high-temperature
electrolyser

input temperature of water

output temperature of water

temperature of water of a water electrolyser/high-temperature electrolyser
temperature of water of a water electrolyser/high-temperature electrolyser

output temperature of water of a water electrolyser/high-temperature electrolyser
voltage

standard uncertainty

standard variance

combined standard variance
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combined standard variance of specific energy consumption per mole related to
SATP conditions of a water (steam) electrolyser system

combined standard variance of specific electric energy consumption per mole related
to SATP conditions of a water (steam) electrolyser system

combined standard variance of specific electric energy consumption per unit of mass
related to hydrogen output conditions of a water (steam) electrolyser system
combined standard variance of specific electric energy consumption per unit of
mass related to hydrogen output conditions of a water electrolyser/high-temperature
electrolyser

combined standard variance of specific electric energy consumption per mole related
to hydrogen output conditions of a water (steam) electrolyser system

combined standard variance of specific electric energy consumption related to hy-
drogen output conditions of a water electrolyser/high-temperature electrolyser
combined standard variance of specific electric energy consumption per unit of
volume related to hydrogen output conditions of a water (steam) electrolyser system
combined standard variance of specific electric energy consumption per unit
of volume related to hydrogen output conditions of a water electrolyser/high-
temperature electrolyser

combined standard variance of specific energy consumption per unit of mass related
to SATP conditions of a water (steam) electrolyser system

combined standard variance of specific energy consumption per unit of mass related
to hydrogen output conditions of a water (steam) electrolyser system

combined standard variance of specific energy consumption per unit of mass related
to hydrogen output conditions of a water electrolyser/high-temperature electrolyser
combined standard variance of specific energy consumption per mole related to
hydrogen output conditions of a water (steam) electrolyser system

combined standard variance of specific energy consumption per mole related to
hydrogen output conditions of a water electrolyser/high-temperature electrolyser
combined standard variance of specific energy consumption per unit of volume
related to SATP conditions of a water (steam) electrolyser system

combined standard variance of specific energy consumption per unit of volume
related to hydrogen output conditions of a water (steam) electrolyser system
combined standard variance of specific energy consumption per unit of volume re-
lated to hydrogen output conditions of a water electrolyser/high-temperature elec-
trolyser

combined standard variance of specific thermal energy consumption per mole related
to SATP conditions of a water (steam) electrolyser system

combined standard variance of specific thermal energy consumption per unit of
mass related to hydrogen output conditions of a water (steam) electrolyser system
combined standard variance of specific thermal energy consumption per unit of
mass related to hydrogen output conditions of a water electrolyser/high-temperature
electrolyser

combined standard variance of specific thermal energy consumption per mole related
to hydrogen output conditions of a water (steam) electrolyser system

combined standard variance of specific thermal energy consumption per mole related
to hydrogen output conditions of a water electrolyser/high-temperature electrolyser

combined standard variance of specific thermal energy consumption per unit of
volume related to hydrogen output conditions of a water (steam) electrolyser system
combined standard variance of specific thermal energy consumption per unit
of volume related to hydrogen output conditions of a water electrolyser/high-
temperature electrolyser

combined standard variance of electrical efficiency based on HHV related to SATP
conditions of a water (steam) electrolyser system

combined standard variance of electrical efficiency based on LHV related to SATP
conditions of a water (steam) electrolyser system

combined standard variance of energy efficiency based on HHV related to SATP
conditions of a water (steam) electrolyser system

combined standard variance of energy efficiency based on LHV related to SATP
conditions of a water (steam) electrolyser system
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g (Peomprsys,in)
ug (Peompr,sys,in,j)
g (Peompr, e, in)
u? (Pcompr,WE.in,J)
u (Pel,dc, we)

U3 (Pel,sys)
U? (Psys,in)
u? (Pth,sys, in)

UE (Pth,sys, in,i)
2 P, .

Uc( th,WE,m)

u? (P, we,in,i)

u? (PWE,in)

u? (Qn,sys,out,Hg)

U? (gn,we H,)

2
Uy

ur2 (Pcompr,sys, in)
Ur2 (Pel,dc,WE)

ur2 (Pelsys)
urQ (Psys,in)
Ur2 (Pth,sys, in)

u? (P, we,in)
u? (Pyg,in)
“r2 (Qn,sys, out,Hz)

Uac

Uac, sys
Uc

Udc

Udc, we
Udc, sys
Ur

Ustack

v

Vi

Vi o
Vin

x

T n,Hy
Ln,sys, Hy
T n,sys, Ho
Tn,sys,Ha, 1

WE
T n,Ho

combined standard variance of input power of compression of a water (steam)
electrolyser system

combined standard variance of input power of compression of hydraulic/pneumatic
fluid j of a water (steam) electrolyser system

combined standard variance of input power of compression of a water
electrolyser/high-temperature electrolyser

combined standard variance of input power of compression of hydraulic/pneumatic
fluid j of a water electrolyser/high-temperature electrolyser

combined standard variance of DC electric power of a water electrolyser/high-
temperature electrolyser

combined standard variance of electric power of a water (steam) electrolyser system
combined standard variance of input power of a water (steam) electrolyser system
combined standard variance of input thermal power of a water (steam) electrolyser
system

combined standard variance of input thermal power of heat transfer fluid i of a
water (steam) electrolyser system

combined standard variance of input thermal power of a water electrolyser/high-
temperature electrolyser

combined standard variance of input thermal power of heat transfer fluid i of a
water electrolyser/high-temperature electrolyser

combined standard variance of input power of a water electrolyser/high-temperature
electrolyser

combined standard variance of output molar flow rate of hydrogen of a water
(steam) electrolyser system

combined standard variance of molar flow rate of hydrogen of a water
electrolyser/high-temperature electrolyser

relative standard variance

relative standard variance of input power of compression of a water (steam) elec-
trolyser system

relative standard variance of DC electric power of a water electrolyser/high-
temperature electrolyser

relative standard variance of electric power of a water (steam) electrolyser system
relative standard variance of input power of a water (steam) electrolyser system
relative standard variance of input thermal power of a water (steam) electrolyser
system

relative standard variance of input thermal power of a water electrolyser/high-
temperature electrolyser

relative standard variance of input power of a water electrolyser/high-temperature
electrolyser

relative standard variance of output molar flow rate of hydrogen of a water (steam)
electrolyser system

AC voltage

AC voltage of a water (steam) electrolyser system

combined standard uncertainty

DC voltage

DC voltage of a water electrolyser/high-temperature electrolyser

DC voltage of a water (steam) electrolyser system

relative standard uncertainty

stack voltage

volume

molar volume

molar volume of hydrogen

molar volume of hydraulic/pneumatic fluid j

molar concentration

molar concentration of hydrogen

molar concentration of hydrogen of a water (steam) electrolyser system

average molar concentration of hydrogen of a water (steam) electrolyser system
instantaneous molar concentration of hydrogen of a water (steam) electrolyser
system

molar concentration of hydrogen of a water electrolyser/high-temperature electro-
lyser
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average molar concentration of hydrogen of a water electrolyser/high-temperature
electrolyser

instantaneous molar concentration of hydrogen of a water electrolyser/high-
temperature electrolyser

compressibility factor

average compressibility factor of hydraulic/pneumatic fluid j
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Annex A Test data post-processing

Calculations may readily be accomplished using spreadsheet software. The use of symbols for given parameters
does not distinguish between SATP conditions and hydrogen output conditions except for the specific energy
consumption, the specific electric energy consumption and the specific thermal energy consumption.

A.1 Instantaneous values of test parameters

Instantaneous values of test parameters whether measured or calculated are denoted by subscript |.

A.1.1 Water (steam) electrolyser system tested under SATP conditions

The instantaneous values of the specific energy consumption per mole of hydrogen (52n‘sys), sgnrsys_l, see

equation (3.2.1a), the specific electric energy consumption per mole of hydrogen (¢9 el nsys) € 21‘ nsys, 1) S€€ equa-
tion (3.2.9) and the specific thermal energy consumption per mole of hydrogen (8, . .), €8 1 o5 S€€ €QUa-
tion (3.2.10), are respectively calculated as
Ps s,in, L (kW)
g? (kWh/mol) = L ; (Al.la)
e syt Gn,sys,out o, (MOU/)
P (kW)
0 el,sys, |
€ (kWh/mol) = and (A.1.1b)
el n.sys,| @n,sys,out, Ha, | (mol/h)
P in1 (KW
£9, nsys.t (KWh/mol) =¥t (kw) (A.1.10)

dn,sys,out, Ho, | (mol/h)’

Poys in 1, @n,sys, out, o, b Pelsys,1 and Pih sys in | @re respectively given by equation (A.1.1d), equation (A.1.1k), equa-
tion (A.1.1e) and equation (A.1.1f). The instantaneous value of the input power (Psys in), Psysin 1, is calculated
as

Psys,in,l (kW) :Pel,sys,l (kW) + Pth,sys, in, (kW) + Pcompr,sys,in,l (kW)§ (A-]--ld)

Pelsys,, Pthsysint @nd Peomprsysin| are respectively given by equation (A.1.1e), equation (A.1.1f) and equa-
tion (A.1.1qg). The instantaneous value of the input electric power (Pg| sys), Pel sys 1, is calculated as

Pel,sys,l (kW) :Pel,ac, sys, | (kW) + Pel, dc, sys, | (kW); (A.l.le)

Pl ac sys 1 and Pl dc sys,1 @re the measured values of respectively the AC electric power (Pej ac,sys) @and DC electric
power (Pe dc,sys)- The instantaneous value of the input thermal power (P, sys in, 1), Pth sys in,1, is calculated as

Pip,sys,in,t (kW) =HHV" (kWh/mol) - ¢f, | (molth) + )~ Pin ays,ini.1 (KW); (A.1.1f)

qﬁ],l is the measured value of the molar flow rate of fuel while Py, sysin i1 is given by equation (A.1.1h). The
instantaneous value of the input power of compression (Pcompr. sys,in), Pcompr sys,in 1, iS Calculated as

Pcompr sys, in, l kW Z Pcompr sys,in,j, | (kW) (Allg)
j
Peompr,sys,in j,1 1S given for incompressible and compressible hydraulic/pneumatic fluid j by respectively equa-
tion (A.1.1i) and equation (A.1.1j). Note, the summation (A.1.1g) applies jointly to both type of fluids. The
instantaneous value of the input thermal power of heat transfer fluid i (Pt sys,in, i), Pth,sys,in i1, is calculated as

P sys.init (KW) =, | (kafs) - ¢, (KI(kg K)) - (T (K) = T° (K)) ; (A.1.1h)

q‘ml and 7| are the measured values of respectively the mass flow rate and temperature of heat transfer fluid i.
For the incompressible case, the instantaneous value of the input power of compression of hydraulic/pneumatic
fluid j (Pcompr, sys,in,j), Peompr,sys,in,j 1, 1S calculated as

V3, (m3/mol)

Peompr,sys,in,j.t (KW) = (pjl (kPa) — (kPa)) © 3600 (s/h)

-, (mol/h); (A.1.1i)

pjl and an,l are the measured values of respectively the pressure and molar flow rate of hydraulic/pneumatic fluid
j. For the compressible case, the instantaneous value of the input power of compression of hydraulic/pneumatic
fluid j (Pcompr, sys,in,j), Pcompr, sys, in, j, s is calculated as

3\ Z- Rg (KJ(mol K) - T° (K) - ¢}, | (molh)
) 3600 (s/h)

P ompr,sys, in,j (kW) = ('Yj -1
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P (kpa)\ 7 .
<p0 o (AL1))

The instantaneous value of the molar flow rate of hydrogen (gn, sys out Ha )» @n.sys, out Ho, 1, IS Calculated as

@n,sys, out, Ha, | (mol/h) =X n,sys,Ha, [ (mol/mol) - dn,sys, out, | (mol/h); (A.1.1k)

T sys,Hy, 1 @Nd @n sysout 1 @re the measured values of respectively the molar concentration of hydrogen and
product gas molar flow rate.
The instantaneous values of the energy efficiency based on HHV (1784y ¢ sys): 713y, e, sys, @nd LHV of hydrogen

(WEHv,e, sysh nl(_)HV, e sys, 1) S€€ equation (3.2.11), are respectively calculated as

HHVH2 (kWh/mol)

0 - 100 d Al2
TTHHV, e, sys, | (%) Ee ot (kWh/mol) % an ( a)
LHV (kWh/mol)
0 Ho
n (%) = -100% (A.1.2b)
LHV. e sys,1 0 sys.1 (kWh/mol)

€2 h.sys.1 IS given by equation (A.1.1a).

The instantaneous values of the electrical efficiency based on HHV of a water (steam) electrolyser system
(N8, elsys) Miv,elsys,t @nd LHV of hydrogen (% e sys) 710Hv,eLsys, S€€ €quation (3.2.12), are respectively
calculated as

HHVH2 (kWh/mol)

0 % -100% ~ 1,18 - & %) and Al3
TTHHV, el, sys, | (%) = 5e1 o1 (KWh/moD) 0 ) "LHY, el, sys, | (%) an ( a)
LHV (kWh/mol)
0 % Ha -100% ~ 0,85 - 9 %); A.13b
TILHV, el, sys, | ( 0) el st (KWh/mol) 0 3 TTHHV, el, sys, | ( 0)» ( )

| is given by equation (A.1.1b).

0
€ el,n, sys,

A.1.2 Water (steam) electrolyser system tested under hydrogen output conditions

p,T p,T

The instantaneous value of the specific energy consumption per mole of hydrogen (eensys), €¢nsys i SE€
equation (3.3.1a), is calculated as
P kW
P! 1 (kWhimol) =— 2= nt (kW) (A.14a)

{n, sys,out, Ha, | (mOl/h)

Poys in1 @and qn sys,out Ho, | @re respectively given by equation (A.1.1d) and equation (A.1.1k). The instantaneous
value of the specific electric energy consumption per mole of hydrogen (e ), e ., see equation (3.3.2a),

p, T
el,n,sys el,sys, I’
is calculated as

Pel sys, | (kW)
@, sys,out, Ha, | (mol/h)

kWh/mol) = (A.1.4b)

el sys, | (

Pl sys,1 and gn, sys,out Hy, | @re respectively given by equation (A.1.1e) and equation (A.1.1k). The instantaneous
value of the specific thermal energy consumption per mole of hydrogen ( see equation (3.3.3a),
is calculated as

o T
Eth n, sys) gth n,sys,l’

Pth, sys,in, | (kW) .
@n,sys,out, Ha, | (mol/h)’

ath nsys,| (KWh/mol) = (A.l4c)

P, sys,in,t @Nd @n sys,out, Ho, | @re respectively given by equation (A.1.1f) and equation (A.1.1k).

A.1.3 Water electrolyser/high-temperature electrolyser tested under hydrogen output
conditions

The instantaneous value of the specific energy consumption per mole of hydrogen (2 ensys) 52;I,WE, see equa-

tion (3.4.1a), is calculated as

Puyg,in1 (kW)
5e nwe, | (KWh/mol) = W (A.1.5a)
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Pye,in is given by equation (A.1.5d) and qn ho,| IS given by equation (A.1.5j). The instantaneous value of the

specific electric energy consumption per mole of hydrogen (¢ 9 see equation (3.4.4a), is calculated
as

pT
el n, sys) 8el n,sys?’

Pet dcwe,1 (KW)

521,L’WE,l(kWh/mol) mv
n, M2z,

(A.1.5b)
Pl dc,we,1 is the measured value of the DC electric power (P, dc, we) and q\r'ﬁll is given by equation (A.1.5j). The

instantaneous value of the specific thermal energy consumption per mole of hydrogen (e§,  .), e{’,;’Tn,WE, see
equation (3.4.5a), is calculated as

Pin we,in1 (KW)

5?F1,Tn,WE,1(kWh/mOl) m,
n,na,

(A.1.5¢)

P, we,in1 is given by equation (A.1.5e) and qn h,.1 IS given by equation (A.1.5j). The instantaneous value of the
input power (Pye, in), Peompr, we,in 1, IS Calculated as

Py in 1 (KW) =Pel dcwe 1 (KW) + P we in 1 (KW) 4+ Peompr we, in, 1 (KW); (A.1.5d)

Pl dc,we,1 is the measured value of the DC electric power (Peydcwe) While P we,int and Peompr, we,inl are
respectively given by equation (A.1.5e) and equation (A.1.5f). The instantaneous value of the input thermal
power (Pih we,in), Pin,we, in 1, is calculated as

Pt we,int (KW) ZPth Weini,t (KW); (A15e)

P we,in i1 is given by equation (A.1.5g). The instantaneous value of the input power of compression (Pcompr, we,in),
Peompr,we,in 1, is calculated as

Pcompr WE, in, l (kw) Z Pcompr WE, in, j, (kW) (A.1.5f)
j

Peompr,we,inj,1 1S given for incompressible and compressible hydraulic/pneumatic fluid j by respectively equa-
tion (A.1.5h) and equation (A.1.5i). Note, the summation (A.1.5f) applies jointly to both type of fluids. The
instantaneous value of the input thermal power of heat transfer fluid i (P we,in, i), Pth we,in,i1, IS calculated as

P, we,ini,t (kW) =\, we,1 (kals) - ¢, (kJI(kg K) - (Tye, (K) — T (K)) ; (A.1.5g)

@i we, and T | are the measured values of respectively the mass flow rate and temperature of heat trans-
fer fluid i. For the incompressible case, the instantaneous value of the input power of compression of hy-
draulic/pneumatic fluid j (Pcompr, we, in j), Pcompr, we,in,j,1, 1S Calculated as

V3, (m3/mol)

Pompr, we,in,j,1 (KW) = (plwg | (kPa) — (kPa)) : 3600 (s/h)

'an,WE,l (mol/h); (A.1.5h)
p{NEYl and an,WE,l are the measured values of respectively the pressure and molar flow rate of hydraulic/pneumatic
fluid j. For the compressible case, the instantaneous value of the input power of compression of hy-
draulic/pneumatic ﬂUidj (Pcompr,WE,in,j), Pcompr,WE,in,j,[, is calculated as

j 71 Ry (kJ/(mol K)) - T (K) - ¢ Uh
Pmmpr,wg,m,,-,l(kw>=( 7 ) o (/oL K) - T2 K) - 0 e, (moli)

S -1 3600 (s/h)
. Po1
e (kPa) |
—_— —-11. A.1.5i
( 20 (kPa) (w150
The instantaneous value of the molar flow rate of hydrogen (¢\%,.), ¢%,, 1, is calculated as
g%, 1 (molh) =z %, | (molimol) - g%, | (mol/h); (A.15))

x\g,EHz,l and q}'{%ut’l are the measured values of respectively the molar concentration of hydrogen and product

gas molar flow rate.

A.2 Mean values of test parameters

Average values (arithmetic means) of test parameters are denoted by overhead ~. Pseudo-averages of test
parameters are denoted either by underline _ or overhead ™.
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A.2.1 Water (steam) electrolyser system tested under SATP conditions

The average of the input power of a water (steam) electrolyser system to the tested WE system (Psys,in), Psys,m,
see equation (3.2.2), is calculated as

Psys,in (kW) :Pel, sys (kW) + pth,sys, in (kW) + pcompr,sys, in (kw)a (A.2.la)

Peisys, Pinsysin @and Peomprsys,in are respectively given by equation (A.2.1b), equation (A.2.1e) and equa-
tion (A.2.1f). The average of the input electric power (Pey sys), Pel sys, is calculated as

el sys (kW) el ac, sys (kW) + Pel dc, sys (kW) (A2.1b)

Pel, ac,sys and Pel, dc,sys are respectively given by equation (A.2.1c) and equation (A.2.1d). The averages of the AC
electric power (Pe ac sys), Pelac,sys and DC electric power (Pe dc,sys), Pel dc sys, are respectively calculated as

L
_ 1
Pel,ac,sys (kW) :Z Zl: Pq ac, sys, | (kW) and (A.2.1c)
_ 1&
Pel,dc,sys (kW) :Z Z Pel,dc,sys,l (kW)7 (A~2-ld)

=1

Pelac,sys,1 @nd Pey dc,sys,1 re the measured values of respectively the AC electric power and DC electric power.
The average of the input thermal power (Pi sys in), Pth sys,in 1S Calculated as

L
P sys,in (KW) = Z (Hva (kWh/mol) - ¢, | (mol/h) *Zpth oS, .nll(kW)> (A2.1e)

qul is the measured value of the molar flow rate of fuel while P, s in,i,1 is given by equation (A.1.1h). The
average of the input power of compression (Pcompr. sys, in), Pcompn sys,in 1S Calculated as

1

pcompr,sys,in (kW) *Z ZPcompr,sys,in,j,l (kW) 5 (AZlf)

j

HMh

Pcompr,sys,in j,1 1S given for incompressible and compressible hydraulic/pneumatic fluid j by respectively equa-
tion (A.1.1li) and equation (A.1.1j). Note, the summation (A.2.1f) applies jointly to both type of fluids. The
averages of the input thermal power of heat transfer fluid i (P sys in,i), Pth,sys, ini @nd input power of compres-
sion of hydraulic/pneumatic fluid j (Pcompr, sys,in,j) Pcompn sys,in j» are respectively calculated as

L
Pth sys, in, i (kW) = Z th, sys, in, i, 1 (kW) and (A2.1q)

Pcompr,sys,in,j (kW) = Pcompr,sys,in,j,l (kW); (A.2.lh)

SIES
- 2t

|=

-

Pih sysiniL is given by equation (A.1.1h) and Pcomprsys in j1 iS given for incompressible and compressible hy-
draulic/pneumatic fluid j by respectively equation (A.1.1i) and equation (A.1.1j). The average of the molar flow
rate of fuel (¢), ¢/, is calculated as

1

g' (mollh) = E gt (mol/h); (A.2.1i)

HMh

qfn_l is the measured value of the molar flow rate of fuel. The averages of the mass flow rate (¢',), ¢!, and
temperature of heat transfer fluid i (77), T, are respectively calculated as

L
=i 1 i i
qm (kals) =7 E qm, (kals) and (A.2.1))

i 1 - i
T (K =7 > Ti (K (A2.1K)
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q‘ml and 77| are the measured values of respectively the mass flow rate and temperature of heat transfer fluid
i. The averages of the pressure (psys n,), Psys,H, @and temperature of hydrogen (Tsys n,), T'sys ,, are respectively
calculated as

D sys,Ha (kPa) = Zpsys Ha, | | (kPa) and (A.2.11)

SVS Hz L Z Tsys Ho, L v (A.2.1m)

Dsys,Ho,1 @Nd T'sys 1w, | are the measured values of respectively the pressure and temperature of hydrogen. The
averages of the pressure (p!), p! and molar flow rate of hydraulic/pneumatic fluid j (¢h), i, are respectively
calculated as

L
. 1 .
=] -
) (kPa) =7 él P, (kPa) and (A.2.1n)
, 1 &
g}, (mol/h) =7 E @1 (Mol/h); (A.2.10)

|=

—

pﬂ and an,l are the measured values of respectively the pressure and molar flow rate of hydraulic/pneumatic fluid
J- The averages of the molar flow rate of hydrogen (¢n, sys,out H, ), @n,sys,out H,, Molar concentration of hydrogen
(T Hy), Tn sys,H, and product gas molar flow rate (gn,sys,out), Gn sys, out, @re respectively calculated as

L

1
T, sys.out iy (MOUN) == > 5 5y ;. 1 (MOUMOD) - 595,001 (ML), (A2.1p)
=1
1 L
T sys i, (Mol/h) =— > " 2nsysHs1 (Mol/mol) and (A2.1q)

L

1

Gn, sys, out (mol/h) = dn,sys,out, | (mol/h); (A.2.1r)

Sk
M=

—

|=

Tn,sys,Ho,1 AN @n sysout,l @re the measured values of respectively the molar concentration of hydrogen and
product gas molar flow rate.

Two different pseudo-averages of the specific energy consumption per mole of hydrogen (¢ 9 en sysh gg,n,sys
and €9, s, are respectively calculated as
Pgysin (KW
e n,sys (kWh/mol) = s (kw) and (A.2.2a)
gn sys out, Ho (mOl/h)
(kw)
(kWh/mol) = Pysin (A.2.2b)
e ey Qn, sys, out, Ha (mOl/h)
Psys,in, q and Gn sys outH, are respectively given by equation (A.2.1a), equation (A.2.2k) and equa-

n, sys, out, Ho

tion (A.2.1p). Accordingly, two different pseudo-averages of the energy efficiency based on HHV of hydrogen
(nv,eh 1 aHV,e,sys and 775y e, sys» are respectively calculated as

HHVH2 kWh/mol

( )
h d A2.2
Mty e, sys (%) = =0 . (kWhimol) 00% an ( 0
HHV (kWh/mol)
-0 Ho
! 0= +100%; (A2.2d)
HHV, e, sys e oS (kWh/ )
ednss and 2 are respectively given by equation (A.2.2a) and equation (A.2.2b). Correspondingly, two

different pseudo-averages of the energy efficiency based on LHV of hydrogen (nEHV,e)' ﬂ(L)HV esys and ﬁEHV, e,sys’
are respectively calculated as -

LHVH2 kWh/mol

( )
ﬂLHV,e,sys (%) e sy (kWh/mol) -100% and (A.2.2e)
LHVy, (KWh/mol) .
nLHV e,sys (%) Ee nsys (kWh/ ) 100%7 (A22f)

57



1255

1256

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268
1269

1270

1271

1272

1273

1274
1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

el sys and €2 . +s are respectively given by equation (A.2.2a) and equation (A.2.2b). The pseudo-average of the

input thermal power of heat transfer fluid i (P, sys,in,i), P sys,in,i» IS Calculated as

Bth,sys,im (kw) = (kg/s) (kJ/(kg K)) - (TI (K) — T° (K)) ; (A.2.29)

ql, and T' are respectively given by equation (A.2.1j) and equation (A.2.1k). For the incompressible case, the
pseudo-average of the input power of compression of hydraulic/pneumatic fluid j (Pcompr,sys,in,j), £ compr, sys, in,j» 1S
calculated as

_ Vi (m3/mol) .
o = (p’ —p0 . . gl .
P compr.sys.in,j (kW) (p (kPa) — p (kPa)) 3600 (s/h) ay (mol/h); (A.2.2h)

Pl and q’ﬂl are respectively given by equation (A.2.1n) and equation (A.2.10). For the compressible case, the
pseudo-average of the input power of compression of hydraulic/pneumatic fluid j (Pcompr, sys,in i) £ compr sys, inj» 15
calculated as

o ) 71 Rg (kKJI(mol K)) - T° (K) - g (mol/h)

Bcompr,sys,in,j (kW) = ( j 3600 (s/h)

¥Y—1
i_

5 kPa)\ T -
<po (kpa)> 1. (A2.2i)

The pseudo-averages of the molar flow rate of fuel (qE), gi and hydrogen (gn sys, out, Hy ), ¢ are respect-

) ’ Ln,sys,out,Hy’
ively calculated as

q! (mol/h) =HHV" (kWh/mol) - gf, (mol/h) and (A.2.2))
q (mol/h) =Z n sys,n, (Mol/mol) - ¢n sys,0ut (Mol/h); (A.2.2k)

=n,sys,out, Hy
cjf,, Zn,sys Hy @Nd Gn sys out @re respectively given by equation (A.2.1i), equation (A.2.1q) and equation (A.2.1r).

Two different pseudo-averages of the specific electric energy consumption per mole of hydrogen (sgl,nlsys),

€ SL nsys and 5el nsys» are respectively calculated as
P kW
§Sl n,sys (kWh/mol) = elsys (KW) and (A.2.3a)
o gn sys out, Ho (mol/h)
kW
£0, oy (KWhJmol) ——ebovs ) (A.2.3b)

qn, sys, out, Ho (mOl/h)

Pel,sys, 91 oys,out. Ho and ¢n sysoutH, are respectively given by equation (A.2.1b), equation (A.2.2k) and equa-
tion (A.2.1p). Accordingly, two different pseudo-averages of the electrical efficiency based on HHV of hydrogen
(N 8v, et 100y o s and 7T Bhv, el,sys» aTe respectively calculated as

HHV (kWh/mol)
0 Ha
= -100 d A23
QHHV' el sys ( 0) el n,sys (kWh/mol) % an ( 2
~ HHV (kWh/mol)
0 Ha
7% eteys (%) = -100%; (A2.3d)
HHV, el, sys el n5ys (kWh/ )
ggl,n,sys and 5eln sys are respectively given by equation (A.2.3a) and equation (A.2.3b). Correspondingly, two

different pseudo-averages of the electrical efficiency based on LHV of hydrogen (n3, ¢)
are respectively calculated as

0 ~0
) QLHV, el sys and TILHY, el, sys’

LHVH2 (kWh/mol)

% -100% and A2.3e
D, e sys (70) = 9 nsys (KWh/mol) ’ ( )
_ LHV (kWh/mol)
0 Ha
TChv, el sys (J0) = - 100%; (A.2.3f)
LHV, el, sys el nsys (kWh/ )
§8L nsys and 5el n.sys are respectively given by equation (A.2.3a) and equation (A.2.3b).
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Two different pseudo-averages of the specific thermal energy consumption per mole of hydrogen (¢ 9 Ethn, Sys)
el thn,sys and 5th, nsyss are respectively calculated as
P sys.in (KW
€9 1 sys (kWh/mol) =022 W) ond (A2.4a)
o qn sys,out, Ha (mOUh)
P kW
~0 (kWh/mol) th, sys,in ( ) (A.2.4b)

Fthnsys nsys,out t, (Mol/h)’

Pth‘sysym, D sys,out. Ho and Gn,sys,0ut H, are respectively given by equation (A.2.1e), equation (A.2.2k) and equa-

tion (A.2.1p).

A.2.2 Water (steam) electrolyser system tested under hydrogen output conditions
Two different pseudo-averages of the specific energy consumption per mole of hydrogen (¢ E;l,sys), §gjl_ sy
Ed E sys, are respectively calculated as

< and

Poys,in (kW)

Pl (kWh/mol) = and (A2.5a)
s gn sys,out, Ho (mOl/h)
P kW
ss (KWh/mol) = svs.in (kW) (A.2.5b)
G, sys, out, Ho (mOI/h)
Psys,in, 91 oys,out Ho and ¢n sysoutH, are respectively given by equation (A.2.1a), equation (A.2.2k) and equa-
tion (A.2.1p). Two dlfferent pseudo-averages of the specific electric energy consumption per mole of hydrogen
(e len sysh 521 n.sys and 5e1 nsys» are respectively calculated as
P kW
€21 5y (KWh/mol) =22 W) ond (A2.50)
Qn sys, out, Ha (mOl/h)
P (kW)
gPT (kWh/mol) =—— 5 (A.2.5d)
Selnsys qn, sys, out, Ho (mOI/h)
Pel_ sys» 4 and Gn,sys,out H, @re respectively by equation (A.2.1b), equation (A.2.2k) and equation (A.2.1p).

n, sys, out, Ho
Two different pseudo-averages of the specific thermal energy consumption per mole of generated hydrogen
p,T

(€5, n.sys) NAMely & Efsys and & f,fn, o5 are respectively calculated as
Pih sys in (KW
el s (KWh/mol) == W) and (A2.5¢€)
qn sys, out, Ha (mOl/h)
P (kW)
~pT th, sys,in
5 (kWh/mol) = (A.2.5f)
thn,sys qn, sys, out, Ho (mOI/h)
Pth,sys,m, 91 oy, out H and Gn,sys,0ut H, are respectively given by equation (A.2.1e), equation (A.2.2k) and equa-
tion (A.2.1p).

A.2.3 Water electrolyser/high-temperature electrolyser tested under hydrogen output
conditions

The average of the input power to the tested water electrolyser/high-temperature electrolyser (PV?'ETin), Pye in,
see equation (3.4.2a), ng,m, is calculated as

PWE, in (kW) :Pel,dc,WE (kW) + Pth,WE,in (kW) + Pcompr,WE, in (kw)a (A-2-6a)

Pe[ dc, WE, Pth we,in and Pcompr wE,in are respectively given by equation (A.2.6b), equation (A.2.6c) and equa-
tion (A.2.6d). The averages of the DC electric power (Pey,dc, we), Pel dc, we, input thermal power (P, we,in), Pth WE,in
and input power of compression (Pcompr, e, in), Pcompr, we,in, are respectively calculated as

L
_ 1
P dcwe (KW) =7 Z Pet e we, 1 (KW), (A.2.6b)

Pt we,in (kW) = ZPth weint (kW) and (A.2.60)
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L
_ 1
Pcompr,WE, in (KW) :Z ; Pcompr,WE, in, 1 (kW), (A.2.6d)
Pl dc,we,1 is the measured value of the DC electric power while P, we,in,1 @hd Peompr, we, in 12 respectively given
by equation (A.1.5e) and equation (A.1.5f). The averages of the input thermal power of heat transfer fluid i
(Pth, we,in,i), Pth wek in,i and input power of compression of hydraulic/pneumatic fluid j (Peompr, we, in,j), Pmmpr WE, in, j»
are respectively calculated as

Pt wein,i (kW) = ZPth weinit (kW) and (A2.6e)

Pcompr WE, in, j (kW Z Pcompr WE, in,j, (kW) (A.2.6f)

Pih we,in,i,1 is given by equation (A.1.5g) and Pcomprwe,in j,1 iS given for incompressible and compressible hy-
draulic/pneumatic fluid j by respectively equation (A.1.5h) and equation (A.1.5i). The averages of the mass flow
rate (¢, we), @i, we @nd temperature of heat transfer fluid i (T3yg), Ty, are respectively calculated as

G we (kg/s) = qu we,1 (kg/s) and (A2.69)
=1

T (K Z T ( (A.2.6h)

' we,1 @nd Ty | are the measured values of respectively the mass flow rate and temperature of heat transfer

fluid i. The averages of the pressure (plye), Fiye and molar flow rate of hydraulic/pneumatic fluid | (an,WE), an_WE,
are respectively calculated as

L
e (kPa) = Z e 1 (kPa) and (A.2.6i)
L
@, we (molih) = Z | wet (mol/h); (A.2.6))

p{NE,l and an,WE,l are the measured values of respectively the pressure and molar flow rate of hydraulic/pneumatic
fluid j. The averages of the molar flow rate of hydrogen (¢})%,,), ¢\'5,, molar concentration of hydrogen ()%, ),

z V%, and product gas molar flow rate (g 5.,), G gyt are respectively calculated as
@25, (mol/h) = Z W5, | (molmol) - ¢S, | (mol/h), (A.2.6k)
=1
k, (Mol/mol) = 7 Zln h,,1 (Mol/mol) and (A.2.61)
| L
qx,/gut (mol/h) :E Z dn, outl (mol/h) (A.2.6m)
=1
x5, 1and ¢}% ;| are the measured value of respectively the molar concentration of hydrogen and product gas

molar flow rate.
Two dlfferent pseudo-averages of the specific energy consumption per mole of hydrogen (¢ en, WE) namely
gl n_WE and Ee,n,WE are respectively calculated as

Puye,in (KW)

T

kWh/mol) =————— and A27a

=) WE( ) Q\,ﬁ{iz (mol/h) ( )
Pug,in (kW)

kWh/mol) = —-———; A2.7b

enWE ( /m ) (jr\¢/52 (mOl/h)’ ( )

Pyk in, g‘:’E and q , are respectively given by equation (A.2.6a), equation (A.2.7j) and equation (A.2.6k). Two

different pseudo—averages of the specific electric energy consumption per mole of hydrogen (¢ ol n'WE) namely
8 we and E81 e are respectively calculated as

pel, dc, WE (kW)

g (mol/h)

?7 e (kWhimol) = (A2.70)
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Pel, dc, WE (kW)

q%z (mol/h)’

&8 we (kWh/mol) = (A2.7d)
Pel dc, we, g‘;“EHQ and g'f, are respectively given by equation (A.2.6b), equation (A.2.7j) and equation (A.2.6k). Two
different pseudo-averages of the specific thermal energy consumption per mole of hydrogen (s ?I:l:rn,WE) namely
ef’ weand &R\ are respectively calculated as

Py we,in (KW)

b’ we (KWh/imol) = and (A.2.7e)

g‘rﬁz (mol/h)
P we in (KW
ERT e (KWhimol) _W; (A2.7f)
n, Az

P wE,in» g:ﬁ and g§, are respectively given by equation (A.2.6c), equation (A.2.7j) and equation (A.2.6k). The

pseudo-average of the input thermal power related to heat transfer fluid i (P, we,in,i), £ we,in i» IS Calculated as
Pweini (kW) =71 we (kafs) - ¢ (kJItkg K)) - (T (K) — T (K)) ; (A.2.79)

q’,‘n,WE and T\‘NE are respectively given by equation (A.2.6g) and equation (A.2.6h). For the incompressible case,
the pseudo-average of the input power of compression related to hydraulic/pneumatic fluid j (Pcompr we in,j),
P compr we,in j» 1S Calculated as

Vi (m3/mol)

. ,
3600 (gihy dnwe (molh); (A2.7h)

P ot ny (W) = (Pl (Pa) = p” (Pa) ) -

13"\NE and an,WE are respectively given by equation (A.2.6i) and equation (A.2.6j). For the compressible case,
the the pseudo-average of the input power of compression related to hydraulic/pneumatic fluid j (Pcompr, we, in,j),

P ompr we,in j» 1S Calculated as
[ 4\ Z- Ry (Kmol K)) - T° (K) - @ e (mol/h)
L comprwe.in (W) = <71 = 1) 3600 (s/h)
=] WJW_Jl
Pwe (kPa) B :
(po kPa) 11. (A.2.71)

The pseudo-average of the molar flow rate of hydrogen (¢}%,.), g‘r:“flz, is calculated as

g:’l (mol/h) =z 2%, (mol/mol) - g g (mol/h); (A.2.7))

:EnW52 and qn out are respectively given by equation (A.2.6l) and equation (A.2.6m).

A.3 Standard variances of test parameters

For test parameters, the standard uncertainty (u) and the combined standard uncertainty (u.) each multiplied
by the coverage factor or multiplier, k=3, are respectively given by

ku =3vs2 and (A3.1a)
kuc =3+/u?; (A3.1b)

s? is the standard variance of a measured test parameter and 2 is the combined standard variance of a

calculated test parameter (JCGM, 2008). All test parameters are assumed uncorrelated. The relative standard
uncertainty of a test parameter (u,) is the positive square root of its relative standard variance (u?) (JCGM,
2008).

A.3.1 Water (steam) electrolyser system

The combined standard variance of the input power of a water (steam) electrolyser system of the tested WE
system (Psys in), uZ (Psys,in), is calculated as

U? (Psys,in) (kW)2 :U? (Pel,sys) (kW)2 + u? (Pth,sys,in) (kW)2 + U? (Pcompr,sys,in) (kW)2§ (A.3.2a)
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u2 (Petsys), U2 (Pth,sys,in) @nd u2 (Peompr. sys,.in) are respectively given by equation (A 3.2b), equation (A.3.2c) and
equation (A.3. 2d) The comblned standard variance of the electric power (Pe sys), © (Pel,sys) is calculated as

2 (Pel,sys) (kW)2 :52 (Pel,ac,sys) (kW)2 + 32 (Pel,ac,sys) (kW)2§ (A-S-Zb)

Ug

52 (Pelac,sys) @nd s? (Pel ac,sys) are respectively given by equation (A.3.3a) and equation (A.3.3b). The combined
standard variance of the input thermal power (P, sys in), u2 (P, sys.in), 1S calculated as

2
62 (Piysys.in) (KW)2 = (HHV (Whimol) - g7 (molih)) " s? (g) + >_ u? (Pinsysni) (W% (A3.20)

g‘;, s? (qf)) and u? (P sys,in1) are respectively given by equation (A.2.2j), equation (A 3.4e) and equation (A.3.2e).
The combined standard variance of the input power of compression (Pcompr. sys,in), ¢ (Pcompr, sys.in), IS calculated

as

u? (Pcompr,sys,in) (kW)2 - ZU? (Pcompr,sys,in,j) (kW)2§ (A-3-2d)

u2 (Peompr, sys, inj) is given for incompressible and compressible hydraulic/pneumatic fluid j by respectively equa-
tion (A.3.2f) and equation (A.3.2g). Note, the summation (A.3.2d) applies jointly to both type of fluids. The
combined standard variance of the input thermal power of heat transfer fluid i (P sys,in,i), u? (Pth,sys,ini) IS
calculated as

u? (Pin,sys,ini) (KW)* = (Bth,sys,in,i (kW)2)2 (5r2 (am) + 7 (Ti)) ; (A3.2e)

P sys.inio 57 (q1y) and s? (T") are respectively given by equation (A.2.2g), equation (A.3.4f) and equation (A3.4q).
For the incompressible case, the combined standard variance of the input power of compression of hy-
draulic/pneumatic fluid j (Peompr, sys,in,j), u2 (Pcompr sys, in, j), is calculated as

u? (Pcompr,sys,in,j) (kW)2 = (Bcompr,sys,in,j (kW)2)2 (3? (pj> + 5r2 (an)) ; (A.3.2f)

P comprsys.ings St (P) and s? (an) are respectively given by equation (A.2.2h), equation (A.3.4h) and equa-
tion (A.3.4i). For the compressible case, the combined standard variance of the input power of compression of

hydraulic/pneumatic fluid j (Pcompr sys, in ), u2 (Peompr, sysin j), is calculated as

2
u? (Pcompr,sys,in,j> (kW)2 = (Bcompr,sys,in,j (kW)Q)

<<PYJ7J. 1) st (p) + 8¢ (an)> ; (A.3.20)

P compr sys,in,j 1S glven by equation (A.2.2i). The combined standard variance of the molar flow rate of hydrogen

(@n,sys, out,Ha ) 12 (qn,sys, out H, ), i Calculated as

2
g (qn,sys,out, 1) (Molh)? = (Qn,sys,out,Hz (mol/h)) (57 (znsysta) + 57 (dnsys,out)) ; (A3.2h)

1 oys,out Hy’ 82 (T sys,h,) @Nd 52 (qn sys out) are respectively given by equation (A.2.2k), equation (A.3.4m) and

equation (A.3.4n). The standard variances of the AC electric power (Pe| ac,sys), 52 (P, ac,sys) and DC electric power
(Pel dc,sys), 52 (Pel ac, sys), are respectively calculated as

1
52 (Pel,ac,sys) (kW)2 =

1 (Pel,ac,sys,l (kW) — Pel,ac,sys (kW))2 and (A.3.3a)

M=

™~

=1

1
s (Pel,ac,sys) (kW)2 :fl

™=

(Pel dc, sys, | (kW) — el dc, sys (kW)) (A.3.3b)

™~

l

n
=

Pl ac sys 1 and Py, dc,sys,| Are the measured values of respectively the AC electric power and DC electric power
while Pgj acsys and Pejdc sys are respectively given by equation (A.2.1c) and equation (A.2.1d). The standard
variance of the molar flow rate of fuel (¢f), s® (¢f,), is calculated as

L
s* (¢) (mol/h)? 3" (4, (molh) — g, (molh)”; (A3.30)
=1

L 1
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in is the measured value of the molar flow rate of fuel and g}, is given by equation (A.2.1i). The standard
variances of the mass flow rate (¢,)), s? (¢',) and temperature of heat transfer fluid i (T7), s (T"), are respectively
calculated as

L
5% (qrn) (kals)® = 1; ¢ (kals) — g\, (kafs))” and (A3.3d)
L 2
2 i .
s2 (T ( =7 12 T'(K); (A.3.3e)

=1

q‘m'l and T are the measured values of respectively the mass flow rate and temperature of heat transfer fluid i
while ¢!, and T are respectively given by equation (A.2.1j) and equation (A.2.1k). The standard variances of the

pressure (p)), s (p') and molar flow rate of hydraulic/pneumatic fluid | ("), s (q’n) are respectively calculated
as

s* (') (kPa)? -

(ﬁl (kPa) — p! (kpa))2 and (A3.3f)

™~
[
FMh

1

) i 2
(1 (molih) — @} (o)) (A3.3)

)
| =
)
M-

w
-

s* (¢,) (mol/h)* =

pjl and an,l are the measured values of respectively the pressure and molar flow rate of hydraulic/pneumatic fluid

j while pJ and ¢/, are respectively given by equation (A.2.1n) and equation (A.2.10). The standard variances of the
pressure (psys n,), 52 (Psys n, ) @nd temperature of hydrogen (Tsys 1), 5% (T'sys 1, ), @re respectively calculated as

1

52 (Dsys Hs) (kPa)? =———

— D (Psys e (KPR) = Py, (kPa))® and (A.3.3h)

TMh

1

1

(Tsys,Hg,l (K) — TSVS,HQ (K))2 ; (A.3.3i)

M-

32 (Tsys,Hg) (K)2 =

™~

l

n
—

Dsys Hp, | @Nd T'sys 1,1 @re the measured values of respectively the pressure and temperature of hydrogen while
Dsys,H, and TSYS,H2 are respectively given by equation (A.2.1l) and equation (A.2.1m). The standard variances
of the molar concentration of hydrogen (z sys H,), 52 (% n sys,Hp) and product gas molar flow rate (gn sysout),
52 (qn.sysout), are respectively calculated as

L

s° (xn,sys,HQ) (m(:)l/mOl)2 = T

L
> (T n,sys,Ho.1 (MOUMOD) — Z ys 4, (Molimol))?  and (A3.3))
=1

h

L
Z Qn sys, out, | (mol/h) — Gn, sys, out (mOUh))2 ; (A.3.3k)
=1

57 (qn, sys,out) (mol/h)?

h

L-1

T sys Hy,1 aNd ¢n sysoutl a@re the measured values of respectively the molar concentration of hydrogen and
product gas molar flow rate while Z 55 1, @and @n sys,out @re respectively given by equation (A.2.1q) and equa-
tion (A.2.1r).

The relative standard variances of the input power (Psys in), 42 (Psys,in), €lectric power (Pei sys), uZ (Pel sys),
input thermal power (Piy sys in), U2 (Pih sys,in) @nd input power of compression (Peompr, sys,in), U2 (Peompr,sys,in), are
respectively calculated as

2 2
Ur2 (Psys,in) :cE]Dsys—m) (A34a)
(Psys in (kW))
2 (kW
Ur2 (Pel,sys) ZC(;EISVSEI)(\N))) (A.3.4b)
L, sys
2 2
ur2 (Pth, sys,in) - C(;Pth VS, |r(1|)(\:\;()\))\/2) and (A34C)
th, sys, in
2(P in) (kW)?2
Ur2 (Pcompr, sys,in) :Uc(; come. sys,|r£l>(\;/)) 2) 5 (A.3.4d)
compr, sys, in
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U? (Psys,in)y Psys,in, U? (Pel,sys)y Pel,sys, U? (Pth,sys,in)y Pth,sys,inx u? (Pcompr,sys,in) and Pcompr,sys,in are respectively
given by equation (A.3.2a), equation (A.2.1a), equation (A.3.2b), equation (A.2.1b), equation (A.3.2c), equa-
tion (A.2.1e), equation (A.3.2d) and equation (A.2.1f). The relative standard variance of the molar flow rate of

fuel (¢f), s? (), is calculated as
5% (¢f,) (mol/h)?

2(.f\ _
o (an) (GF (molh))?

52 (qfn) and ¢! are respectively given by equation (A.3.3c) and equation (A.2.1i). The relative standard variances

of the mass flow rate (¢',), s?(¢q!,) and temperature of heat transfer fluid i (T"), s? (T'), are respectively

calculated as

(A3.4e)

2/ ( m) ( (ka/s)?
_— A3.4f
Sr (Qm) ((j (ka/s) ) ( )
2 2
2 (T' _S((T)(;(); (A3.4q)
T (K)

s2(q',), ¢\, s> (T") and T' are respectively given by equation (A.3.3d), equation (A.2.1j), equation (A.3.3e)

and equation (A.2.1k). The relative standard variances of the pressure (p)), s2 (p’) and molar flow rate of

hydraulic/pneumatic fluid j (an) (q’n) are respectively calculated as

2 j 2
g Ap) e (pj) (kPaQ) and
(5! (kPa))

(ﬁn) (mol/h)?
() (mol/h))

(A.3.4h)

st (P) =

st (dh) = and (A.3.40)
s2(p)), pl, s* (an) and ¢, are respectively given by equation (A.3.3f), equation (A.2.1n), equation (A.3.3g) and
equation (A.2.10). The relative standard variances of the pressure (psysm,), 52 (Psys.h,) and temperature of

hydrogen (Tsys 1,), 2 (T'sys. 1, ), @re respectively calculated as

s (psys,H2) (kPa)2

57 (Dsys.a) = (A3.4))
v (Ijsys,HZ (kPa))2
2 T K 2

57 (Tsys y) =M; (A3.4k)

(Tsys, Ho (K))

8% (Psys,ta )» Dsys Har 82 (Tsys i) @nd Teys i, are respectively given by equation (A.3.3h), equation (A.2.1l), equa-
tion (A.3.3i) and equation (A.2.1m). The relative standard variance of the molar flow rate of hydrogen (gn, sys, out s ),
u? (qn sys,out 1, ), IS Calculated as

2 (mol/mol)?
ur2 (Qn,sys, 0Ut,H2) :uc _(qn,syS' OUtYHQ) 5 s (A.3.4)
(QH,sys,out,Hg (mOl/mOI))

u2 (qn sys,out Hy ) @Nd @, sys,out H, are respectively given by equation (A.3.2h) and equation (A.2.1p). The relative
standard variances of the molar concentration of hydrogen (z  sys H,), 52 (Z n.sys 1, ) @nd product gas molar flow
rate (qn sys, out), 52 (qn,sys,out), are respectively calculated as

52 (T, sys,H,) (Mol/mol)? (A3.4m)

s (x =
¢ (2 n,sys,Hy ) (Z n, sys, Ho (mol/mOl))2

5% (¢n,sysout) (Mol/h)?
(G, sys, out (Mol/h))?

3r2 (Qn,sys, out) = (A.3.4n)

52 (T sysHa)s Tnsys Ha S° (Gn sysout) @Nd @n sys,out @re respectively given by equation (A.3.3]), equation (A.2.1q),
equation (A.3.3k) and equation (A.2.1r).
A.3.2 Water electrolyser/high-temperature electrolyser

The combined standard variance of the input power of a water electrolyser/high-temperature electrolyser of the
tested WE/HTE (Pye,in), u2 (Pyg,in), is calculated as

UE (PWE,in) (kW)2 :32 (Pel, dc,WE) (kW)2 + uf (Pth,WE, in) (kW)2 + Ug (Pcompr,WE, in) (kW)Q; (A.3.5a)
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52 (Petde,we), U2 (Pinwein) @and u2 (Peompr we,in) are respectively given by equation (A.3.6a), equation (A.3.5b)
and equation (A.3.5c). The combined standard variance of the input thermal power (P we,in), u? (Pt we.in) is
calculated as

ug (Pnwein) kW) =" uZ (Pinwe,ini) (KW); (A3.5b)

u2 (P, we,in,i) IS given by equation (A.3.5d). The combined standard variance of the input power of compression
(Pcompr,WE, in), U? (Pcompr,WE, in)x is calculated as

U? (Pcompr,WE,in) (kW)2 = Zu? (Pcompr,WE,in,j) (kW)2§ (A.3.50)

u? (Pcomprwe,in,j) is given for incompressible and compressible hydraulic/pneumatic fluid j by respectively equa-
tion (A.3.5e) and equation (A.3.5f). Note, the summation (A.3.5c) applies jointly to both type of fluids. The
combined standard variance of the input thermal power of heat transfer fluid i (P, we,in, 1), 42 (P, we,in,i), iS
calculated as

u? (Pin,we,ini) (kW)* = (Eth,WE,in,i (kW))2 (3? (qim,WE) + 57 (T\INE)) ; (A3.5d)

Py weins 52 (dmwe) and s? (Tye) are respectively given by equation (A.2.7g), equation (A3.7d) and equa-
tion (A.3.7e). For the |ncompr955|ble case, the combined standard variance of the input power of compression
of hydrualic/pneumatic fluid j (Peompr, we, in,j), u? (Pcompr,we,in,j), is calculated as

uf (Pcompr, W, in, ) (kw)? = (Bcompr,WE,in,j (kW))2 (5r2 < WE) + Sr2 (an,ws)> ; (A.3.5e)

P ompr W, inj» S (pJWE) and s? (an_WE) are respectively given by equation (A.2.7h), equation (A.3.7f) and equa-

tion (A.3.7g). For the compressible case, the combined standard variance of the input power of compression of
hydrualic/pneumatic fluid j (Peompr we,in,j), %2 (Peompr WE,in,j), i calculated as

i 1\? . .
uf (Pcompr.WE.in,J) (kW)? = (Ecompr,WE,in,j (kW))2 <(7’y1) 5r2 (pJWE) + 5r2 (an,WE>) ; (A.3.5f)

P compr,we,inj 1S given by equation (A.2.7i). The combined standard variance of the molar flow rate of hydrogen

(gn%,), ug (qn we ), is calculated as

2
02 (anwei,) (U = (g% (mol)) ™ (52 (znwe ) + 57 (dnwe.ou)) : (A350)

g% . st (Tnwen,) and s7 (¢nweour) are respectively given by equation (A.2.7j), equation (A3.7h) and equa-
— 1,2

tion (A.3.7i). The standard variance of the DC electric power (Pey dcwe), 5% (Pel dcwe ), is calculated as

L
Z Pel,ac we, L (KW) — Pet ac,we (kW))Q; (A.3.6a)
=)

32 (Pel,dc,WE) (kW

h
)—l

Peldc,we,1 is the measured value of the DC electric power while P, el dc,we IS given by equation (A.2.6b). The
standard variances of the mass flow rate (gl we), s (qm,WE) and temperature of heat transfer fluid i (T3¢),
52 (Tye), are respectively calculated as

1

s (qim,WE) (k9/5)2 =

— O (e (0IS) = @i e (kg/s))® and (A3.6b)

M=

~

[

1

; 1
5% (Tye) (K> =——

(Tue (K — T (K); (A.3.60)

M-

~

|=

—

@mwe,1 @nd Ty | are the measured values of respectively the mass flow rate and temperature of heat transfer
fluid i while fﬂn,ws and TJNE are respectively given by equation (A.2.6g) and equation (A.2.6h). The standard

variances of the pressure (plye), s2 (ije) and molar flow rate of pneumatic fluid j (an‘WE), 52 (anYWE), are
respectively calculated as

L
(ﬁWE) (kg/s)? Ll_llzzl:(pjwm(kpa) Pl (kpa))2 and (A3.6d)
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52 (an,WE) (mol/h)?

1496

L 2
Z nwe | (Mol/h) — qn we (mol/h) ) (A.3.6e)
[ )

p{NE,l and an,WEyl are the measured values of respectively the pressure and molar flow rate of pneumatic fluid

while pi,¢ and (jn we are respectively given by equation (A.2.6i) and equation (A.2.6j). The standard variances of
the molar concentration of hydrogen (%), s* (z%%, ) and product gas molar flow rate (g%5.,), 5% (¢n,we out),
1207 are respectively calculated as

L

108 % (z}5,,) (mol/mol)® L Z z )%, | (mol/mol) — z (mol/mol)) and (A.3.6f)
L 2

52 (gnwe.out) (Mol/h)? Z gV (molh) — g, (mol/h))™; (A3.60)

o xg, and gne, | are respectively the measured values of the molar concentration of hydrogen and product

sz gas molar flow rate while 2}l and g5, are respectively given by equation (A.2.6l) and equation (A.2.6m).

1503 The relative standard variances of the input power (Pye in), u2 (Puein), DC electric power (Pedcwe),

104 U2 (Pel de,we) @and input thermal power (P, we.in), u2 (P, we,in), are respectively calculated as
u2 (Pug,in) (KW)?

1505 ’U,I,2 (PWE, in) = 3> (A.3.7a)
(Pwe,in (mol/h))
2 P 2
w? (Pet dc,we) = ‘EP( e cc we) (Uh ))2 and (A3.7b)
el,dc, we (MO
Puowe.n) (kW)?
1507 ’LLI,2 (Pth,WE,in) :Uc ( thVWE'm) ; (A.3.7¢)

(Prn, we,in (l’l’lOl/h))2 ’

uZ (Pu,in), Pue,in, 2 (Petde,we), Pel,acwe, uZ (Pin,we,in) and P we,in are respectively given by equation (A.3.5a),
equation (A.2.6a), equation (A.3.6a), equation (A.2.6b), equation (A.3.5b) and equation (A.2.6c). The relative

standard variances of the mass flow rate (¢}, we), s? (¢ we) and temperature of heat transfer fluid i (Tye),
00 82 (Tye), are respectively calculated as

82 (qim, WE) (kg/S)Q

1510 S? qim = - (A37d)
(G ve) (Tt we (kg/s))2
2 i 2
1511 Sr2 ( \INE) :M, (A37E)
1512 (T\INE (K))

5% (ghhwe), @nwe $° (Tye) and T\ are respectively given by equation (A3.6b), equation (A.2.6g), equa-
tion (A.3.6c) and equation (A.2.6h). The relative standard variances of the pressure (pl), s2 (pJWE) and molar

1515 flow rate of pneumatic fluid j (an'WE), s2 (an,WE)’ are respectively calculated as

1514 52 ( WE) :(WE)kPaQ and (A.3.7f)
(Phe (Pa)

s (an,WE) (K)Q.
(621,WE (K)>2 |

2 (p’WE) P 52 (an,WE) and g e are respectively given by equation (A.3.6d), equation (A.2.6i), equa-
tion (A.3.6e) and equation (A.2.6j). The relative standard variances of the molar concentration of hydrogen
s (@W%)), 82 (@ nwen,) @and product gas molar flow rate (¢)5,¢), 52 (¢n,we,out), are respectively calculated as

n,H2
2 (z¥E ) (mol/mol)?
1518 Sr2 (:ZZ ”,WE,HQ) :S (xn,Hz) ( 2) and (A.3.7h)
(z Y&, (mol/mol))

5 (¢n,we,out) (Mol/h)*

5% (dhwe) = (A3.79)

1516

2 .
1519 S (Qn,WE,out) = — 3 (A.3.7i)
1520 r (Q%ut (mOl/h))
s 5% (oW ), 2WE L 5% (aWE), WE, 5% (gnweout) and gYE, are respectively given by equation (A3.6f), equa-

1522 tion (A.2.6l), equation (A.3.6g) and equation (A.2.6m).
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Annex B Test report

The test report shall accurately, clearly and objectively present all relevant information to demonstrate whether
or not the objective(s) of the test is/are attained. As a minimum requirement, the test report shall contain a title
page (see section B.1) and a summary report (see section B.2) with the measured or estimated TIPs and TOPs
at least as mean values along with their (combined) standard uncertainties.
B.1 Title page
The titlepage shall present the following information:

(a) report identification, i. e. report number (optional),

(b) type of report (summary, detailed or full),

(c) author(s) of the report,

(d) entity issuing the report with name and address,

(e) date of the report,

(f) person(s) conducting the test when different from the report author(s),

(g) organisation conducting the test when different from report issuing entity,

(h) date and time per test run,

(i) location per test run when different from the address of the report issuing entity,

(j) descriptive name per test and

(k) identification (model name, serial number, type and specification) of the water electrolyser/high-temperature
electrolyser and/or WE system tested including manufacturer.

The titlepage may be followed by a contents page before the summary report.

B.2 Summary report
The summary report shall include the following information:
(i) test objective(s),

(ii) description of the test(s) with sufficient information on the measurement set-up (see section 6) including
operating conditions such as input power (P,,), pressure and temperature of hydrogen,

(iii) all relevant test parameters (see section 5) and test results (see section 8.2) and

(iv) as appropriate, conclusion(s) including graphical presentation of test results and discussion with remark(s)
and/or observation(s).
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