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Abstract

The objective of this pre-normative research (PNR) document is to present a testing procedure for establishing
the energy performance of water (steam) electrolyser systems (WE systems), whether grid-connected or off-grid
and individual water electrolysers (WEs)/high-temperature electrolysers (HTEs) for the generation of hydrogen
by water/steam electrolysis. The WE systems use electricity mostly from variable renewable energy sources.
HTE 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 standard ambient temperature and pressure (SATP) conditions allows for an adequate comparison of
different WE systems. Also, the energy performance potential of WEs or WE systems employing low-temperature
water electrolysis (LTWE) technologies compared to HTE employing high-temperature steam electrolysis (HTSEL)
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 WE 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 (EPIs). In a plant setting, the specific
energy consumption of an individual water electrolyser including HTE under hydrogen output conditions may
also be determined using this testing procedure.

This procedure is intended to be used as a general characterisation method for evaluating the energy
performance of WEs including HTEs and systems by the research community and industry alike.
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1 Introduction

For an adequate comparison of one water (steam) electrolyser system (WE system) to another system (Figure 1.1)
in respect of the specific energy consumption (e¢) per unit output (mole, €¢ n, volume, €y and mass, €¢ m) of
hydrogen (H;) 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 (e4,) 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, 710y s,s, generated by the water (steam) electrolyser
system (WE system) are derived from the specific energy consumption while in section 3.2.5, the electrical
efficiency (17¢) based on these two heating values, 73,y o sys and Ny el sys» are derived from the specific electric
energy consumption.

Note, under SATP conditions namely 70 = 298,15 K and p° = 100 kPa (IUPAC, 2019), the HHV and LHV of
hydrogen are respectively HHVy, = 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 electrolyser, common balance of plant, instrumentation & control
devices including safety sensors and operation software.

Water (steam) electrolyser(s)

Instrumentation & control

Source: JRC, 2022.

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 hydrogen-to-industry (H21) processes (i. e. direct reduction of iron (DRI), methanation, synthetic fuels,
methanol, ammonia and fertiliser production, etc) (Chatenet et al,, 2022, Shih et al., 2022), the manufacturer
is to define which balance of plant (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 conducting 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,

(®) Note, the strategic research and innovation agenda 2021-2027 of the Clean Hydrogen Partnership for Europe (SRIA) key performance
indicator (KPI) targets state a hydrogen purity of 5 (99,999 vol-% of hydrogen in the product gas) irrespective of the four
mentioned water/steam electrolysis 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.
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e water conditioning including pumps, ion exchanger, heat exchanger 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 or conditioning unit for externally
supplied steam and

e gas purification including liquid/gas separators, demisters, coolers, dryers, 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 includes compression equipment. In
ES applications with hydrogen stored as compressed hydrogen (CH) 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 (LH-) in vessels,
liquefaction equipment including proton exchange polymer membrane (PEM) based electrochemical hydrogen
compressors (EHCs) 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 water/steam electrolysis technology
serve to

- evaluate research and development (R&D) progress made in power-to-hydrogen (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).

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

WE/HTE N

Instrumentation & control

Source: JRC, 2022.

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 (°).

() For example, the SRIA KPI targets 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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; ; p,T ; pT ; pT
The specific energy consumption per mole, ¢/ sys, Unit volume, €'y, ;. and unit mass, £ ¢ m 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,sys, sgifv, sys and 52‘1,Tm'5y5 and specific thermal energy
consumption (g ), 6fH'Tn,5yS, 55’{\,, sy and 6?I:1:rm,sys’ of a 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.

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, Pwg,in.

In a plant setting (Figure 1.2), the specific energy consumption per output unit of hydrogen generated by a
water electrolyser (WE)/high-temperature electrolyser (HTE), e e, €2V e 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, 52'1,Tn,w5' 52’1,TV,WE and 52’1,Tm,w5 and specific

: pT pT pT
thermal energy consumption, € thn WE € th,V WE and € th,m. WE? of a WE/HTE.

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



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 WE/HTE in an electrolysis plant setting. By generating
bulk amounts of hydrogen in the electrolysis of water (steam), the WE/HTE 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 conducting ceramic electrolyser (rPCE).

By applying this procedure, the determination of the specific energy consumption per unit of hydrogen
output (mole, volume and mass), €, €¢,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 (SOC) electrolysis.

The test method is to determine the specific energy consumption, €, the specific electric energy consumption,
€ e and the specific thermal energy consumption, £, 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, Pq in as well as test output
parameters (TOPs) particularly pressure, pss 1,, temperature, T'sys 11, and molar flow rate of hydrogen, gn, sys out, s,
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, 78,y ¢ <ys and LHV of hydrogen, 3, s,s both derived from the specific energy consumption as
well as the electrical efficiency based on HHV, 78, ¢ s,s @nd LHV of hydrogen, n3, o o, 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
research, development and innovation (R&D&I) 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 PCE.

As EPIs, the specific energy consumption, specific electric energy consumption and specific thermal en-
ergy 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.



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 WE/HTE (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: Schematic of the input and output streams (directional arrows) of energy forms (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.

o6

Water (steam) electrolyser system

© ¢

Source: JRC, 2022.

Mechanical energy (q, p)

i
|

At the PoCs, the input energy streams to a WE system are
e Electricity in the form of electric energy (E¢),
Eo (kW) = Py sys (kW) -t (h) where (3.1.1)
Pl sys is the electric power of the WE system given by equation (3.2.3a) and ¢ is the time of the applied

electric power; U is the voltage of the WE system and I is the input current to the WE system.
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e Heat/cold, if any, in the form of thermal energy (E'y,),
Egn (kW) = (P sysin (KW) — HHV' (kWh/mol) - ¢/ (mol/h)) - ¢ (h) where (3.1.2)

P sys,in is the input thermal power to the WE system given by the second term on the right hand side
(RHS) of equation (3.2.4), HHV is the input fuel’s HHV, qﬁ is the molar flow rate of fuel and ¢ is the time
of the heat/cold supply. The heat/cold is carried by fluids (air, water/steam, etc) being at temperature, T
and having flow rate, g; 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.

Note, heat rejected by the WE system may be utilised, for example, in district heating or seawater
desalination. The oxygen rejected by the WE system may be utilised, for example, in downstream
processes of steel and fertiliser plants or used in aquaculture.

e Chemical energy (F o), if any,
Echerm (kW) = HHV' (kWh/mol) - ¢, (molh) - ¢ (h) where (3.1.3)

t is the time of the fuel supply; 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, in the form of compression energy (E compr),
Ecompr (kw) = Pcompr,sys,in (kW) - t (h) where (3.1.4)

Pompr sys,in 15 the input power of compression into the WE system given by equation (3.2.5) and ¢ is the time
of compression. The compression is conveyed by a hydraulic fluid (i. e. oil) or pneumatic fluids (compressed
air and pressurised steam), or both; for example, stack compression may require a hydraulic fluid, control
devices may be actuated by compressed air and substances (steam, hydrogen, oxygen) may be compressed
by such fluids having flow rate, ¢ and pressure, p.

In accordance with clause 4.1.2 of 1SO 22734:2019 (ISO, 2019), the manufacturer of the WE system should
specify the feed water (steam) quality.

Figure 3.2: Schematic of the input and output streams (directional arrows) of energy forms (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.

o¢

Water (steam) electrolyser

Electricity (Uge, Igc)

Pneumatic energy (q, p)

Water (steam)
q,T,p

Source: JRC, 2022.

At the PoCs, the input energy streams to a WE/HTE are
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e Electricity in the form of electric energy (E¢), see equation (3.1.1), using exclusively DC electric
power (Pe ac); Ugc is the stack voltage and 4 is the input stack current.

e Heat, if any, in the form of thermal energy (E,), see equation (3.1.2), 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, in the form of compression energy (£ compr), See equation (3.1.4), conveyed by
fluids such as
- pressurised water to AEMWEs, BPMWESs and PEMWEs,
- pressurised steam to SOEs and PCEs, and
- compressed air to SOEs.

3.2 WE 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 (7).

The specific energy consumption per mole (¢2, 5.), unit volume (2, sys) @nd unit mass (e 9 m.sys) of hydrogen
generated and put out by a WE system under SATP conditions are respectively given by

Psys,in (kW)

0
€ (kWh/mol) = , 3.2.1a)
&y {n, sys,out, H, (mol/h) (
0 kWh/mol
£2v.sps (KWh/m?) = EV: §m3/mol)) ~ 40,34 (mol/m?) - €2 . (kWh/mol) and (3.2.1b)
m, Rz
e? kWh/mol
€2 msys (KWhikg) = ensys ) ~ 495,05 (mol/kg) - €2 oo (KWh/mol); (3.2.1c)

mu, (kg/mol)

Py in is given by equation (3.2.2), gn,sys,out H, 1S given by equation (3.2.6), Vim, = 24,79 - 1073 m3/mol is
the molar volume of hydrogen at SATP and my, ~ 2,02 - 10~2 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; Py sys iS given by equation (3.2.3a), P sys,in iS given by equation (3.2.4) and
Pompr sys,in IS given by equation (3.2.5).

Pel,sys (kW) - Pel,ac,sys (kW) + Pel,dc,sys (kW) (3.2.3&)

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

Pl 3p,ac,sys (kW) = \/g “Uac,sys (kV) - Iy, sys (A) - cos (3.2.3b)
or single-phase AC electric power (Pl 1p, ac,sys) given by
Pel,lp, ac, sys (kW) = Uac, sys (kV) - Iac,sys (A) - cos ("2H (3.2.3c)

Uacsys and 14 sys are the root mean square (rms) of respectively the AC voltage and the alternating current
(AC) and cos ¢ is the power factor (IEEE, 2010). Note, for simplicity and ease of use, harmonics (IEEE, 2010) are
omitted. The DC electric power (Pg| qc,sys) is given by

Pelde,sys (KW) = Udgc sys (KV) - Tgc sys (A); (3.2.3d)

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

Pipsys,in (kW) = HHV' (kWh/mol) - ¢, (mol/h) + > ~ gl (kals) - ¢}, (kKJItkg K)) - (T (K) — T° (K))  (3.2.4)

is the input thermal power of the system at its PoCs by fluid i having mass flow rate, ¢/, and by fuel with higher
heating value, HHV ' and molar flow rate, qﬁ; 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 WE system may not directly be
involved in the electrolysis process. Note, the first term on the RHS of equation (3.2.4) is relevant when fuel is
put into and used by the WE system. The second term on the RHS of equation (3.2.4) is relevant when heat/cold
is transferred to the system.

V4, (m3/mol) .

j
3600 shy ~ n (Mol (3.2.53)

Peompr,sys,in (KW) = Z (pj (kPa) *]30 (kPa)) :
j
is the input power of compression provided to the WE system at its PoCs by incompressible fluid j of pressure,
pJ, molar volume, V, and molar flow rate, ¢l

J—1

o v\ Z)- Rg (kJmol K) - T° (K) - gh (molh) [ (p) (kPa)\ ™7
Pcompr,sys,ln (kW) = Xj: <,7j — 1) 3600 (s/h) po (kPa) 1 (3.2.5b)

is the input power of compression provided to the WE system at its PoCs by compressible fluid j where Z1 is
the average average compressibility factor of this fluid and R is the universal gas constant. The isentropic
expansion factor of this fluid is given by

ch, (kJl(kg K)
¢l (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 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 = (3.2.50)

@n, sys, out, Hy (mol/h) = T n, sys, Hy (mol/mol) - dn, sys, out (mol/h) (3.2.6)

is the output molar flow rate of hydrogen generated by the system with xp, s 1,, the molar concentration of
hydrogen in the product gas to be determined by gas analysis (&) and @n 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) - Rq (kJ/(mol K) - T (K); (3.2.7)

p, V,nand 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 (£, y5,s) and unit mass (9, s) of
hydrogen generated and put out by a WE system under SATP conditions are respectively given by
Py sys (kW)
0 el,sys
€ (kWh/mol) = , (3.2.9a)
sl sys {n, sys,out, Hy (mol/h)
0
0 3, Eelnsys (KWh/mol) s o
Eelv,sys (KWh/m?) = Voo (molmol 40, 34 (mol/m?) - € g , sys (KWh/mol) and (3.2.9b)
e (kwWh/mol)
£ msys (KWhikg) = —Sunors ~ 495,05 (molkg) - €8 , s (kWh/mol); (3.2.90)

my, (kg/mol)

P, sys is given by equation (3.2.3a) and ¢, sys, out, 1, 1S given by equation (3.2.6).

(8) See note (8) of Table 6.1.
(®) 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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3.2.3 Specific thermal energy consumption

The specific thermal energy consumption per mole (E?h,n,sys), unit volume (E?h,v,sys) and unit mass (€ th, 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)
thnsys Grsys.ou, (Molh)
(kWh/mol)
v sys (KWhim?) = ““/“ SHVS oy~ 40,34 (molim®) - €9, , &y (kKWh/mol) and (3.2.10b)
m, A2
e (kWh/mol)
Ethmsys (KWhikg) = —Tumsvs ~ 495,05 (mol/kg) - £, , s (KWh/mol); (3.2.10¢)

my, (kg/mol)

P, sys,in is given by equation (3.2.4) and gn,sys,out, 1, IS given by equation (3.2.6).

3.2.4 Energy efficiency

Using the estimated specific energy consumption (58,n,sys) given by equation (3.2.1a), the energy efficiency
based on HHV (3, e.sys) @and LHV of hydrogen (nEHV,e,sys) generated by the WE system under SATP conditions
are respectively given by

HHVHZ (kWh/mol)

0
n (%) = -100 % and (3.2.11a)
HHV, e, sys e nsys (kWh/m l)
LHV (kWh/mol)
0 Hz
n (%) = — e EVVTOY 00 9, (3.2.11b)
LHV, e, sys e nsys (kWh/ )

Note, one has ngHV,e,sys (%) ~ 17 18- nIE)HV,e,sys (%) and nIC_)HV,e,sys (%) ~ 07 85 - nSHV,e,sys (%)

3.2.5 Electrical efficiency

Using the estimated specific electric energy consumption (52Ln’5ys) given by equation (3.2.9a), the electrical
efficiency based on HHV (3¢ s,s) @nd LHV of hydrogen (13 o 5,s) generated by the WE system under SATP
conditions are respectively given by

HHV 4, (kWh/mol)

0 %) = 2100 % =~ 1,18 -nd %) and 32.12a
TTHHV, el, sys ( 0) Egl,n,sys (KWh/mol) 0 TILHV, el sys ( 0) ( )

LHV (KWh/mol)
0 %) = Hz 100 % ~ 0,85-19 . 32.12b
TILHV, el, sys (%) e[ . (kWh/mol) 0 ) TTHHV, el, sys (%) ( )

3.3 WE system under hydrogen output conditions
3.3.1 Specific energy consumption

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

Psys,in (kW)

pT_  (kWh/mol) = , (3.3.1a)
Fensys ( ) {n, sys, out, H, (mol/h)
B ge n.sys (KWh/mol)
e\,sys (kWh/m ) = Vo, (mPJmol) and (3.3.1b)
kWh L
Pl s (KWhikg) = B ( /mo), (3.3.1¢)

my, (kg/mol)

Py in is given by equation (3.2.2) (19 and @n sys out H, 1S given by equation (3.2.6).

10)  Note, for input parameters, no distinction is made between SATP conditions and hydrogen output conditions throughout this report.
The measured values of these parameters may nevertheless differ under these conditions.
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3.3.2 Specific electric energy consumption

The specific electric energy consumption per mole (e§; Sys) unit volume (g VSyS) and unit mass (52’1,Tm,sys) of

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

Pel,sys (kW)

eb kWh/mol , (3.3.2a)
e s ys,out H, (Mol/h)
eP (kWh/mol)
kWh = chn s d 3.3.2b
Eeleys ( /m ) Vm,Hz (m /mol) an ( )
(kWh/mol)
KWh/kg) = sy 3.3.2
E':elm sys ( / g) m, (kg/mol) 5 ( c)
P sys is given by equation (3.2.3a) and gn, sys, out 1, IS Given by equation (3.2.6).
3.3.3 Specific thermal energy consumption
The specific thermal energy consumption per mole (ezth nsy ¢), unit volume (5th V.sy .) and unit mass (sth m sys) of

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

Pth, sys,in (kW)

kWh 3.
Eth n,sys ( /mOI) (. sys. out, Hy (mol/h)’ (3 3 33)
eh (kWh/mol)
KWh _ th n,sys d 3
Eth V, sys ( /m ) Vm, Hy ( 3/m0l) an (3 3 3b)
kWh/mol
sth m, sys (kWh/kg) th L2 ( ) ; (333C)

my, (kg/mol)

P, sys,in is given by equation (3.2.4) and gn, sys,out, 1, IS given by equation (3.2.6).

3.4 WE/HTE under hydrogen output conditions

3.4.1 Specific energy consumption

The specific energy consumption per mole (e¢ I we), unit volume (EEI\T/‘WE) and unit mass (&, T we) of hydrogen

generated by a WE/HTE under hydrogen output conditions namely the pressure (pwe,n,) and temperature of
hydrogen (T'we, n,), are respectively given by

Py in (kW)
gVE (mol/h)’

n,Hy

el n we (KWh/mol) = (3.4.1a)

kWh/mol)
Pl e (KWh = “en e ( d 341
evwe ( fm?) Vs (M3/mol) an ( b)

£

e n we (kWh/mol)

et mwe (KWhikg) = my, (kg/mol) (3.4.10)
Pye in is given by equation (3.4.2a) and qn H2 is given by equation (3.4.3).

Pwein (kW) = Peidcwe (KW) + Pin we,in (KW) + Peompr we,in (KW) (3.4.2a)
is the input power to the WE/HTE with the DC electric power given by

Peide,we (kW) = Ugcwe (KV) - Lgcwe (A); (3.4.2b)
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Udc we and I 4c we are respectively the DC voltage and direct current of the WE/HTE. The input thermal power to
the WE/HTE is given by

P, we,in (KW) quwg (kafs) - c;, (kI(kg K)) - (Tye (K) — T (K)) ; (3.4.20)

qiwe and T\ are respectively the input mass flow rate and temperature of fluid i to the WE/HTE. For incom-
pressible fluids j, the input power of compression to the WE/HTE is given by

Vi (m3fmol) |

. = i - 0 :
Pomprwe,in (KW) = Z (pWE (kPa) — p (kPa)) 3600 (s/h)

J

we (mol/h); (3.4.2d)

phe and quWE are respectively the input pressure and molar flow rate of fluid j to the WE/HTE. For compressible
fluids j, the input power of compression to the WE/HTE is given by

yi-1

| - Y\ Z1 Ry (MOl K) - TO (K) - ¢, e (molih) [ [ plie (kPa))
Peompr, we,in (KW) = ; ('Yj — 1) 3600 (s/h) pO (kPa) !

(3.4.2¢)

Remark, equation (3.4.2d) and equation (3.4.2e) are relevant when one or more fluids enter the WE/HTE. When
both, incompressible and compressible fluids enter the WE/HTE, equation (3.4.2d) and equation (3.4.2e) must be
added together.

The molar flow rate of hydrogen generated by the WE/HTE is given by

gyn, (molh) = x5 (molimol) - ¢ . (mol/h); (3.4.3)

x5 is the molar concentration of hydrogen in the product gas exiting the WE/HTE with molar flow rate ¢ 5 ..

3.4.2 Specific electric energy consumption

The specific electric energy consumption per mole (& T \we), unit volume (¢ e vws) and unit mass (e ; we) of
hydrogen generated by a WE/HTE under hydrogen output are respectively given by

Pel dc, WE (kW)

2 (ol (3.4.4a)

2T we (kWh/mol) =

pT
€ (kWh/mol)
B\ we (KWh/m?) = e‘l/;\’f il and (3.4.4b)
, F2

8el nwe (KWh/mol)

ebimwe (KWhikg) = mu, (kg/mol)

: (3.4.40)
Pey,ac,we is given by equation (3.4.2b) and ¢)'f, is given by equation (3.4.3).

3.4.3 Specific thermal energy consumption

The specific thermal energy consumption per mole (¢, T we), unit volume (e e vws) and unit mass (52::;1,WE) of
hydrogen generated by a WE/HTE are respectively given by

P we,in (KW)

kWh/mol
e (KWhimol) = gV, (mol/h)”’

(3.4.5a)

en we (kWh/mol)
el we (KWhim?) = t‘“/mV:E imon 2 (3.4.5b)

eth nwe (KWh/mol)
my, (kg/mol)

Eth m, WE (kWhlkg) = ; (3.4.5c)

P, we,in is given by equation (3.4.2c) and ¢\'5, is given by equation (3.4.3).
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4 Terminology

4.1

General

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

ISO 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:

"shall" indicates a requirement,
"should" indicates a recommendation,
"may" indicates a permission and

"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 Sl units, non-SI units
may be used when customary. For example, we use kWh instead of kJ as unit of energy.

4.2
4.2.1

4.2.2

423

4.2.4

4.2.5

4.2.6

4.2.7

4.2.8

4.2.9

Terms and definitions

conditioning phase

test duration of specified length for determining the specific energy consumption of a WE/HTE or WE
system under steady-state operation (4.2.13) meeting the stability criterion (4.2.9) which precedes the
data acquisition (DAQ) phase (4.2.2)

data acquisition (DAQ) phase

test duration of specified length for determining the specific energy consumption of a WE/HTE or WE system
under steady-state operation (4.2.13) during which the stability criterion (4.2.9) is met throughout and
relevant TIPs (4.2.11) and TOPs (4.2.12) are continuously monitored, synchronously sampled and fail-safe
recorded at specified rates

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]

hydrogen output conditions
specified conditions of pressure and temperature of hydrogen put out by a WE/HTE or WE system

specific electric energy consumption (¢ )
ratio of input electric power to flow rate of hydrogen generated

specific energy consumption (¢ )
ratio of input power to flow rate of hydrogen generated

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

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]

stability criterion
condition of a test output parameter (TOP) (4.2.12) to be met within a specified margin for a given time
interval
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4.2.10 standard ambient temperature and pressure (SATP) conditions
conditions of standard ambient pressure (p°=100 kPa) and standard ambient temperature (7°=298,15 K)

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

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

4.2.13 steady-state operation
operation of a WE/HTE or WE system meeting the stability criterion (4.2.9) during either the conditioning
phase (4.2.1) or the DAQ phase (4.2.2)

4.3 Abbreviations and Acronyms used

A list of abbreviations and acronyms used in this report are appended, see page 38.

4.4 Symbols used

A list of symbols used in this report are appended, see page 41.
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5 Test parameters

5.1 WE 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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Source: JRC, 2022.

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', pJ, p’, p¥ and p;? are respectively the input pressure of fluid i, fluid j, fuel, water (steam) and
sweep gas; T, T), T'f, T\ and T} are respectively the input temperature of fluid i, fluid j, fuel, water (steam)
and sweep gas; ¢\, qf, Gm in @nd qmin are respectively the input mass flow rate of fluid i, fuel, water (steam)
and sweep gas; qJ}, is the molar flow rate of fluid j; p;, p22 p38 and Dsys 1, are respectively the output pressure
of water (steam), oxygen, sweep gas and product gas (hydrogen) (*1); T, 72 T8 and T'sys 1, are respectively
the output temperature of water (steam), oxygen, sweep gas and product gas (hydrogen) (*2); qm, outs Qr?fout
and gn1 o are respectively the output mass flow rate of water (steam), oxygen and sweep gas; gn,sys out iS the
product gas molar flow rate and x p, 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)
P ac (kW) AC electric power 1%
Pl dc (kW) DC electric power 0,3 %
qm.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'. (kgls) mass flow rate of fluid i (1) 2 %
p' (kPa) pressure of fluid i (%) 2%
T (K) temperature of fluid i (%) 2K

Continue to next page

(1)  See footnote 9.
(12) See footnote 9.
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Table 5.1 - continued from previous page

qf (mol/h) molar flow rate of fuel (3) 2 %
pf (kPa) pressure of fuel (4) 2%
T (K) temperature of fuel () 2K
q} (mol/h) molar flow rate of fluid j (°) 2%
pl (kPa) pressure of fluid j (6) 2%
TJ (K) temperature of fluid j (°) 2K

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

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

(2) Required to look up cip, the specific heat at constant pressure of fluid i.

(3) Fuel j can be a fluid such as NG.

(%) Required to look up HHV, the HHV of fuel.

(°) Except for steam as a fluid, j may stand for oil and/or air.

(®)  Required to look up V73,, the molar volume of fluid j.

Source: JRC, 2022.

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%
@n sys H, (Mol/h) molar flow rate of hydrogen (}) -
Dsys H, (kPa) pressure of hydrogen (%) 2%
T'sys, 1, (K) temperature of hydrogen (%) 2K

EPI related to SATP conditions of hydrogen
(kWh/mol)  specific energy consumption per mole (®) -

e n, sys

e v, st (kWh/m3)  specific energy consumption per unit volume (*) -
€e msys (KWhkg)  specific energy consumption per unit mass (°) -

el nsys (kWh/mol)  specific electric energy consumption per mole (°) -
691 V,sys (kWh/m3)  specific electric energy consumption per unit volume (7) -

el msys (KWh/kg)  specific electric energy consumption per unit mass (°) -
5th nsys (kWh/mol)  specific thermal energy consumption per mole (®) _

Egh,v,sys (kWh/m?)  specific thermal energy consumption per unit volume (”) -
6th m,sys (KWh/kg)  specific thermal energy consumption per unit mass ®) -

77HHV e sys (%0) energy efficiency based on HHV (°) -
70, e,sys (%) energy efficiency based on LHV (1°) -
nSHV el sys (%) electrical efficiency based on HHV (1) -
N0y, el,sys (%) electrical efficiency based on LHV (*?) -

EPI related to hydrogen output conditions

el nsys (KWh/mol)  specific energy consumption per mole (*3) -
ey \T, sys (kWh/m3)  specific energy consumption per unit volume (*4) -
eb rTn sys (KWh/kg)  specific energy consumption per unit mass (*°) -
ed Tn sys (KWh/mol)  specific electric energy consumption per mole (1) -
el Tv os (kWh/m?)  specific electric energy consumption per unit volume (*/) -

Ele sys (kWh/kg) specific electric energy consumption per unit mass (18) -
€th n.sys (KWh/mol)  specific thermal energy consumption per mole (**) -

5th V,sys (kWh/m3)  specific thermal energy consumption per unit volume (%°) -

5th m.sys (kWh/kg)  specific thermal energy consumption per unit mass (%!) -

Note: The symbols of TOPs stand synonymously for both, their respective instantaneous values (see section A.2.2 and section A.2.3) and
average values (see section 8.2.1, section 8.2.2, section A.3.2 and section A.3.3).

Calculated by equation (3.2.6).

See footnote 9.

Calculated by equation (3.2.1a).

Calculated by equation (3.2.1b).

Calculated by equation (3.2.1c).

Calculated by equation (3.2.9a).

Calculated by equation (3.2.9b).

1
2
3
4
5
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Calculated by equation (3.2.9¢).
Calculated by equation (3.2.11a).
) Calculated by equation (3.2.11b).
) Calculated by equation (3.2.12a).
) Calculated by equation (3.2.12b).
) Calculated by equation (3.3.1a).
) Calculated by equation (3.3.1b).
15y Calculated by equation (3.3.1c).
) Calculated by equation (3.3.2a).
) (
) (
) (
) (
(

oA

)
)
0
1

—

Calculated by equation (3.3.2b).
Calculated by equation (3.3.2c).
Calculated by equation (3.3.3a).
Calculated by equation (3.3.3b
(21) Calculated by equation (3.3.3c
Source: JRC, 2022.

).
).

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, sys Hy, S€€ also note (8) of Table 6.1.

5.2 WE/HTE

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 WE/HTE.

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 gc we is the input DC electric power, see equation (3.4.2b); plye, Pye, PWe in @nd p e i, are respectively
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the input pressure of fluid i, fluid j, water (steam) and sweep gas; T, Tiye. TWe i and Tyt ;, are respectively the
input temperature of fluid i, fluid j, water (steam) and sweep gas; g/, we, 4o we.in @Nd ¢ we in @re respectively the
input mass flow rate of fluid i, water (steam) and sweep gas; pye out, pS,ZE,Out, PWe out @Nd pwe, 1, are respectively
the output pressure of water (steam), oxygen, sweep gas and product gas (hydrogen) (**); T\ o0 T\Ao/ﬁ,oup
T\j,gE out @nd Twe 1, are respectively the output temperature of water (steam), oxygen, sweep gas and product
gas (hydrogen) (*); ¢ we out: ‘Zr?fwa out @Nd ¢7 we i are respectively the output mass flow rate of water (steam),

oxygen and sweep gas; q%ut is the product gas molar flow rate and x‘r’,“ﬁz 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)
Pl dc,we (KW) DC electric power 0,3 %
qm wein (Ka/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
qhowe (kals) mass flow rate of fluid i () 2%
plive (kPa) pressure of fluid i (%) 2%
Tk (K) temperature of fluid i (%) 2K
QL,WE (mol/h) molar flow rate of fluid j (*) 2%
plye (kPa) pressure of fluid j (%) 2%
Tie (K) temperature of 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.

*) Except for water (steam) as fluid, i may stand for air, fuel or sweep gas.

(2) Required to look up cip, the specific heat at constant pressure of fluid i.

(3) Except for steam as a fluid, j may stand for air.

* Required to look up anq, the molar volume of fluid j.

Source: JRC, 2022.

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)
gns ¢ (mol/h) product gas molar flow rate 2%
qr‘ffﬁz (mol/h) molar flow rate of hydrogen (}) -
pwen, (kPa) pressure of hydrogen (%) 2%
Twe n, (K) temperature of hydrogen (?) 2K
SZ:I’WE specific energy consumption per mole of hydrogen (3) -
52:\T,,WE specific energy consumption per unit volume of hydrogen (%) -
521;,WE specific energy consumption per unit mass of hydrogen (°) -
52’1;,% specific electric energy consumption per mole of hydrogen (6) -
EE'LTV’WE specific electric energy consumption per unit volume of hydrogen (7) -
52’1, m WE specific electric energy consumption per unit mass of hydrogen (&) -
5E’HT”‘WE specific thermal energy consumption per mole of hydrogen (°) -
5?HTV,WE specific thermal energy consumption per unit volume of hydrogen (:°) -
65’1’ . WE specific thermal energy consumption per unit mass of hydrogen (11) -

Note: The symbols of TOPs stand synonymously for both, their respective instantaneous values (see section A.2.4) and average values (see
section 8.2.3 and section A.3.4).

Calculated by equation (3.4.3).

See footnote 9.
Calculated by equation
Calculated by equation
Calculated by equation
Calculated by equation
Calculated by equation
Calculated by equation

A

W

3.4.1a).
3.4.1b).
34.1c).
3.4.4a).
3.4.4b).
3.4.4q).

N

I S e S R

(13)  See footnote 9.

(*%)  See footnote 9.
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(°) Calculated by equation (3.4.5a).
(19) Calculated by equation (3.4.5b).
(1) Calculated by equation (3.4.5c).
Source: JRC, 2022.
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6 Measurement set-up

6.1 General

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 WE/HTE 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
WE/HTE 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 WE/HTE or WE system ex-factory.

6.2 WE 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 (1) Pet ac (kW) 1(%)
DC electric power (1) Pet gc (kW) 1(3)
Flow meter mass flow rate of water (steam) qn‘”m in (ka/s) 103
mass flow rate of fluid i q' (kals) 14
mass flow rate of fuel qf, (kals) 1()
molar flow rate of fluid j g (mol/h) 1)
product gas molar flow rate qn,sys,out (Mol/h) 1
pressure sensor pressure of water (steam) piv (kPa) 1(3)
pressure of fluid i p' (kPa) 1%
pressure of fuel pf (kPa) 1(3)
pressure of fluid j pl (kPa) 1)
product gas pressure (9) Dsys.H, (kPa) 1
temperature sensor  temperature of water (steam) Ty (K) 1)
temperature of fluid i ' (K) 1%
temperature of fuel T (K) 105
temperature of fluid j T (K) 1)
product gas temperature (7) Tsys,h, (K) 1
Gas analyser (8) molar concentration of hydrogen — xp 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 AC (DC) power meter may besides the value of Pelac,sys (Pel dc,sys) provide simultaneously for values of Uacsys (Udc,sys),
Iy, sys (I dc, sys) and cos ¢.

(?)  Incase 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.

(3) 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.

(%) 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.

(6) Depending whether or not fluid(s) enter the WE system (e. g. compressed air, pressurised steam, etc).

() See footnote 9.

(°) 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).

Source: JRC, 2022.

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.
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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.

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.

6.3 WE/HTE

The measurement instrumentation recommended to measure the TIPs and TOPs of a WE/HTE 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 (1) Pl dc,we (KW) 1(3)
stack current (1) Tacwe (A) - @)
stack voltage (1) Ugcwe (V) - ()
Flow meter mass flow rate of water (steam) g we in (ka/s) 1
mass flow rate of fluid i dinwe (kals) 104
molar flow rate of fluid j a1, we (mol/h) 1%
product gas molar flow rate qn,out (Mol/h) 1
pressure sensor pressure of water (steam) PWe,in (KPa) 1
pressure of fluid i pive (kPa) 14
pressure of fluid j phe (kPa) 1(%)
product gas pressure (%) DweH, (kPa) 1
temperature sensor temperature of water (steam) Twe in (K) 1
temperature of fluid i T (K) 1043
temperature of fluid j Toe (K) 1(%)
product gas temperature (°) Twen, (K) 1
Gas analyser (°) molar concentration of hydrogen  z'f  (mol/mol) 1

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

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

) 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).

) 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.

(6) See note (8) of Table 6.1.

Source: JRC, 2022.
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For a WE/HTE, PoCs refer to the input and output connections of electricity and fluids.
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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 WE/HTE or WE system (1°) 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) (1)
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) (17), 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) (?%), the machinery Directive 2006/42/EC (European Par-
liament and Council, 2006) (??) and the Pressure Equipment Directive (PED) 2014/68/EU (European Parliament
and Council, 20144d) (23).

Generally, an electrolyser or a WE system which does not conform to these EU legislation shall not be used
within the EEA.

(1)  Note, working group (WG) 32 of 1SO Technical Committee (TC) 197 currently prepares the approved working item (AWI) "1SO 22734-2
Hydrogen generators using water electrolysis - Industrial, commercial, and residential applications - Part 2: Testing guidance for
performing electricity grid service".

(8)  Currently, WG 29 of ISO TC 197 reviews this Technical Report (TR).

(17) At present, this comprises the territories of the European Union (EU), Island, Norway and Liechtenstein. It also applies to Switzerland
under a mutual recognition agreement and Turkiye under a customs union agreement with the EU.

(*8)  The European Commission (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-lvd_en.

(31) The EC publishes guidance online at https://single-market-economy.ec.europa.eu/single-market/european-standards/harmonised-
standards/general-product-safety_en.

(%2)  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 execution and measurement of test parameters

Prior to the measurement of the TIPs and TOPs, the WE/HTE or WE system 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 WE/HTE 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 WE/HTE (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 WE/HTE 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 WE/HTE. A value of 4+ 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 WE/HTE 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 speuﬁc energy consumption per mole (£2 ), €9, g6 Unit volume (2, .c), €0, s and unit

mass (€2 sysh €omsys Of hydrogen generated and put out by the WE system tested under SATP
conditions, see equation (8.2.1),

- the specific electric energy consumption per mole (3 , s), €0 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 (¢, , ), €5 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 (18 e ys)» THv.e.sys @ LHV (1704 e sys): 7104y e, sy OF Nydrogen
generated and put out by the WE system tested under SATP conditions, see equation (8.2.7),

- the electrical efficiency based on HHV (18, el sys): 7T8Hv, el,sys @Nd LHV (784 a1 sys)s 7104 el sys» OF hydro-
gen generated and put out by the WE system tested under SATP conditions, see equation (8.2.9),

o
oV, sys) 52 V,sys @nd unit
mass (27, em,sys): 52, m, sys, Of hydrogen generated and put out by the WE system tested under hydrogen

output conditions, see equation (8.2.11),

- the speuﬁc energy consumption per mole (¢¥ E sysh EE;SVS, unit volume (g?

- the specific electric energy consumption per mole (e elTn sys) Engn sy elTV sysh € _ngvsysv

and unit mass (5 el m.sys) ’el m.sys» O Nydrogen generated and put out by the WE system tested under
hydrogen output conditions, see equation (8.2.13a),

unit volume (e
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- —pT
the specific thermal energy consumption per mole (7" thn S,ys) Eth nsyss UNIt volume (£?1 v, Sys)

8th V, sys’
and unit mass (5" th m, sys ) etphTm o5 Of hydrogen generated and put out by the WE system tested under

hydrogen output conditions, see equation (8.2.15a),

- the speC|ﬁc energy consumption per mole (g we), EX n we» unit volume (e VWE) g:\T,,WE, and unit
mass (e& o weh 52‘ m.we, Of hydrogen generated by the WE/HTE tested under hydrogen output condi-
tions, see equation (8.2.17),

- i i i pT =p,T i p.T T
the specific electric energy consumption per mole (€, we) el n wes UNit volume (e y we) Eel v we

and unit mass (agi’Tm’WE), ggmeWE, of hydrogen generated by the WE/HTE tested under hydrogen
output conditions, see equation (8.2.19) and

- i i p,T =pT ; pT =pT
the specific thermal energy consumption per mole (e, n,WE), €t n.we» Uit volume (e th,V,WE)’ € th V. WE?

and unit mass (5?H,Tm,wg)v é{’,;’Tm,WE, of hydrogen generated by the WE/HTE tested under hydrogen
output conditions, see equation (8.2.21)

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

. 2 (.0 2.0
the specific energy consumption per mole (2, o\s), u? (€2,), unit volume (e2 ¢ o), u? (€2y4,6)

and unit mass (€2, os), u% (2 Sys), of hydrogen generated and put out by the WE system tested

under SATP conditions, see equation (8.2.2),

- the specific electric energy consumption per mole (¢¢ Eelnsys) Ut ( Eel sys) of hydrogen generated and
put out by the WE system tested under SATP conditions, see equation (8.2.4),

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

- the energy efficiency based on HHV (e, s, % (nSHV,e'SyS) and LHV (0, ¢ oys) 4% (nIC_)HV,e,sys)v of
hydrogen generated and put out by the WE system tested under SATP conditions, see equation (8.2.8),

- the electrical efficiency based on HHV (1%y, e sys) 42 (13y, et sys) @Nd LHY (084 et sys) 42 (0Chv,elsys)
of hydrogen generated and put out by the WE system tested under SATP conditions, see equa-
tion (8.2.10),

p,

- the specific energy consumption per mole (e21 sys), u? (c&4s), unit volume (€27 ), u2 (€27 46)

and unit mass (e 2;;, sysh u? (E E;;, sys), of hydrogen generated and put out by the WE system tested
under hydrogen output conditions, see equation (8.2.12),

- the specific electric energy consumption per mole (%' _ ), u2 (s—:p'T ), unit volume P!

el,n,sys c el,sys el,V,sys )'
2 (pT - p.T 2 (opT
u? (9 v,sys) and unit mass (e o), u? (€5 msys). Of hydrogen generated and put out by the

WE system tested under hydrogen output conditions, see equation (8.2.14),

- i ; pT 2 (.pT ; pT
the specific thermal energy consumption per mole (sth n sys) u (gth,sys)’ unit volume (eth,v,sys)'

u? (5{’{\,,5\/5) and unit mass (sth msys) u? (Efr},Tm, Sys), of hydrogen generated and put out by the WE

system tested under hydrogen output conditions, see equation (8.2.16),

- the specific energy consumption per mole (2] ye), u2 (€2 e ), unit volume (2 ), u2 (€2 we)

and unit mass (2, we), u2 (21 we ), of hydrogen generated by the WE/HTE tested under hydrogen
output conditions, see equation (8.2.18),

- the specific electric energy consumption per mole (5elTn we) u? (e elTn we), unit volume (EelTv WED
u? (8, we) and unit mass (57 ) u2 (€51, we), of hydrogen generated by the WE/HTE tested
under hydrogen output conditions, see equation (8.2.20) and

- i i p.T 2 p.T i p.T
the specific thermal energy consumption per mole (e ye) 43 (€5, we), Unit volume (g ),

u? (EE)H,TV,WE) and unit mass (EfH,Tm,WE)' u? (5?H,Tm,w5)' of hydrogen generated by the WE/HTE tested
under hydrogen output conditions, see equation (8.2.22).

Remark, the multiplier or coverage factor (k) (JCGM, 2008) by which the estimated combined standard uncer-
tainties are to be multiplied and reported should be taken as k=3, see equation (A.4.1). It is to associate test
results with an interval of uncertainty at a level of confidence greater than 99 %.

The test conditions whether SATP conditions or actual hydrogen output conditions along with the operating
conditions such as input power, pressure and temperature of hydrogen shall also be reported, see section B.3.
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8.2.1 WE system tested under SATP conditions

Using equation (3.2.1), the averages of the specific energy consumption per mole (£24.), 2, s uNit
volume (e o \/SyS) 52,v,sys and unit mass (€2, ), £0m s OF hydrogen generated and put out by a WE sys-

tem tested under SATP conditions are respectlvely calculated as

L
1
Ee n,sys (kWh/mOl Z €e, n,sys, | kWh/mol), (8.2.1&1)

=1

€2 &5 (kWh/mol)
Vi ki, (M3/mol)

kWh/m?) = 40, 34 (mol/m?) - & kWh/mol) and (8.2.1b)

Q

eVsys( ensys(

n, kWh/mol
ég,m,sys (kWh/kg) e Sys ( )

~ . z0 .
e, kgmo) 495,05 (mol/kg) - £ oys (KWh/mol); (8.2.1c)

egn sys,1 IS given by equation (A 2.1a). Correspondingly, the combined standard variances of the specific en-
ergy consumpt|on per mole (2, 4,0), u2 (€24,5), unit volume (€8, ), u?% (¢2,,,.) and unit mass of hydro-
2

gen (e2 1 ys) U2 (€2 1 4ys), are respectively calculated as

eVsys

u? (£2,,5) (KWhimol)? = kWh/mo)® u2 (Pays.in)

( ensys(

+ (e neys (kWh/mol)) (5% (T nsys,t,) + 52 (qnsys,out)) » (8.2.2)

U2

w2 (9 5,5) (KWhm?)?2 = 2 (29,5 (kWhjmol)?
c \“eV,sys (Vm,Hz (m* /mol))

Q

1,63-10% (mol/m?)? -

) (kWh/mol)* (8.2.2b)

c( e,sys

and

u? (£9.) (kWh/mol)2
u? (2 m oys) (KWhikg)® = Em'HV()kg/mol))Q ~ 2,45-10° (molkg)* - u2 (2,,,) (KWh/mol)?; (8.2.2c)

¢

EQnsys Ur (Psysin)y £2 1 sysr 7 (Zn,sys,i,) @nd 87 (¢n,sys,0ut) are respectively given by equation (A3.2b), equa-

tion (A.4.4a), equation (A.3.2a), equation (A.4.4m) and equation (A.4.4n).

Using equation (3.2.9), the average of the specific electric energy consumption per mole (€3, ¢s) 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)
=1

el n,sys

21 nsys, | IS given by equation (A.2.1b). Correspondingly, the combined standard variance of the specific electric

energy consumption per mole (¢ u? (€3 4s), of hydrogen is calculated as

el n, sys) c

u? (£,6s) (KWHIMOD? = (22 146 (kWh/mol)) u? (Pel sys)

+ (§gl, n,sys (kWh/mOl)) ( (xn sys, Hz) + 52r (qn, sys,out)) , (8.2.4)

EQnsys Ut (Petsys), £ nsys 57 (Znsys,t,) @Nd 57 (¢n,sys,0ut) are respectively given by equation (A.3.3b), equa-

tion (A.4.4b), equation (A.3.3a), equation (A.4.4m) and equation (A.4.4n).

Using equation (3.2.10), the average of the specific thermal energy consumption per mole (gth nsys) s?h N sys” of
hydrogen generated and put out by a WE system tested under SATP conditions is calculated as
L
D\ nsys (KWh/mol) =3 Z ) nsys, 1 (KWh/mol), (8.2.5)
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5?&1, nsys,| 1S given by equation (A.2.1c). Correspondingly, the combined standard variance of the specific thermal
energy consumption per mole (¢ ?h,n,sys), u? (E?h,sys)’ of hydrogen is calculated as

u? (3 oys) (KWhmaD? = (25, . ... (kWh/mo)” u? (P sys,in)

2
+ (§?h, n,sys (kWh/mol)) (52r (Tnsys ) + 57 (qn, svs,out)) , (8.26)

»sf’h, n.sys’ u (Pin,sysin), Egh nsys’ 52 (T n,sys,i,) @nd 52 (qn,sys,out) are respectively given by equation (A.3.4b), equa-

tion (A.4.4c), equation (A.3.4a), equation (A.4.4m) and equation (A.4.4n).

Using equation (3.2.11), the averages of the energy efficiency based on HHV (13 ¢ os) Rkv,e.sys @nd LHV
of hydrogen (134, e sys): 710hv, e, sys» @€ respectively calculated as
1 X
ﬁSHV,e,sys (%) = ZZ”SHV,e,sys,l (%) and (8.2.7a)
-1
1
ﬁEHV,e,sys (%) = E ZUEHV,e,sys,l (%); (827b)
=1

nSHV,e,sys,l and WEHv,e,sys,l are respectively given by equation (A.2.2a) and equation (A.2.2b). Correspondingly,
the combined standard variances of the energy efficiency based on HHV (1)84y, ¢ sys) 1% (75hv,e.5ys) @nd LHV of
hydrogen (7% e o) 4% (1104, e, sys)» @r€ respectively calculated as

2 _ 2
u? (nSHV,e,sys) (%)? = (QaHv,e,sys (%)) (‘92r (Tnsys,hz) + 5% (qn,SvS,OUt))+(773Hv,e,sys (%)) u? (Psys,in) (8.2.8a)

and

2
u2c (nl(.)HV,e,sys) (%)2 = (ﬂgHV’e,sys (%)) (Szr (xn,svs, Hz) + 32r (Qn,sys,out))+(7~7|?Hv,e,sys (%))2 U2r (Psys,in); (8.2.8b)

QEHV_Q,SVS, 87 (Tnsysty)s 57 (Ansys,out)s My, sys U7 (Poys,in), ﬂEHV’e,Sys and 70y, e sys are respectively given by
equation (A.3.2c), equation (A.4.4m), equation (A.4.4n), equation (A.3.2d), equation (A.4.4a), equation (A.3.2e)
and equation (A.3.2f).

Using equation (3.2.12), the averages of the electrical efficiency based on HHV (3, elsys) THkv,elsys @nd
LHV of hydrogen (134 e sys)» 710k, el,sys» 7€ respectively calculated as
1 L
ﬁSHV,el,sys (%) = E lz:nSHV,el,sys,l (%) ~ 1,18- 'F]IE)HV,el,sys (%) and (8.2.9a)
=1
1 L
ﬁEHV,el,sys (%) = Z ZUEHV,el,sys,l (%) ~ Oa85 ' ﬁSHV,el,sys (%)’ (829b)
1=1

nSHV,el,sys,l and WEHv,el,sys,l are respectively given by equation (A.2.3a) and equation (A.2.3b). Correspondingly,
the combined standard variances of the electrical efficiency based on HHV (34 el sys): 4% (115hy, el sys) @nd LHV
of hydrogen (%, et sys) 4% (7Chy,elsys), are respectively calculated as

2 _ 2
w2 (Mess) (5 = (1%yarms () (52 @nsysri) + 5% (@nsysou)) + (Thnvetsps (%)) 12 (Petsys)
(8.2.10a)

and
2 - 2
w2 (N as) ()2 = (10yas () (52 @nspsie) + 52 (@nsysont)) + (Wt s (%)) 02 (Pasys)s
(8.2.10b)

ﬂgHV’eLsys' 8% (@ syt )y 57 (dn,sys,out), ﬁIEI)HV,el,sys' u? (Pelsys), QEHV’eLSYS and ﬁl?HV,el,sys are respectively given by
equation (A.3.3c), equation (A.4.4m), equation (A.4.4n), equation (A.3.3d), equation (A.4.4b), equation (A.3.3e)
and equation (A.3.3f).
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8.2.2 WE system tested under hydrogen output conditions

Using equatlon (3.3.1), the averages of the specific energy consumption per mole (gglsys) EensySy unit
volume (g vgys) EE:I,YSVS and unit mass (Ee m, sys), EE;SVS, of hydrogen generated and put out by a WE sys-

tem tested under hydrogen output conditions are respectively calculated as

L
D el a1 (kWhimo), (82.11a)
=1

1
et sys (KWh/mol) =1

_ gd kWh/mol)
P o5 (KWHiM?) = V (( Simol and (8.2.11b)

.
kWh/mol)
kWh/kg) = —&% s ( 8211
Eemsys ( /kg) my, (kg/mol) 3 ( c)
egjlsysrl is given by equation (A.2.4a). Correspondingly, the combined standard variances of the specific en-

p,T

ergy consumption per mole (c27 &), u2 (sgjlys) unit volume (g? u? (£4y,4s) and unit mass of hydro-

e \'A sys)
gen (2 sys), u2 (87 4ys), are respectively calculated as

u? (e21) (kWh/mol)> = (e8] . (kWh/mol)) 2 (Pyysiin)

+ ( e n sys (kWh/mOI)) ( ('Tn sys, Hz) + 52r (Qn,sys,out)) s (8.2.12a)

2 kWh
u? (2, 46) (KWh/m?)? = 2 (< Qus) (WhITT)? and (8.2.12b)
v (Vi (M /mol))

u2 (ePT ) (kWh/m?3)2
u? (Ee m, sv5) (kWhikg)* = — ((77‘;,:il'sy(sk)g/mol))2 ; (8.2.120

52;1%, u? (Psys.in), szrT],SVS, 52 (TnsysH,) and s2 (qn sys,out) are respectively given by equation (A.3.5b), equa-
tion (A.4.4a), equation (A.3.5a), equation (A.4.4m) and equation (A.4.4n).
Using equation (332) the averages of the speuﬁc electrlc energy consumption per mole (e Sys) Elen sy

unit volume (e, SyS) el,V,sys and unit mass (£ el m,sys) 5e1 m.sys» Of Nydrogen generated and put out by the WE
system tested under hydrogen output conditions are respectively calculated as

87T oy (kWh/mol) Zsel s, (KWh/mol), (8.2.13a)
,p,T
€ (kWh/mol)
kWh = _chnsys d 8.2.13b
el Vsys ( /m ) Vm,Hz (m3/mol) an ( )
kWh/mol
0T sys (KWhikg) = ey ) ; (8.2.13¢)

my, (kg/mol)

elTsysl is given by equation (A.2.4b). Correspondingly, the combined standard variances of the specific elec-
tric energy consumptlon per mole (e8], /). P &ys), unit volume (e u? (5,5,s) and unit mass of
p,T

hydrogen (¢ el msys) Ue (eB misys), are respectively calculated as

2
Ue (6 eleys)

u ( El SVS) (kWh/mOl) (Eel n,sys (kWh/mOl)) (Pel sys)
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+ (€8T s (RWHIMOD)” (57 (2 sy 1) + 57 (dnsys, o)) » (8:2.143)

u? ( el Sys) (kWh/mol)

C

u? (5 55) (KWHhim?)2 = Vs miimol) and (8.2.14b)
m, Hy

u? (57, o) (KWhikg)? = 12 (SHhns) (RWhImol)? (8.2.14c)
C el,m,sys g - ; L.
(my, (kg/mol))®

E8 T s U2 (Pelsys), E% v sysr 52 (Tnsys,t,) and s2 (gn,sys,out) are respectively given by equation (A.3.5d), equa-

tion (A.4.4b), equation (A.3.5c), equation (A.4.4m) and equation (A.4.4n).

Using equation (3 3.3), the averages of the specific thermal energy consumption per mole (Eth N Sys) s"tpth sys"

unit volume (s v, SYS) 5?th sys and unit mass (eth m SYS) ethm sys’ of hydrogen generated and put out by the WE

system tested under hydrogen output conditions are respectlvely calculated as

BT o5 (KWhimol) Zsth 1 sys.1 (KWh/mol), (8.2.15a)

eh kWh/mol
s‘thV oys (KWh/m?) = t;‘/” 5:5 (( Smol ) and (8.2.15b)
m, Hz

g2l (kWh/mol)
=nT kWh/kg) = —fnsys . 82.15
Ethmsys ( /kg) M, (kg/mol) 5 ( c)

| is given by equation (A.2.4c). Correspondingly, the combined standard variances of the specific thermal

p T
th sys

pT

Eth,n,sys,
ti le ( pT ) 2 it l ( pT ) 2 pT d it f

energy consumption per mole Sth,n,sys' u'c , unit volume Eth,V,SyS , Uc Eth,V,SyS ana unit mass o

hydrogen (sth m Sys) u? (5 fr']’Tm’ Sys), are respectively calculated as

u? (eBe) Gwhimob? = (51, (kWh/mol)) u? (P sys.in)
+ (8 (kWh/mol)) (5% (@nsysy) + 52 (@nsys.ow)) » (82.162)

u? (e (kWh/mol)?
02 (28 5s) WHIM?P? = (c85) and (8.2.16b)
T (Vi hy (m3fmol))”

u? (<51,s) (Whimol?>

(8.2.16¢)

2 (28 es) (WhIKg)?
ui (e g
th,m, sys (mH kg/mol )
é‘thn oys’ u2 (Pih sys,in) gf,'],TSyS, 52 (T sys,H,) @nd 52 (qn sys out) are respectively given by equation (A.3.5f), equa-

tion (A.4.4c), equation (A.3.5e), equation (A.4.4m) and equation (A.4.4n).

8.2.3 WE/HTE tested under hydrogen output conditions

Using equation (3.4.1), the averages of the specific energy consumption per mole (EE:I'WE), 52:I,WE’ unit
volume (e eVWE) EVWE and unit mass (e QLWE) ag:In'WE, of hydrogen generated by the WE/HTE tested un-

der hydrogen output conditions are respectively calculated as

L
227 we (KWh/mol) ZZ Pl we.t (KWh/mol), (8.2.17a)
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kWhimol
we (KWhim?) = “enwe (KWhimo) (8.2.17b)

(Venh, (M /mol))

M)
mo
<-

B e n WE (kWh/mol)
22T we (KWhikg) = (8.2.17¢)
(my, (ka/mol))?

52I we,| iS given by equation (A2 5a). Correspondingly, the combined standard variances of the specific en-
ergy consumption per mole (e ), u (27 ye), unit volume (e e), u2 (€2, e) and unit mass of hydro-

gen (21 we), u2 (e ‘e’rTnWE) are respectively calculated as

u? (20 we) (kKWhimol)? = (&2 e (kWh/mol)) u? (Pwe.in)

+ (€27 we (kWh/mol)) (s? (Tnwen,) + 52 (gnweout)) » (8.2.18a)

2
u2 (27 e) (KWhim?)? = ut (c8nwe) (Wh/mol? (8.2.18b)
" (Vi hy (m3fmol))”

2
2 u? (21 we) (kKWh/mol)?
(KWhikg)> — , (8.2.18¢)
e (eEmwe) ? (my, (kg/mol))?

éZ:l’WE, 2 (Pwein), EEWE, 52 (xnwen,) and s2 (gnweout) are respectively given by equation (A.3.7b), equa-
tion (A47a) equation (A.3.7a), equation (A.4.7h) and equation (A.4.7i).

Using equation (3.4.4), the averages of the specific energy consumption per mole (EE'LTn,WE), égi,Tn,WE, unit
volume (%Y, we), 50 we and unit mass (%7 ye), 57, we, Of hydrogen generated by the WE/HTE tested
under hydrogen output conditions are respectively calculated as

L
57, we (KWh/mol) Z B et (kWh/mol), (8.2.19a)

=21 e (KWh/mol)
=P T e (KWh/m?®) = Fel e ( : d 8.2.19b
E':el,V,WE ( /m ) Vm,Hz (md/mol) an ( )

8T we (kWh/mol
2 (KWkg) =~ (NS, 82190

egfn,WE,l is given by equation (A.2.5b). Correspondingly, the combined standard variances of the specific electric
energy consumption per mole (%7 we), u2 (5], we), unit volume (5, we), u2 (5, we) and unit mass of
hydrogen (51, we), u2 (5 we), are respectively calculated as

u? (%7 ) (Whimol? = (287 e (kWh/moD)” 42 (Pey ac we)

+ (Eel n, WE (kWh/mol)) ( ((En WE, Hz) + S2r (Qn,WE,out)) s (8220&)

2 (-PT kWh/mol)2
w2 (2%, we) (KWhim?)? = Uz (ceinwe) MOV o (8.2.20b)
» Vs 3
(Vi1 (m3/mol))
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g (€8T we) (kWhimol)?.
(my, (kg/mol))?

u? (87, we) (kWhkg)? (8.2.20c)

5;’1’},%, u? (Pel,dc,We)» gg‘l,Tn,WE, 52 (znweH,) and s2 (¢n,we out) are respectively given by equation (A.3.7d), equa-
tion (A.4.7b), equation (A.3.7c), equation (A.4.7h) and equation (A.4.7i).

Using equation (345) the averages of the speciﬁc energy consumption per mole (sthn WED éthn we unit

volume (5th v.we) Eth v.we and unit mass (eP th m WED Eth mwe Of hydrogen generated by the WE/HTE tested under
hydrogen output conditions are respectively calculated as

5 we (KWh/mol) ng - we.L (kWh/mol), (8.2.21a)

kWh/mol
égfv,WE (kWh/m?) = t‘“/r”nV:E ((m /mol)) and (8.2.21b)

gPT  (kWh/mol
EtthE (kWhrkg) = thr;]l\::E ((kg/mol) ); (8:2.21c)

€€H,Tn,ws,1 is given by equation (A.2.5c). Correspondingly, the combined standard variances of the specific thermal
energy consumption per mole (5fH,Tn,WE)’ u? (EE’an'WE), unit volume (e VWE) u? (EfH,Tv,WE) and unit mass of
hydrogen (5th L WED u? (5 fr‘],Tm,WE), are respectively calculated as

u? <5th n, we) (kWh/mol) = (5th n, WE (kWh/mol)) u? (P, we,in)

+ ( th n, WE (kWh/mol)) ( (Tnwen,) + 57 (qn,WE,out)) ) (8.2.22a)

2 (ebT kWh/mol
u? (BT, we) (KWhim?) = te (<t nue) . ) and (8.2.22b)
T (Vi w, (m3/mol))

2 kwh/mol
W2 (8T o) (KWhikg) = — (e ne) ¢ ;n O); (8.2.22¢)
o (my, (kg/mol))

éﬁth wer W2 (P we in), gtpr’]_Tn,WE, 52 (znweH,) and s2 (¢n we out) are respectively given by equation (A.3.7f), equa-

tion (A.4.7c), equation (A.3.7e), equation (A.4.7h) and equation (A.4.7i).
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9 Conclusions with final remarks

This report provides for a testing procedure to determine the specific energy consumption and specific elec-
tric 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
electrolysers/high-temperature 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 testing procedure may be used by the research community and industry alike.

35



References

JCGM, ‘Evaluation of measurement data - Guide to the expression of uncertainty in measurement’, GUM: Guide
to the Expression of Uncertainty in Measurement JCGM 100:2008, Joint Committee for Guides in Metrology,
Sevres (FR), 2008. URL https://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf.

IUPAC, ‘Standard conditions for gases’, online version 3.0.1, International Union of Pure and Applied Chemistry,
Research Triangle Park, NC (USA), 2019. doi:10.1351/goldbook.S05910. URL https://doi.org/10.1351/
goldbook.S05910.

Shih, A. J,, de Oliveira Monteiro, M. C, Dattila, F, Pavesi, D., Philips, M., Marques da Silva, A. H., Vos, R. E., Ojha, K,,
Park, S., van der Heijden, O., Marcandalli, G., Goyal, A, Villalba, M., Chen, X., Gunasooriya, G. T. K. K, McCrum, |,
Mom, R., Lopez, N. and Koper, M. T. M., ‘Water electrolysis’, Nature Reviews Methods Primers, Vol. 2, 2022, p. 84.
doi:10.1038/s43586-022-00164-0.

European Parliament and Council, ‘Approximation of the laws of the Member States concerning equipment and
protective systems intended for use in potentially explosive atmospheres’, Directive 94/9/EC, Publications Office
of the EU, Brussels (BE), 23 March 1994. OJ L 100 of 19.4.1994.

European Parliament and Council, ‘General Product Safety’, Directive 2001/95/EC, Publications Office of the EU,
Brussels (BE), 3 December 2001. OJ L 11 of 15.1.2002.

European Parliament and Council, ‘Machinery, and amending Directive 95/16/EC’, Directive 2006/42/EC, Public-
ations Office of the EU, Brussels (BE), 17 May 2006. 0J L 157 of 9.6.2006.

European Parliament and Council, ‘Harmonisation of the laws of the Member States relating to electromagnetic
compatibility’, Directive 2014/30/EU, Publications Office of the EU, Brussels (BE), 26 February 2014a. 0OJ L 96
of 29.3.2014.

European Parliament and Council, ‘Harmonisation of the laws of the Member States relating to equipment and
protective systems intended for use in potentially explosive atmospheres’, Directive 2014/34/EU, Publications
Office of the EU, Brussels (BE), 26 February 2014b. 0J L 96 of 29.3.2014.

European Parliament and Council, ‘Harmonisation of the laws of the Member States relating to the making avail-
able on the market of electrical equipment designed for use within certain voltage limits’, Directive 2014/35/EU,
Publications Office of the EU, Brussels (BE), 26 February 2014c. OJ L 96 of 29.3.2014.

European Parliament and Council, ‘Harmonisation of the laws of the Member States relating to the making
available on the market of pressure equipment’, Directive 2014/68/EU, Publications Office of the EU, Brussels
(BE), 15 May 2014d. 0J L 189 of 27.6.2014.

IEC, ‘Explosive atmospheres — Part 10-1: Classification of areas — Explosive gas atmospheres’, International
Standard |IEC 60079-10-1:2020, International Electrotechnical Commission, Geneva (CH), 2020. URL https:
//webstore.iec.ch/publication/63327.

ISO, ‘Basic considerations for the safety of hydrogen systems’, Technical Report ISO/TR 15916:20195, Interna-
tional Organization for Standardization, Geneva (CH), 2015. URL https://www.iso.org/standard/69212.
html.

ISO, ‘Occupational health and safety management systems - Requirements with guidance for use’, International
Standard 1SO 45001:2018, International Organization for Standardization, Geneva (CH), 2018. URL https:
//www.iso.org/standard/63787 .html.

ISO, ‘Hydrogen generators using water electrolysis - Industrial, commercial, and residential applications’, Inter-
national Standard ISO 22734:2019, International Organization for Standardization, Geneva (CH), 2019. URL
https://www.iso.org/standard/69212.html.

ISO, ‘General requirements for cyber-physically controlled smart machine tool systems (CPSMT) — Part 1:
Overview and fundamental principles’, International Standard ISO 23704-1:2022, International Organization for
Standardization, Geneva (CH), 2022. URL https://www.iso.org/standard/76731.html.

ISO and IEC, ‘Information technology - Governance of IT - Governance of data - Part 1: Application of ISO/IEC
38500 to the governance of data’, International Standard ISO/IEC 38505-1:2017, International Organization for
Standardization, International Electrotechnical Commission, Geneva (CH), 2017. URL https://www.iso.org/
standard/56639.html.

36


https://www.bipm.org/en/publications/guides/gum.html
https://www.bipm.org/en/publications/guides/gum.html
https://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
https://iupac.org
https://www.rtp.org
https://doi.org/10.1351/goldbook.S05910
https://doi.org/10.1351/goldbook.S05910
https://orcid.org/0000-0002-2414-0644
https://www.researchgate.net/profile/Mariana-Monteiro-17
https://orcid.org/0000-0001-8195-3951
https://www.universiteitleiden.nl/medewerkers/davide-pavesi#tab-1
https://www.universiteitleiden.nl/medewerkers/matthew-philips#tab-1
https://nl.linkedin.com/in/alisson-henrique-marques-da-silva-7255b9116
https://nl.linkedin.com/in/rafa%C3%ABl-vos
https://nl.linkedin.com/in/kasinath-ojha-305150117
https://www.universiteitleiden.nl/en/staffmembers/onno-van-der-heijden#tab-1
https://nl.linkedin.com/in/giulia-marcandalli?trk=public_profile_samename-profile
https://nl.linkedin.com/in/akansha-goyal-903b079b
https://nl.linkedin.com/in/mavillalba
https://nl.linkedin.com/in/xiaoting-chen-54a333bb
https://www.gunasooriya-lab.com/team
https://orcid.org/0000-0003-2104-032X
https://orcid.org/0000-0002-5111-5591
https://www.iciq.org/research/research_group/prof-nuria-lopez
https://www.researchgate.net/profile/Marc-Koper
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/GA/TXT/?uri=CELEX:31994L0009
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex%3A32001L0095
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32006L0042
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32014L0030
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32014L0030
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32014L0034
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex:32014L0035
https://www.europarl.europa.eu
https://www.consilium.europa.eu
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32014L0068
https://www.iec.ch
https://www.geneve.com
https://webstore.iec.ch/publication/63327
https://webstore.iec.ch/publication/63327
https://www.iso.org
https://www.geneve.com
https://www.iso.org/standard/69212.html
https://www.iso.org/standard/69212.html
https://www.iso.org
https://www.geneve.com
https://www.iso.org/standard/63787.html
https://www.iso.org/standard/63787.html
https://www.iso.org
https://www.geneve.com
https://www.iso.org/standard/69212.html
https://www.iso.org
https://www.geneve.com
https://www.iso.org/standard/76731.html
https://www.iso.org
https://www.iec.ch
https://www.geneve.com
https://www.iso.org/standard/56639.html
https://www.iso.org/standard/56639.html

Tsotridis, G. and Pilenga, A., ‘EU harmonised terminology for low temperature water electrolysis for energy
storage applications’, JRC - Technical Reports EUR 29300 EN, KJ-NA-29300-EN-N (online), KJ-NA-29300-EN-
C (print), Publications Office of the European Union, Luxembourg (L), 2018. do0i:10.2760/138987(online), 10.
2760/014448(print). URL http://publications. jrc.ec.europa.eu/repository/handle/JRC112082.

Tsotridis, G. and Pilenga, A, ‘EU harmonised protocols for testing of low temperature water electrolysers’,
JRC - Technical Report EUR 30752 EN, KJ-NA-30752-EN-N (online), KJ-NA-30752-EN-C (print), Publications
Office of the European Union, Luxembourg (L), 2021. doi:10.2760/58880(online),10.2760/502481(print). URL
https://publications. jrc.ec.europa.eu/repository/handle/JRC122565.

Chatenet, M., Pollet, B. G., Dekel, D. R., Dionigi, F., Deseure, J., Millet, P, Braatz, R. D., Bazant, M. Z, Eikerling, M.,
Staffell, I., Balcombe, P, Shao-Horn, Y. and Schéfer, H., ‘Water electrolysis: from textbook knowledge to the latest
scientific strategies and industrial developments’, Chemical Society Reviews, Vol. 51, 2022, pp. 4583-4762.
doi:10.1039/D0OCS01079K.

Malkow, K. T, Pilenga, A. and Blagoeva, D., ‘EU harmonised terminology for hydrogen generated by elec-
trolysis’, JRC Validated Methods, Reference Methods and Measurements Report EUR 30324 EN, KJ-NA-
30324-EN-N (online), KJ-NA-30324-EN-C (print), Publications Office of the European Union, Luxembourg (L),
2021. doi:10.2760/293538(print),10.2760/732809(online). URL https://publications. jrc.ec.europa.
eu/repository/handle/JRC120120.

IEEE, ‘Standard Definitions for the Measurement of Electric Power Quantities Under Sinusoidal, Nonsinusoidal,
Balanced, or Unbalanced Conditions’, Standard IEEE 1459:2010, Institute of Electrical and Electronics Engin-
eers, New York, NY (USA), 2010. doi:10.1109/IEEESTD.2010.5953405. URL https://ieeexplore.ieee.org/
document/5953405.

37


https://www.researchgate.net/profile/Georgios_Tsotridis
https://www.researchgate.net/profile/Alberto_Pilenga
https://op.europa.eu
https://www.luxembourg-city.com
http://publications.jrc.ec.europa.eu/repository/handle/JRC112082
https://www.researchgate.net/profile/Georgios_Tsotridis
https://www.researchgate.net/profile/Alberto_Pilenga
https://op.europa.eu
https://op.europa.eu
https://www.luxembourg-city.com
https://publications.jrc.ec.europa.eu/repository/handle/JRC122565
https://www.researchgate.net/profile/Marian-Chatenet
http://www.brunogpollet.com
https://gtep.technion.ac.il/meet-the-leaders/dario-r-dekel/
https://www.researchgate.net/profile/Fabio-Dionigi
https://www.researchgate.net/profile/Jonathan-Deseure-2
https://www.researchgate.net/scientific-contributions/Pierre-Millet-2145463056
https://www.researchgate.net/scientific-contributions/Richard-D-Braatz-2168317548
https://www.mit.edu/~bazant/
https://uk.linkedin.com/in/iainstaffell
https://uk.linkedin.com/in/paul-balcombe-6b19297
https://orcid.org/0000-0001-8714-2121
https://www.researchgate.net/scientific-contributions/Helmut-Schaefer-45305284
https://www.researchgate.net/scientific-contributions/Thomas-Malkow-2120338517
https://www.researchgate.net/profile/Alberto-Pilenga
https://www.researchgate.net/profile/Darina-Blagoeva
https://op.europa.eu
https://www.luxembourg-city.com
https://publications.jrc.ec.europa.eu/repository/handle/JRC120120
https://publications.jrc.ec.europa.eu/repository/handle/JRC120120
iEEE.org
https://www1.nyc.gov
https://ieeexplore.ieee.org/document/5953405
https://ieeexplore.ieee.org/document/5953405

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 atmosphéres 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

CCBY 4.0 Creative Commons Attribution 4.0 International

CEA Commissariat a l'énergie atomique et aux énergies alternatives

CH Switzerland

CH, compressed hydrogen

CHP combined heat and power

Clean H; JU C(Clean Hydrogen Joint Undertaking

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

DAQ data acquisition

DC direct current

DC/DC direct current-to-direct current

DECHEMA Gesellschaft fiir Chemische Technik und Biotechnologie e. V.

DFI DECHEMA Forschungsinstitut Stiftung bligerlichen Rechts

DG Directorate-General

DLR Deutsches Zentrum fiir 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

EHC electrochemical hydrogen compressor

EMC electromagnetic compatibility

EN English

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

EPI energy performance indicator

ES energy-storage

EU European Union

EUR EU 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

FZJ Forschungszentrum Jilich GmbH

GHS Green Hydrogen Systems A/S

GmbH Gesellschaft mit beschrénkter Haftung

H2l hydrogen-to-industry

HHV higher heating value

HTE high-temperature electrolyser

HtM hydrogen-to-maobility

HtP hydrogen-to-power
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HTSEL
IEC
IEEE
IEN
IFAM
IKTS
ISBN
ISO
IUPAC
IWES
JCGM
JRC
KIT
KPI

LH,
LHV
LTWE
LUT
LVD
ML
MPIM
NC

NG
NPL
NTNU
NY
0-SOE
OHS
oJ

Oy
P-SOE
P2C
P2F
P2G
P2H2
P2L
P2M
P2X
PCCEL
PCE
PDF
PED
PEM
PEMEL
PEMWE
PNR
PoC
PV
PWR
QA

Qc
R&D
R&D&l
R&l
RES
RFB
RHS
rms
rPCE
rPEMWE

high-temperature steam electrolysis

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Instytut Energetyki - Instytut Badawczy
Fraunhofer-Institut fiir Fertigungstechnik und Angewandte Materialforschung
Fraunhofer-Institut flir Keramische Technologien und Systeme
international standard book number

International Organization for Standardization
International Union of Pure and Applied Chemistry
Fraunhofer-Institut flir Windenergiesysteme

Joint Committee for Guides in Metrology

Joint Research Centre

Karlsruher Institut fiir Technologie

key performance indicator

Luxembourg

liquefied hydrogen

lower heating value

low-temperature water electrolysis
Lappeenranta-Lahti teknillinen yliopisto
Low-Voltage Directive

machine learning

Max-Planck-Institut fir Dynamik komplexer technischer Systeme Magdeburg
North Carolina

natural gas

National Physical Laboratory

Norges teknisk-naturvitenskapelige universitet
New York

oxygen ion conducting solid oxide electrolyser
occupational health and safety

Official Journal of the European Union

Osakeyhtio

proton conducting solid oxide electrolyser
power-to-chemical

power-to-fuel

power-to-gas

power-to-hydrogen

power-to-liquid

power-to-mobility

power-to-X

proton conducting ceramic steam electrolysis
proton conducting ceramic electrolyser

portable document format

Pressure Equipment Directive

proton exchange polymer membrane

proton exchange polymer membrane water electrolysis
proton exchange polymer membrane water electrolyser
pre-normative research

point of connection

photovoltaic

Politechnika Wroctawska

quality assurance

quality control

research and development

research, development and innovation

research and innovation

renewable energy source

redox flow battery

right hand side

root mean square

reversible proton conducting ceramic electrolyser
reversible proton exchange polymer membrane water electrolyser
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rSOE reversible solid oxide electrolyser

SA Société anonyme

SATP standard ambient temperature and pressure

| Systéme International d’Unités

SINTEF Stiftelsen for industriell og teknisk forskning

socC solid oxide cell

SOE solid oxide electrolyser

SOEL solid oxide steam electrolysis

SpA Societa per azioni

SRIA strategic research and innovation agenda 2021-2027 of the Clean Hydrogen Part-
nership for Europe

TC Technical Committee

TIP test input parameter

TMA technology monitoring and assessment

TNO Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek

TOP test output parameter

TR Technical Report

TUB Technische Universitdt Berlin

ucb University College Dublin

ucL™ Universidad de Castilla-La Mancha

URL uniform resource locator

USA United States of America

VRE variable renewable energy

VSCHT Vysoka Skola chemicko-technologicka v Praze

WE water electrolyser

WE system  water (steam) electrolyser system

WG working group
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List of Symbols

CoS
Cy
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Annex A Test data post-processing

A.1 General

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.2 Instantaneous values of test parameters
A.2.1 General

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

A.2.2 WE system tested under SATP conditions

The instantaneous values of the specific energy consumption per mole of hydrogen (£, gs). €2, 5510 S€€

equation (3.2.1a), the specific electric energy consumption per mole of hydrogen (€9, ,s), €3 n.sys.1» S€€ €QUa-
tion (3.2.9) and the specific thermal energy consumption per mole of hydrogen (5?h,n,sys)' 5t0h,n,sys,l’ see equa-
tion (3.2.10), are respectively calculated as

Psys, in, (kW)

gg'n’sys'l(kWh/mOI) B q t H,.1 (Mol/h)’ (A2.1a)
n, sys, out, My,
P KW
Zensy (KWhImol) = = ELSty:ll((m())l/h) and (A-2.1)
n, sys, out, My,
Pin sys.in1 (KW
£% noys1 (KWhimol) = —— e nt (kW) (A2.10)

@n,sys,out, Hy, | (mol/h) '

Poys in 1, @n,sys,out Ha, 1, Pelsys,1 @nd P sys in, 1 @re respectively given by equation (A.2.1d), equation (A.2.1k), equa-
tion (A.2.1e) and equation (A.2.1f). The instantaneous value of the input power (Psys in), Psys,in, 1, is calculated as

Psys,in,l (kW) == Pel,sys,l (kW) + Pth,sys, in, L (kW) + Pcompr, sys, in, | (kw)a (AZld)

Pelsys,, Pthsys,inl @and Peomprsysin|l are respectively given by equation (A.2.1e), equation (A.2.1f) and equa-
tion (A.2.1q). The instantaneous value of the input electric power (Pg| sys), Pel sys 1, is calculated as

Pel,sys,l (kW) = Pel,ac,sys,l (kW) + Pel,dc,sys,l (kW), (A.2.1e)

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

Pt sys,int (KW) = HHV' (kWh/mol) - ¢, | (molh) + > Py sys ini,t (KW); (A2.1f)
i

qf],l is the measured value of the molar flow rate of fuel while Py, s in,i 1 is given by equation (A.2.1h). The
instantaneous value of the input power of compression (Pcompr.sys,in), Peompr,sys,in 1, IS Calculated as

Pcompr,sys,in,l (kW) - ZPcompr,sys,in,j,l (kW)7 (AZlg)
j
Pomprsys,in j,1 1S given for incompressible and compressible fluid j by respectively equation (A.2.1i) and equa-
tion (A.2.1j). Note, the summation (A.2.1g) applies jointly to both type of fluids. The instantaneous value of the
input thermal power of fluid i (Pth sys,in.i), Pth sys.in i1, iS calculated as

Pth,sys,in,i,l (kW) = q;n,[ (kals) - Cip (kJ/(kg K)) - (T[i (K) — T° (K)) ; (A.2.1h)

q,‘m and T| are the measured values of respectively the mass flow rate and temperature of fluid i. For
the incompressible case, the instantaneous value of the input power of compression of fluid j (Pcompr sys,in,j),
Peompr,sys,inj, 1, 1S calculated as

Vi (mfmol)

3600 (g~ It (MoVh); (A2.1i)

Pcompr,sys, in,j, 1 (kW) = (le (kPa) — po (kPa))
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p{ and q{]‘l are the measured values of respectively the pressure and molar flow rate of fluid j. For the com-
pressible case, the instantaneous value of the input power of compression of fluid j (Pcompr, sys, in,j), Peompr, sys,in, j,L
is calculated as

yl-a

v\ 21 Rg (kImol K) - T (K) - ¢}, (molih) [ ( pl (kPa) ) .
VJ—1> 3600 (s/h) 0 (kPa) —1]. (A21))

Pcompr,sys,in,j,l (kW) - (

The instantaneous value of the molar flow rate of hydrogen (gn sys, out H, ), @n,sys, out Hy, 1, 1S Calculated as
dn,sys,out, Hy, | (mol/h) = X n,sys,Hy, 1 (mol/mol) - Gn, sys,out, | (mol/h); (A.2.1k)

T sys Hp, 1 aNd gn sys ourt @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 (134y ¢ sys) 7y.e,sys.1 @nd LHV of hydro-
@en (10, e, sys)» 710y, e, sys,1» S€€ €Quation (3.2.11), are respectively calculated as

HHV 4, (KWh/mol)

0
%) — -100 % and A22a
TTHHV, e, sys, | (%) Ee sy, | (kWh/mol) ! | )
LHV (kWh/mol)
i o " 100 % (A.2.2b)
Miesst () = o= “iekimon %

2 &5 IS given by equation (A.2.1a).
The instantaneous values of the electrical efficiency based on HHV of a WE system (18uy a1 sys)» 715k, el,sys. 1

and LHV of hydrogen (3 oi sys)» 710y, el sys,1- €€ €quation (3.2.12), are respectively calculated as
HHV y, (kWh/mol)

0 %) = -100 % ~ 1,18 -2 %) and A23a
TTHHV, el, sys, | ( 0) Ece)l,n,sys,l (kWh/mol) 0 TILHV, el, sys, | ( 0) ( )

LHV 4, (kWh/mol)
0 %) = Ha -100 %
TILHY, el sys, | (%) 521’ nsys, 1 (KWh/mol) :

Q

0,85 - Niv,et sys 1 (%); (A.2.3b)

| is given by equation (A.2.1b).

0
€ el,n, sys,

A.2.3 WE system tested under hydrogen output conditions

The instantaneous value of the specific energy consumption per mole of hydrogen (sgjlsys), EE:E,SVS,I' see
equation (3.3.1a), is calculated as
P kW
P! 1 (kWhimol) = sys mt (kW) (A2.4a)

@n, sys, out, Hy, | (mol/h)

Pays in1 @and qn sys,out H,,1 @re respectively given by equation (A.2.1d) and equatlon (A2 1k). The instantaneous
value of the specific electric energy consumption per mole of hydrogen (g? ), Pt see equation (3.3.2a),

l n,sys’» < el,sys, I’
is calculated as

Pel sys, | (kW)
dn, sys,out, Hy, | (mOl/h)

kWh/mol) = (A.2.4b)

p,T
€ el,sys, | (

P sys,1 @nd qn,sys,out, Hp,| @re respectively given by equation (A.2.1e) and equatlon (A2 1k). The instantaneous
value of the specific thermal energy consumption per mole of hydrogen (sth nsys) Eth nsys, 1) S€€ equation (3.3.3a),
is calculated as

Pth sys,in, | (kW)
qn,sys,out, Hy, | (mol/h)

eb T et (KWhimol) = (A2.40)

P sys,int @nd @n, sys,out, H,,1 @re respectively given by equation (A.2.1f) and equation (A.2.1k).
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A.2.4 WE/HTE tested under hydrogen output conditions

The instantaneous value of the specific energy consumption per mole of hydrogen (¢9 ), 52:I_WE, see equa-

tion (3.4.1a), is calculated as

e,n,sys’

Pwe in1 (KW
EEZE,WE,I (kWh/mOI) = M (A.2.5a)
n,H

Py in is given by equation (A.2.5d) and qn Hz | is given by equation (A.2.5j). The instantaneous value of the

specific electric energy consumption per mole of hydrogen (¢ gl_ n'SYS), 52‘1’2’ sys» S€€ equation (3.4.4a), is calculated
as
P, (kW)
p.T kWh/mol) = —S.deWel 207 A.2.5b
gel,n‘WE,[ ( / ) qr\:\/E | (mOl/h) ) ( )

Pl dc,we,1 is the measured value of the DC electric power (Pe dc we) and qr\”ﬁz is given by equation (A.2.5j). The
instantaneous value of the specific thermal energy consumption per mole of hydrogen (g2
equation (3.4.5a), is calculated as

Py we,in,1 (KW)

q¥YE, | (mol/h)’

p, T
th n sys) <€sth,n,WE’ see

eh T et (kWhimol) = (A2.50)

Py, we,in1 is given by equation (A.2.5e) and qn Hz | is given by equation (A.2.5j). The instantaneous value of the
input power (Pwg,in), Pcompr,WE,in 1, is Calculated as

Pwe,int (KW) = Pegl dc,we,1 (KW) + Pin we in,t (KW) + Peompr, we, in 1 (KW); (A.2.5d)

Peldc,we,1 is the measured value of the DC electric power (Peydcwe) While Pt we int @nd Peompr W inl are
respectively given by equation (A.2.5e) and equation (A.2.5f). The instantaneous value of the input thermal
power (Pih we,in), Pth,we,in 1, is calculated as

Pinweint (KW) = )~ Piwe,inyit (kW); (A.2.5e)
j

Py we,in i1 is given by equation (A.2.5g). The instantaneous value of the input power of compression (Pcompr, we,in),
Pcompr,we,in 1, is calculated as

Pcompr,WE,in,l (kw) = Z Pcompr,WE,in,j,l (kW), (A.2.5f)
]
Pompr,we,in j1 is given for incompressible and compressible fluid j by respectively equation (A.2.5h) and equa-
tion (A.2.5i). Note, the summation (A.2.5f) applies jointly to both type of fluids. The instantaneous value of the
input thermal power of fluid i (Pih we,ini), Pth,we in i1, IS calculated as

P weinit KW) = g} we, (Kals) - Cip (kJ/(kg K)) - (T\LE,[ (K) — T1° (K) ; (A.2.50)

q:n,WE,l and T\}VE,l are the measured values of respectively the mass flow rate and temperature of fluid i. For
the incompressible case, the instantaneous value of the input power of compression of fluid j (Pcompr, we in,j),
Pomprwe,in j,1, is calculated as

Vi (m?mol) |

3600 (sfhy dnwe. (molh); (A2.5h)

Pcompr,WE,in,j,l (kW) = (p{NE‘[ (kPa) —po (kPa)) :

p{NE,l and q#WE,I are the measured values of respectively the pressure and molar flow rate of fluid j. For
the compressible case, the instantaneous value of the input power of compression of fluid j (Pcomprwein,j),
P omprwe,inj1, 1S calculated as

p-1

N\ Z1- Rg (KMol K)) - T (K) - ¢ e (molh) [ [ phe, (kPa)\ 7
Pompr,we,inj,1 (KW) = - - : -1
WE in M1 3600 (s/h) p° (kPa)
(A.2.5i)
The instantaneous value of the molar flow rate of hydrogen (¢25,), ¢2i,, 1, is calculated as
ani,. (molh) = 2% | (molimol) - g5, | (mol/h); (A.2.5))
x5 (and g5 . | are the measured values of respectively the molar concentration of hydrogen and product gas

molar flow rate.
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A.3 Mean values of test parameters

A.3.1 General

Average values (arithmetic means) of test parameters are denoted by overhead ~. Pseudo-averages of test
parameters are denoted either by underline _or overhead ~.

A.3.2 WE system tested under SATP conditions

The average of the input power of a WE system to the tested WE system (Psys, in), Psys, in, See equation (3.2.2),
is calculated as

Psys,in (kW) = Pel,sys (kW) + Pth,sys,in (kW) + Pcompr,sys,in (kW)§ (A~3~la)

Pel,sys, Pth.sys,m and Pcompr,sys‘m are respectively given by equation (A.3.1b), equation (A.3.1e) and equa-
tion (A.3.1f). The average of the input electric power (Pg| sys), Pel sys, is calculated as

pel,sys (kW) = pel,ac,sys (kW) + pel,dc,sys (kW); (A.3.1b)

Pel, ac,sys and Pel, dc,sys are respectively given by equation (A.3.1c) and equation (A.3.1d). The averages of the AC
electric power (Pl ac sys), Pel ac,sys and DC electric power (Pl dc sys), Pel dc,sys, are respectively calculated as

L
— 1
Pel,ac,sys (kW) = Z ; Pel, ac, sys, | (kW) and (A3.1c)

Pel,dc,sys (kW) = L lzl: Pel dc, sys, | (kW) (A.3,ld)

Pelac,sys,1 @nd Pey dc,sys,1 are the measured values of respectively the AC electric power and DC electric power.
The average of the input thermal power (Pip, sys,in), Pth,sys,in i calculated as

L

> (HHV (kWhimol) - ¢ (mol/h) + )~ Py ays,in.i (kW)) ; (A3.1e)

=1

Pth sys,in kW

|

qu,l is the measured value of the molar flow rate of fuel while Py, sysin i1 is given by equation (A.2.1h). The
average of the input power of compression (Pcompr sys,in), Pcompn sys,in is calculated as

L
1
Pompr,sys,in (kW) = E E Peompr,sys,in 1 (KW) | ; (A.3.1f)
= \5

Pompr,sys,in j,1 1S given for incompressible and compressible fluid j by respectively equation (A.2.1i) and equa-
tion (A.2.1j). Note, the summation (A.3.1f) applies jointly to both type of fluids. The averages of the input thermal
power of fluid i (P, sys,in,i), Pth sys.ini and input power of compression of fluid j (Pcompr, sys,in,j) Pcompr sys,in,j, are
respectively calculated as

_ 1
P sys.ini (kW) = E;Pth,sys,m,i,l(kW) and (A.3.1g)

Pcompr sys,in, j (kw) Z Pcompr sys,in,j, L (kW); (A.3.1h)
=1

P sys,ini,1 IS given by equation (A.2.1h) and Pcompr,sys,in j,1 IS given for incompressible and compressible fluid j
by respectively equation (A.2.1i) and equation (A.2.1j). The average of the molar flow rate of fuel (q,‘:), qﬁ, is
calculated as

L
f (mol/h) > " qh (molh); (A3.1i)
=1

|
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g} | is the measured value of the molar flow rate of fuel. The averages of the mass flow rate (¢},), g, and
temperature of fluid i (7''), T, are respectively calculated as

L
I (kgls) = ! Zq  (kg/s) and (A3.1j)
=1
_ 1 &
T'(K) = ZZT{ (K); (A.3.1k)

=1

Clim,l and T are the measured values of respectively the mass flow rate and temperature of fluid i. The averages
of the pressure (psys 1,), Psys n, @and temperature of hydrogen (Tsys n, ), Tsys, n,, are respectively calculated as

L
1
Deys.H, (kPA) = Z;psymnkpa) and (A3.11)

= 1
Tsys,Hz K) = Z _ZTsys,Hz,l (K); (A3.1m)

Dsys H,, | @nd T'sys 1, | are the measured values of respectively the pressure and temperature of hydrogen. The
averages of the pressure (p!), p) and molar flow rate of fluid j (qn) i, are respectively calculated as

L
(kPa) = Z {kPa ) and (A3.1n)

L
@, (mol/h) Z; | (mol/h); (A3.10)

p{ and q{],l are the measured values of respectively the pressure and molar flow rate of fluid j. The averages of
the molar flow rate of hydrogen (gn sys, out,H, ), @n,sys, out H,» MoOlar concentration of hydrogen (zn 1,), Zn sys,H, and
product gas molar flow rate (gn,sys out), @n,sys,out, are respectively calculated as

L

1
dn,sys,out b, (Mol/h) = 7 anlsys,Hz,l (mol/mol) - gn,sys,out,1 (Mol/h), (A.3.1p)
1=1
1
Zn,sys,H, (Mol/h) = 7 Zm”’sysv H,, 1 (Mol/mol) and (A.3.1q)
=1
L
Gn,sys, out (mol/h) = Z @n, sys, out, | (mol/h); (A.3.1r)

T sys,Hy, 1 anNd @n sysoutl @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 (¢ ¢ en sys) §8¥ ,
and &9 are respectively calculated as

e,n,sys’
€2 o5 (KWh/mol) = Poysin (TW) ik (A.3.2a)
gn,sys,out, Hy mo
kW
e n,sys (kWh/mol) = sys n (kW) (A.3.2b)

G, sys, out, Hy (mOl/h)
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Peys in, D oys,out. Hy and @n,sys,0ut H, are respectively given by equation (A.3.1a), equation (A.3.2k) and equa-
tion (A.3.1p). Accordingly, two different pseudo-averages of the energy efficiency based on HHV of hydro-
gen (1n3v,e)h 1oy o s and TTRkv, e,sys» @re respectively calculated as

HHVH2 (kWh/mol)

h) = €9 s (kWh/mol) +100 % and (A3.2¢)

HHHV, e,sys (

HHVHZ (kWh/mol)
(kWh/mol)

nHHVe sys (%) = - 100 %§ (A.3.2d)

ensys

§2,n,sys and 58,n,sys are respectively given by equation (A.3.2a) and equation (A.3.2b). Correspondingly, two
different pseudo-averages of the energy efficiency based on LHV of hydrogen (nf,, ), QEHV e sy and 704y e sys:

are respectively calculated as

LHVy, (kWh/mol)

0 Hy

B 1 d A32
QLHV,e,sys (%) §g,n,sys (kWh/mol) 00 % an ( e)

LHV h, (KWh/mol)

~0
Ui (%) = —=—2———-100 %; (A.3.2f)
LHV, e, sys e nsys (kWh/ )
gg n sys and se n.sys are respectively given by equation (A.3.2a) and equation (A.3.2b). The pseudo-average of the
input thermal power of fluid i (Pt sys, in,i), P sys,in,i» IS Calculated as
P sysini (kW) = Gy, (kafs) - ¢, (kJI(kg K)) - (T (K) — T (K)) ; (A.3.29)

gl and T' are respectively given by equation (A.3.1j) and equation (A.3.1k). For the incompressible case, the

pseudo-average of the input power of compression of fluid j (Pcompr, sys,in,j) Bcompr,sys, injs is calculated as

V4 (m3/mol)

£ 3600 (s/h)

(kW) = (7’ (kPa) — p° (kPa)) - - @) (mol/h); (A3.2h)

compr, sys, in, j

p) and q{; are respectively given by equation (A.3.1n) and equation (A.3.10). For the compressible case, the
pseudo-average of the input power of compression of fluid j (Pcompr,sys,in, i), 2 compr,sys,in j» IS Calculated as
yl-1

) 1)L (a32)

. dwy — (2 2 Rg (Wlmol K) - T° (K) - gh (mol) ( ( p (Pa)
~—compr, sys, in,j T \nyi-1 3600 (s/h) Y (kPa)
The pseudo-averages of the molar flow rate of fuel (¢/), g; and hydrogen (gn, sys,out,H, ), ¢

, , are respect-
. =n,sys,out, Hy
ively calculated as

gf] (mol/h) = HHVT (kWh/mol) - g (mol/h) and (A.3.2))

q (mol/h) = Zn sys,H, (Mol/mol) - @n, sys,out (Mol/h); (A.3.2k)

=n, sys,out, Hy

zjr‘:, Zn,sys,H, and @n sys, out are respectively given by equation (A.3.1i), equation (A.3.1q) and equation (A.3.1r).

Two different pseudo-averages of the specific electric energy consumption per mole of hydrogen (58Ln‘sy5),

€ SL nsys and Eel nsys» are respectively calculated as
P kW
€3 nsys (KWh/mol) = elsys ( )lh and (A3.3a)
gn,sys,out,Hz (mo/ )
Pel sys (kW)
(kWh/mol) = (A.3.3b)
El ey Qn, sys, out, Hy (mOUh)
Pel,sys, q and ¢n sys outH, are respectively given by equation (A.3.1b), equation (A.3.2k) and equa-

n, sys, out, Hy

tion (A.3.1p). Accordingly, two different pseudo-averages of the electrical efficiency based on HHV of hydro-
gen (173, el) 1oy ol &5 and TRk, el,sys» @€ respectively calculated as

HHV H, (kWh/mol)

Wh/mol -100 % and (A.3.30)

HHHV,el,sys( 0) = (
el n,sys
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HHV h, (KWh/mol)
kWh/mol)

ﬁSHV,el,sys (%> = 100 %§ (A.3.3d)

eln sys (

§8Ln,5ys and ggl,n,sys are respectively given by equation (A.3.3a) and equation (A.3.3b). Correspondingly, two
different pseudo-averages of the electrical efficiency based on LHV of hydrogen (1% o)), Q(L)Hv elsys and 75y el sys’

are respectively calculated as

_ LHVH2 (kWh/mol) .100 % and (A.3.3e)
el nsys (KWh/mol)

n LHV, el, sys ( O)

LHV (kWh/mol)

~0 Hy,

ithvelsys (%) = - 100 %; (A3.3f)
LHV, el, sys el nsys (kWh/m l)

€9 nsys and £9, 5 are respectively given by equation (A.3.3a) and equation (A.3.3b).
Two different pseudo-averages of the specific thermal energy consumption per mole of hydrogen (¢ thn SYS)
Ethnsys @nd EQ (., are respectively calculated as

Pth sys,in (kW)

el (kWh/mol) = Al and (A.3.4a)
th,n, sys - (mol/h)
N P in (KW)
0 th, sys, in
5 (kWh/mol) = — ; (A.3.4b)
th.n.sys dn,sys, out, H, (mol/h)
Pth,svs,in, 91 oys.out.Hy and gn sys,0utH, are respectively given by equation (A.3.1e), equation (A.3.2k) and equa-
tion (A.3.1p).

A.3.3 WE system tested under hydrogen output conditions

Two different pseudo-averages of the specific energy consumption per mole of hydrogen (ge nsysh € Sl sys and
52, n sys, are respectively calculated as

Psys in (kW)

el (kWh/mol) = : and (A.3.5a)
s gn,sys,out, H, (mOl/h)
P (kW)
grT _  (KWh/mol) = v, 1n (A.3.5b)
msys qn, sys, out, H, (mOUh)
Psys,in, D oys,out. Hy and ¢n sys outH, are respectively given by equation (A.3.1a), equation (A.3.2k) and equa-

tion (A.3.1p). Two different pseudo—averages of the specific electric energy consumption per mole of hydro-
gen (€81, sys), €0 oys @nd 51 . are respectively calculated as

P kW
el n,sys (kWh/mol) = e sys (( )l/h) and (A.3.5¢c)
g n, sys, out, Hy mo
N P (kW)
&P (kWh/mol) = el sys (A.3.5d)
Felnsys @n, sys, out, Hy (mOUh)
Pel, 5y5 41 oy out, Hy and Gn,sys,out, 1, are respectively by equation (A.3.1b), equation (A.3.2k) and equation (A.3.1p).

Two different pseudo-averages of the specific thermal energy consumption per mole of generated hydro-
gen (sth n Sys) namely 'E’I:l:l—sys and € ?H,Tn,sys are respectively calculated as

pth, sys, in (kW)
(mol/h)

§f{svs (kWh/mol) = and (A.3.5e)

q

£n,sys,out, Hy

Pth sys, in (kw)
(jn sys, out, Hy (mOl/h)

sPT  (kWh/mol) =

Eth n,sys (A.B.Sf)

Pth,sys,in. D1 oys.0ut,Hy and ¢n sys,out H, are respectively given by equation (A.3.1e), equation (A.3.2k) and equa-

tion (A.3.1p).
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A.3.4 WE/HTE tested under hydrogen output conditions

The average of the input power to the tested WE/HTE (P\A'J,'gm), PWE, in, S€e equation (3.4.2a), PWE‘ in, is calculated
as

pWE,in (kW) - pel,dc,WE (kW) + Pth,WE,in (kW) + Pcompr,WE,in (kw)a (A-3-6a)

Pe[ dc, WE, Pth WwE,in and Pcompr wE,in are respectively given by equation (A.3.6b), equation (A.3.6c) and equa-
tion (A.3.6d). The averages of the DC electric power (Pel, 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

Pa g we (KW) = + ZPel e, we,1 (KW), (A.3.6b)
=1
B L
Pt we,in (KW) = ZPm wein1 (kW) and (A3.60)
=1
L
Pcompr WE, in kW Z compr, WE, in, | kW) (A-3-6d)

=1

Pel,dc,we, 1 is the measured value of the DC electric power while P, we,in,1 @nd Peompr, we,in, 125 respectively given
by equation (A.2.5e) and equation (A.2.5f). The averages of the input thermal power of fluid i (P we,in,i),
P, we,ini and input power of compression of fluid j (Pcompr, we, in,j), Peompr, we,in,j, @re respectively calculated as

Pt we,in,i (W) Z Pt we,ini1 (kW) and (A3.6e)
=1

B L

Pcompr,WE,inJ = Z compr, WE, in, j, | kW) (A36f)

P, we,in i1 is given by equation (A.2.5g) and Pcompr, we,in j,1 IS given for incompressible and compressible fluid j
by respectively equation (A.2.5h) and equation (A.2.5i). The averages of the mass flow rate (q;n,WE)’ q,‘nWE and
temperature of fluid i (T\¢), T\ye, are respectively calculated as

L
i 1 i
v (kgls) = ZlZl:qmwm(kg/s) and (A.3.69)
Tie (K Z Tie ( (A3.6h)

qiowey and T\ | are the measured values of respectively the mass flow rate and temperature of fluid i. The
averages of the pressure (plg), fye and molar flow rate of fluid j (g1, we), @b, we, are respectively calculated as

L
. 1 .
e (kPa) = 7 g P, (kPa) and (A.3.6i)
=)

a} we,1 (mol/h); (A3.6))

=
Mh

@, we (molh) =

I
—

l

p{NE,l and qa,wal are the measured values of respectively the pressure and molar flow rate of fluid j The
averages of the molar flow rate of hydrogen (¢F.), ¥, molar concentration of hydrogen (2 ), V5, and
product gas molar flow rate (¢25.), ¢2e. are respectively calculated as

g™t (mol/h) sznHz (mol/mol) - g% | (mol/h), (A.3.6k)
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£ (mol/mol) anHz (mol/mol) and (A36l)

L
o= . (mol/h) Z WE 1 (mol/h); (A.3.6m)

x5 (and ¢YE . | are the measured value 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 (EE:E’WE) namely
P! we and 27 e are respectively calculated as
Py, in (kW)

Pyg,in (KW
225 we (KWhimol) = (J“;’“:(in:mm)) (A3.7b)
n,Hy

Puwe in, q H and qn Hz are respectively given by equation (A.3.6a), equation (A.3.7j) and equation (A.3.6k). Two

different pseudo-averages of the specific electric energy consumption per mole of hydrogen (¢ EiLWE) namely
B we and €81 e are respectively calculated as
pel dc, WE (kW)

éEiL,WE (kWh/mol) = m and (A.3.7¢)
Zn,Hy

Pel,dc,WE (kW) .

gt (kWh/mol
el nwe (KWhimol) Ve (molh)’

(A.3.7d)

WE

Pel, dc, WE, g:“ﬁ and qnp, Are respectively given by equation (A.3.6b), equation (A.3.7j) and equation (A.3.6k). Two

different pseudo—averages of the specific thermal energy consumption per mole of hydrogen (e ?H:rn,WE) namely
€ ItDH,Tn,WE and & fH,Tn,WE are respectively calculated as
Py we,in (KW)

b e (kWhimol) = W ol and (A3.7€)
=n,Hy

Py we,in (KW)
=p T (kWh/mol) = —Wein T2, A3.7f
€th n, WE ( / ) quﬁz (mol/h) ) ( )
P wE,in» g:“ﬁz and g'§, are respectively given by equation (A.3.6c), equation (A3.7j) and equation (A.3.6k). The
pseudo-average of the input thermal power related to fluid i (P, we,in,i), £, we in i iS calculated as

Pweini kW) = G, we (kals) - ¢, (KIkg K)) - (Tye (K) — T° (K)) ; (A3.79)
qli'n,WE and T\‘NE are respectively given by equation (A.3.6g) and equation (A.3.6h). For the incompressible case,
the pseudo-average of the input power of compression related to fluid j (Pcompr, we, in, ), £ compr W, in,j» 1S calculated
as

V4 (m3/mol)

7 we (mol/h); (A3.7h)

o ) Jym AR
Bcompr,WE,in,j (kW) - (pWE (kPa) p (kPa)) 3600 (S/h) “Inwe

;E{NE and QLWE are respectively given by equation (A.3.6i) and equation (A.3.6j). For the compressible case, the
pseudo-average of the input power of compression related to fluid j (Pcompr, we,in, ), £ compr, w, in j» iS Calculated as

yl-1

2\ 20 Ry (kmol K - T° () @y e (molh) [ (e (Pa)) 77
yi—1 3600 (s/h) O (kPa)

Bcompr,WE,in,j (kW) = (
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(A3.71)

The pseudo-average of the molar flow rate of hydrogen (q'F,), aniz' is calculated as

any, (mobh) = 3%, (mol/mol) - g5, (molih); (A37)
QEnWEb and ¢n out are respectively given by equation (A.3.6l) and equation (A.3.6m).

A.4 Standard variances of test parameters
A.4.1 General

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 (A4.1a)
kuc = 3y/u?; (A4.1b)

s? is the standard variance of a measured test parameter and 2 is the combined standard variance of a calcu-
lated test parameter (JCGM, 2008). All test parameters are assumed uncorrelated. The relative standard uncer-
tainty of a test parameter (u,) is the positive square root of its relative combined standard variance (u2) (JCGM,
2008).

A.4.2 WE system

The combined standard variance of the input power of a WE system of the tested WE system (Psys,in), 42 (Psys,in),
is calculated as

UQC (Psys,in) (kW)2 = U? (Pel,sys) (kW)2 + UQC (Pth,sys,in) (kW)2 + U2c (Pcompr,sys,in) (kW)2§ (A4.2a)

u2 (Pelsys), U2 (P, sys,in) @nd u% (Peompr sys,in) @re respectively given by equation (A.4.2b), equation (A.4.2c) and
equation (A.4.2d). The combined standard variance of the electric power (Pegjsys), u? (Peisys), is calculated as

u? (Pel,SyS) kw)* = s? (Pel,ac,sys) (kW)? + 52 (Pel,ac,sys) (kW)2; (A.4.2b)

52 (Pelac,sys) @nd s? (Pei ac,sys) are respectively given by equation (A.4.3a) and equation (A.4.3b). The combined
standard variance of the input thermal power (P, sys in), u? (Pth,sys,in), is calculated as

n

2
U} (P sys,in) (KW)* = (HHVf(kWh/mol)- q" (mol/h)) sT(ah) + > ul (P sysini) (KW)?; (A4.20)

qf, 5% (qf) and u (Pu,sysin,i1) are respectively given by equation (A.3.2j), equation (A.4.4e) and equation (A.4.2e).
The combined standard variance of the input power of compression (Pcompr. sys, in), u2C (Pcompr. sys,in), is calculated
as

U% (Pcompr,sys,in) (kW)2 = ZU% (Pcompr,sys,in,j) (kw)2§ (A.4.2d)
j

u? (Pcompr,sys,inj) is given for incompressible and compressible fluid j by respectively equation (A.4.2f) and
equation (A.4.2g). Note, the summation (A.4.2d) applies jointly to both type of fluids. The combined standard
variance of the input thermal power of fluid i (P sys ini), 4% (Ptn,sys,ini), i Calculated as

“2c (Pth,sys,in,i) (kW)* = (Bth,sys,in,i (kW)2)2 (S2r (q;n) + 82r (Ti)) ; (A4.2e)

P osini 51 (qh,) and s7 (T") are respectively given by equation (A.3.2g), equation (A.4.4f) and equation (A.4.4q).

For the incompressible case, the combined standard variance of the input power of compression of fluid
J (Pcompr, sys,in,j), Uzc (Pcompr, sys, in,j): is calculated as

u% (Pcompr,sys,in,j) (kW)2 = (Bcompr,sys,in,j (kW)2)2 (82r (pj) + 52r (qu1)) ) (A-4~2f)
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P . s2(ph) and s2 (ql) are respectively given by equation (A.3.2h), equation (A4.4h) and equa-
r r

compr, sys, in, j?
tion (A.4.4i). For the compressible case, the combined standard variance of the input power of compression of
fluid j (Peompr,sys,in.j), U2 (Peompr.sys,in,j), i calculated as

; 2
o [yi—1 . .
u2c (Pcompr,sys,in,j> (kW)2 = (Bcompr,sys,in,j (kW)Q) (('7 ’Yj ) 52r (pJ) + 32r (q#)) ) (A4.29)

P comprsys,in,j 1S Given by equation (A.3.2i). The combined standard variance of the molar flow rate of hydro-
gen (qn,sys,out k), U7 (4n,sys,out v, ), is calculated as

2
u? (qn,sys,out 1,) (Mol/h)* = (gn,sys,out,Hz (mOl/h)> (57 (@nsys. ) + 57 (qnsys.om)) 5 (A4.2h)

D sys,out Hy? 52 (TnsysH,) @and s2 (qn sys,out) are respectively given by equation (A.3.2k), equation (A.4.4m) and

equation (A4.4n). The standard variances of the AC electric power (Peac sys), 5% (Pelacsys) and DC electric
power (Pey dc sys) 52 (Pel ac sys), are respectively calculated as

L
s (Pel,ac,sys) (kW)2 Z Pel ac, sysl (kW) — pel,ac,sys (kW))2 and (A.4.33)

h

L-1

L

_ 2

32 (Pel,ac,sys) (k\)\/)2 = 1 Z Pel dc, sys, | (kW) — Pel,dc,sys (kW)) ) (A.4.3b)
=1

Pel,ac sys,1 @nd Pey dc,sys,1 are the measured values of respectively the AC electric power and DC electric power
while Pgjacsys and Pejdc sys are respectively given by equation (A.3.1c) and equation (A.3.1d). The standard
variance of the molar flow rate of fuel (¢/), s? (¢/), is calculated as

L
52 (¢f) (molh)? = T 12 gf | (mol/h) — g! (mol/h))*; (A4.3c)
=1

g/ | is the measured value of the molar flow rate of fuel and ¢ is given by equation (A.3.1i). The standard
variances of the mass flow rate (¢/), s (¢\,,) and temperature of fluid i (T"'), s (T""), are respectively calculated
as

L
52 (ql) (kals)* = L : ; | (kals) — g1, (kg/s)) and (A4.3d)
) 1 L ; = 2
s (T ( 1 > (T K =T (K); (A4.3e)

=1

qim and T are the measured values of respectively the mass flow rate and temperature of fluid i while g/, and
T are respectively given by equation (A.3.1j) and equation (A.3.1k). The standard variances of the pressure (p),
s% (p!) and molar flow rate of fluid j (¢)), s (q{]) are respectively calculated as

L 2
s® (p') (kPa)* = p| (kPa) — p’ (kPa)) and (A.4.3f)
e (v )

L
T Z ( (mol/h) — g, (mol/h))2 ; (A.4.3q)
=1

s (gh) (mol/h)? L

p{ and qL'l are the measured values of respectively the pressure and molar flow rate of fluid j while pJ and cﬁ] are
respectively given by equation (A.3.1n) and equation (A.3.10). The standard variances of the pressure (psys 1,),
52 (psys,n,) @and temperature of hydrogen (T'sys n,), 5% (T'sys 1, ), are respectively calculated as

L
5% (poys,i,) (kPa)? = T 1; Deys .1 (kPa) — Fays i, (kPR))® and (A4.3h)
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L
Z Ty ot (K) — Tys,y (K)) (A4.3i)
=1

s (Tsys, Hz) (K) L 1

Dsys H,, 1 @nd T'sys 1,1 @re the measured values of respectively the pressure and temperature of hydrogen while
Dsys,H, and Tsys, n, are respectively given by equation (A.3.1l) and equation (A.3.1m). The standard variances
of the molar concentration of hydrogen (zn sys 1,), 52 (Zn sys,n,) @and product gas molar flow rate (qn,sys,out)s
52 (qn sysout), are respectively calculated as

L
Z T sys,Hy, 1 (Mol/Mol) — Z n sys 1, (mol/mol))® and (A4.3))
=1

5% (T, sys,H,) (Mol/mol)? L -

L
Z dn,sys, outl (mol/h) — qn,sys, out (mOl/h))2 5 (A.4.3k)
=1

5? (QH,sys,out) (mol/h)? L .

T n,sys,Hy, 1 @3N @ sys out, | @re the measured values of respectively the molar concentration of hydrogen and product
gas molar flow rate while Z, sy 1, @nd @n, sys,out @re respectively given by equation (A.3.1q) and equation (A.3.1r).
The relative standard variances of the input power (Psys in), 4% (Psys,in), €lectric power (Pl sys), u? (Pelsys),
input thermal power (Pyy sys in), U2 (Pih sys,in) @nd input power of compression (Peompr, sys,in), U2 (Peompr,sys,in), are
respectively calculated as
2 2
w2 (Pyys.n) = M, (A4.4a)
(Psys, in (kW))

u2 (P
U2r (Pel,sys) = %’ (A44b)
( el, sys kW)
uy (P (kW
1 Pnor) = E( - miw) " end (A4.4c)
h sys,in
2 U’QC (Pcompr Sys, |n) (kW)2
Uy (Pcompr,sys,in) = — 5 ; (A.4.4d)
(Pcompr sys,in kW))

UQC (Psys, in)x Psys,in: U? (Pel,sys)y Pel,sys, U2c (Pth,sys, in): Pth,sys, ins UQC (Pcompr, sys,in) and Pcompr,sys, in are respectively
given by equation (A.4.2a), equation (A.3.1a), equation (A.4.2b), equation (A.3.1b), equation (A.4.2c), equa-
tion (A.3.1e), equation (A.4.2d) and equation (A.3.1f). The relative combined standard variance of the molar flow
rate of fuel (¢f), s? (¢f), is calculated as

&2 (q,‘:) _ 5% (qf) (mol/h)*

. (A4.4e)
(gf (mol/h))

52 (qf]) and (jﬁ are respectively given by equation (A.4.3c) and equation (A.3.1i). The relative standard variances

of the mass flow rate (¢/)), s (¢!,) and temperature of fluid i (T'"), s2 (T'"), are respectively calculated as

2 i 2
s% (q},) (kals) and

Tlah) = — (A.4.4f)
slam) = = s
2 i 2
21y = ST, (A4.4g)
(T (K)

s2(ql), @i, s> (T") and T are respectively given by equation (A.4.3d), equation (A.3.1j), equation (A.4.3e) and

equation (A.3.1k). The relative standard variances of the pressure (p’), s? (p’) and molar flow rate of fluid j (qh),

2 (qL) are respectively calculated as

2 (] 2
S (p) (kPa) and

A4.4h

st(p)) =
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52 (q#) (mol/h)?

2(gl) =
o (o0 () (mol/h))2

and (A.4.4i)

s% (p'), pl, §* (qJn) and ), are respectively given by equation (A.4.3f), equation (A.3.1n), equation (A.4.3g) and

equation (A.3.10). The relative standard variances of the pressure (psys ,), 52 (Psys,h,) and temperature of
hydrogen (Tsys 1), 52 (T'sys 1, ), @re respectively calculated as

52 (p sys, Hy ) (kPa)2

(A.4.4))
(Deys.p, (kPa))? )

52r (Psvs, ) =

52 (Tsys, Hz) (K)2 .

— 5 3 (A.4.4Kk)
(Tsys, Hy (K))

32r (TS‘/S. Hy) =

52 (Psys.ty )» DsysHys 52 (Tsysh,) @nd TSVS, n, are respectively given by equation (A.4.3h), equation (A.3.1l), equa-
tion (A.4.3i) and equation (A.3.1m). The relative combined standard variance of the molar flow rate of hydro-
gen (gn, sys, out, Hy)» U2r (Qn, sys, out, Hz), is calculated as

(q n, sys, out, Hz) (mol/mol)2
Qn, sys, out, Ha (mOl/mOl))2

(A.4.41)

2
u
u2r (Qn,sys, out, Hz) = E

u? (gn,sys.out H,) @nd @n sys,out 1, are respectively given by equation (A.4.2h) and equation (A.3.1p). The relative
standard variances of the molar concentration of hydrogen (z, sys 1, ), s2 (z n.sys H, ) @nd product gas molar flow
rate (qn sys,out), 52 (qn,sys,out), are respectively calculated as

5 (1‘ n, sys, Hz) (mol/mol)2

32r (Tnsyshy) = (A.4.4m)

(Z 1, sys 1, (Mol/mol))®

s° (QH,sys,out) (mOl/h)2

; (A.4.4n)
((jn, sys, out (mOl/h))2

52r (Qn,sys,out) =

52 (T sys s )» Tsys,har 52 (G sysout) @Nd G sys,out are respectively given by equation (A.4.3)), equation (A.3.1q),
equation (A.4.3k) and equation (A.3.1r).

A.4.3 WE/HTE

The combined standard variance of the input power of a WE/HTE of the tested WE/HTE (Pwe,in), 42 (Pwe,in), iS
calculated as

u? (Puwg,in) (kW)* = 5% (Peidcwe) (KW)? + w2 (Pinwe,in) (KW)? + u? (Peomprwe,in) (KW)?; (A4.5a)
52 (Petdewe), U2 (Pnwe,in) and u2 (Peompr,we,in) @re respectively given by equation (A.4.6a), equation (A.4.5b)
and equation (A.4.5¢c). The combined standard variance of the input thermal power (P we.in), 42 (Pt we.in) iS
calculated as
u? (Pynwe,in) (KW)? = Zu% (P, we,ini) (KW)?; (A.4.5b)
i

u? (P, we,in,i) is given by equation (A.4.5d). The combined standard variance of the input power of compres-
sion (Peompr WE, in), U2 (Peompr, wE,in), is calculated as

UQC (Pcompr,WE,in> (kW)2 = ZUQC (Pcompr,WE,in,j) (kW)Q; (A.4.5C)
i

u? (Pcomprwe,in,j) is given for incompressible and compressible fluid j by respectively equation (A.4.5e) and
equation (A.4.5f). Note, the summation (A.4.5c) applies jointly to both type of fluids. The combined standard
variance of the input thermal power of fluid i (P, we,ini), 2 (P we.ini), is calculated as

U2 (Prwe.ini) (W) = (P i WD) (52 (gmwe) + 57 (Tie)) 5 (A.4.5d)
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Pwe i 52 (ahwe) and s (T\e) are respectively given by equation (A.3.7g), equation (A.4.7d) and equa-
tion (A.4.7e). For the |ncompreSS|ble case, the combined standard variance of the input power of compression
of fluid j (Peompr.we in,j), %% (Peompr we,in,j), i Calculated as

u2c (Pcompr, W in, ) (kw)* = (Bcompr,WE,in,j (kW))2 (S2r (p{NE) + S2r ((JJH,WE>) ) (A4.5e)

P omprwE,in j» 57 (p{NE) and s? (qL’WE) are respectively given by equation (A.3.7h), equation (A.4.7f) and equa-

tion (A.4.7g). For the compressible case, the combined standard variance of the input power of compression of
fluid j (Peompr, we, i j), u2 (Peompr, we,in j), is calculated as

i 2
i1 . .
u2c (Pcompr,WE,in,j) (kW)2 = (Bcompr,WE,in,j (kW))2 ((7 ’Yj ) 32r (pJWE) + 52r (qJn,WE)> ; (A.4.5f)

P compr we,in,j 1S Given by equation (A.3.7i). The combined standard variance of the molar flow rate of hydro-
gen (g8 ), u? (¢nwe,,), is calculated as

2
u? (gnwe n,) (Mol/h)? = (g:‘liz (mol/h)) (s? (@nwem,) + 57 (gnweout)) ; (A4.50)

g‘:’ﬁz, 52 (znwen,) and s2 (gnweout) are respectively given by equation (A.3.7j), equation (A.4.7h) and equa-

tion (A.4.7i). The standard variance of the DC electric power (Pe( dc we), 5 (Peldcwe), is calculated as

L

2
5° (Pel,dcwe) (KW)* = - 1{2: elde,we, | (KW) — Pet g we (KW)) ™ (A4.6a)

Peldc,we,1 is the measured value of the DC electric power while pe['dc,WE is given by equation (A.3.6b). The
standard variances of the mass flow rate (¢}, we), 5% (¢ we) and temperature of fluid i (Tyg), s* (T\yg), are
respectively calculated as

L
i i 2
s? (gl we) (kals)> = 1 El i we. (ka/s) — G we (ka/s))” and (A4.6b)

L
3 (Tl (K) — The () (A4.60)

2 (The) (7 = >

1

¢t we, and T | are the measured values of respectively the mass flow rate and temperature of fluid i while
q’:n,WE and T\‘NE are respectively given by equation (A.3.6g) and equation (A.3.6h). The standard variances of the

pressure (plye), 52 (p{NE) and molar flow rate of fluid j (qLWE), 52 (qJH,WE)' are respectively calculated as

L
s? (pJ'WE) (ka/s)® = — 1Z(pWEl (kPa) — plye (kPa))2 and (A4.6d)
=1

. L 2
2 (gl we ) (mol/h)? L we. (molh) — g/ e (molh)) (A4.6e)
S (q ,WE) -1 IZ (q WE, | q WE )

p{NE,l and q#’WE’l are the measured values of respectively the pressure and molar flow rate of fluid j while
Piye and (jn we are respectively given by equation (A.3.6i) and equation (A.3.6j). The standard variances of the
molar concentration of hydrogen (z ), s* (z ' ) and product gas molar flow rate (g5, s (¢n we,out), are
respectively calculated as

L
5% (z2h,) (mol/mol)® = - 12 z 1 (mol/mol) — zh, (mol/mol))2 and (A.4.6f)
-1
< 2
5% (¢nwe,out) (Molih)? = T 12 g2 . | (molh) — g2 (mol/h))~; (A.4.60)

=1
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x5 (and g5, are respectlvely the measured values of the molar concentration of hydrogen and product gas
molar flow rate while zy nh, and qn’ out are respectively given by equation (A.3.61) and equation (A.3.6m).

The relative standard variances of the input power (Pwg,in), u% (Pwe,in), DC electric power (Pe|,dc we),
u? (Pei,dc,we) and input thermal power (P, we, in), 4% (Pin,we,in), are respectively calculated as

2 ) 2
u2r (Pwe,in) = M (A.4.7a)

(PWE, in (mol/h)) 2

52 (Pel,dc,WE) (kW)2
(Pel,dc,WE (mol/h))2

u? (Peldewe) = and (A4.7b)

w7 (P, we,in) (KW)*
(Pt we,in (mol/h))27

u? (P wein) = (A4.7¢)

u2 (Pwe.in), Pwe,in, U2 (Pel de,we)» Pel,dewe, 42 (P we,in) @nd Py, we, in are respectively given by equation (A.4.5a),
equation (A.3.6a), equation (A.4.6a), equation (A.3.6b), equation (A.4.5b) and equation (A.3.6c). The relative
standard variances of the mass flow rate (g}, we), 5% (¢}, we) and temperature of fluid i (Tg), s (Ty), are
respectively calculated as

% (qh we) (kals)?

- (A4.7d)
(@i we (kals))

52r (Q|i'n,WE) =

s? (T\iNE) (K)Q_
(The )

5% (gl we), @mwe 82 (Tye) and Ty are respectively given by equation (A4.6b), equation (A.3.6g), equa-

s2(Tye) = (A4.7e)

tion (A-4.6c) and equation (A.3.6h). The relative standard variances of the pressure (plg), s2 (p{NE> and molar

flow rate of fluid j (qfw,WE)r 52 (qLWE), are respectively calculated as

52 (p{NE) = W and (A4.7f)
(Phie (cPa)

s? (Q#,WE> (K)?

32r (%,ws) = W(K))g7

(A4.7q)

52 (p{NE), p{NE, s2 <q£1,WE) and (?JH,WE are respectively given by equation (A.4.6d), equation (A.3.6i), equa-

tion (A.4.6e) and equation (A.3.6j). The relative standard variances of the molar concentration of hydrogen (z ‘rﬁ’ﬁz ),
5% (@ nwe,1,) and product gas molar flow rate (¢5,), 57 (¢n,we out), are respectively calculated as

s% (x5 ) (mol/mol)?

2
st(Tnwem,) = (A4.7h)
r ’ (z¥E_(molimol)?
52 (q mol/h)? .
57 (¢nweout) = i e E°‘:1)0Uh)) (A4.70)
dn, out
s2 (a8, 2 Ve, s (2 ), W5, s? (gnweou) and gYE,; are respectively given by equation (A.4.6f), equa-

tion (A.3.6l), equation (A.4.6g) and equation (A.3.6m).
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Annex B Test report

B.1 General

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.2) and a summary report (see section B.3) with the measured or estimated TIPs and TOPs
at least as mean values along with their (combined) standard uncertainties.

B.2 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 WE/HTE and/or system tested
including manufacturer.

The titlepage may be followed by a contents page before the summary report.

B.3 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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GETTING IN TOUCH WITH THE EU
In person

All over the European Union there are hundreds of Europe Direct centres. You can find the address of the centre nearest you online
(european-union.europa.eu/contact-eu/meet-us en).

On the phone or in writing

Europe Direct is a service that answers your questions about the European Union. You can contact this service:
— by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls),

— at the following standard number: +32 22999696,

— via the following form: european-union.europa.eu/contact-eu/write-us _en.

FINDING INFORMATION ABOUT THE EU
Online

Information about the European Union in all the official languages of the EU is available on the Europa website (european-
union.europa.eu).

EU publications

You can view or order EU publications at op.europa.eu/en/publications. Multiple copies of free publications can be obtained by
contacting Europe Direct or your local documentation centre (european-union.europa.eu/contact-eu/meet-us en).

EU law and related documents

For access to legal information from the EU, including all EU law since 1951 in all the official language versions, go to EUR-Lex
(eur-lex.europa.eu).

Open data from the EU
The portal dataeuropa.eu provides access to open datasets from the EU institutions, bodies and agencies. These can be

downloaded and reused for free, for both commercial and non-commercial purposes. The portal also provides access to a wealth
of datasets from European countries.
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