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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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| Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

| Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Rart2.
hsk of technical committees is to prepare International Standards. Draft International Stand
the technical committees are circulated to the member bodies for voting-, Publication as

| Standard requires approval by at least 75 % of the member bodies casting'a.vote.
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shall not be held responsible for identifying any or all such patent rights.

P was prepared by Technical Committee ISO/TC 197, Hydrogén)technologies.
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Introduction

This part of ISO 16110 describes how to measure and document the performance of stationary hydrogen
generators for residential, commercial and industrial applications.

The following hydrogen generation types have been considered:

— hydrogen generators using fuel processing technologies.
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Scope

ctory matched hydrogen generation systems with a capacity less than 400 m3/h at 0 °C and 1

ditions suitable for the type of device using the hydrogen (e.g. a fuel’cell power system, or
pression, storage and delivery system).

Normative references

following referenced documents are indispensable’for the application of this document,
rences, only the edition cited applies. For undated references, the latest edition of the
iment (including any amendments) applies.

ineering method in an essentially free field-over a reflecting plane

4677 (all parts), Atmospheres for conditioning and testing — Determination of relative humidity

5167 (all parts), Measurement of fluid flow by means of pressure differential devices inserte
s-section conduits running full

6060, Water quality —£ Détermination of the chemical oxygen demand
6326 (all parts),-Natural gas — Determination of sulfur compounds

6974 (all sparts), Natural gas — Determination of composition with defined uncertail
matography

6975 Natural gas — Extended analysis — Gas-chromatographic method

part of ISO 16110 provides test procedures for determining the performance;ef‘packaged, seff-contained

D1,325 kPa,

in referred to as hydrogen generators, that convert a fuel to a hydrogen-rich stream of composition and

a hydrogen

For dated
referenced

3744, Acoustics — Determination of sound power levels of noise sources using sound pressure —

o in circular

ity by gas

IS

7934, —Statiormary —source enmisSIons — Deternmimation of the Tass Concerntration of —suifar

Hydrogen peroxide/barium perchlorate/Thorin method

dioxide —

ISO 9096, Stationary source emissions — Manual determination of mass concentration of particulate matter

ISO

ISO

10101 (all parts), Natural gas — Determination of water by the Karl Fischer method

10523, Water quality — Determination of pH

ISO 10707, Water quality — Evaluation in an aqueous medium of the “ultimate” aerobic biodegradability of
organic compounds — Method by analysis of biochemical oxygen demand (closed bottle test)

ISO

11042 (all parts), Gas turbines — Exhaust gas emission
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ISO 11541, Natural gas — Determination of water content at high pressure

ISO 11564, Stationary source emissions — Determination of the mass concentration of nitrogen oxides —
Naphthylethylenediamine photometric method

ISO 14687-1, Hydrogen fuel — Product specification — Part 1: All applications except proton exchange
membrane (PEM) fuel cell for road vehicles

ISO 14687-2, Hydrogen fuel — Product specification — Part 2: Proton exchange membrane (PEM) fuel cell
applications for road vehicles

ISO 16622,| Meteorology — Sonic anemometers/thermometers — Acceptance test methods for mean. Wind
measuremgnts

IEC 61010-1, Safety requirements for electrical equipment for measurement, control, and laboratory us¢ —
Part 1: Genferal requirements

IEC 61672-[1, Electroacoustics — Sound level meters — Part 1: Specifications

3 Terms, definitions and symbols

3.1 Terms and definitions
For the purposes of this document, the following terms and definitions\apply.

3141
audible noj|se level
sound pressure level produced by the hydrogen generator measured at a specified distance

NOTE Audible noise level is expressed as decibels (dBA) and measured as described in this part of ISO 16110.

31.2
background noise level
sound pressure level of ambient noise at the measurement point

3.1.3
cold state
condition offa hydrogen generaternat ambient temperature with no substantial fuel or power input

314
discharge water
water that i$ released by the hydrogen generator

NOTE iscHarge water does not constitute part of a thermal recovery system. It is comprised of the water treatment
waste and the rocess condensate shown in Figure 1.

3.1.5
hydrogen generator
system that converts a fuel to a hydrogen-rich stream

NOTE The hydrogen generator is composed of all or some of the following subsystems: a fuel processing system, a
fluid management system, a thermal management system, and other subsystems as described in more detail in
ISO 16110-1.

3.1.6

interface point
measurement point of a hydrogen generator at which material and/or energy either enters or leaves

2 © 1SO 2010 — All rights reserved
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3.1.7

return gas

tail gas

unused reformed hydrogen-rich gas, which returns to the hydrogen generator and is used as a fuel

NOTE Return gas generally includes hydrogen, carbon dioxide, water vapour and slipped hydrocarbon.

3.1.8
standby state
state in which the hydrogen generator is at operating temperature and is in an operational mode from which it

can

be promptly switched to an operational mode with net hydrogen output

See

3.1.

Figure 2, item 2.

¢]

stanft-up time

time

See

3.1.

from cold start to supply of hydrogen gas at the rated hydrogen pressure
Figure 2, item 1-3.

10

waste heat

ther

3.2

The

Hyd
and
com
Figu

The)
gen

mal energy released and not recovered

Symbols

symbols and their meanings are described in Annex.A.

Test conditions/Test boundary

rogen generators may have different subsystems depending on types of primary conversior
applications, and they have different-streams of material and energy in and out of them.
mon system diagram and boundary has been defined for evaluation of the hydrogen gen
re 1).

following conditions shall,"be considered in order to determine the test boundary of th
erator:

All energy recoveéry systems shall be included within the system boundary.

Calculationyef-the heating value of the input fuel (such as natural gas, propane gas, etc.) shg
on the cénditions of the input fuel at the boundary of the hydrogen generator.

Calculation of the heating value of the output hydrogen containing gas stream shall be b3
conditions of the gas stream at the boundary of the hydrogen generator.

processes
However, a
erator (see

b hydrogen

Il be based

sed on the

Mechanical systems required for hydrogen generator operation (i.e. ventilation or micro-turbines,
expanders or compressors) shall be included inside the test boundary. The direct measurement of these

mechanical systems inside the test boundary is not required; however, their effects shall be

included in

the hydrogen generator operation. If mechanical (shaft) power and energy cross the test boundary,

additional measurements and calculations may be necessary.

NOTE  This part of ISO 16110 does not take into account mechanical (shaft) power or mechanical energy inputs or

outputs.
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1
2.1 -
29 _ | . - 3.1
2.3 _ 41 > > 22
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- 3.6
A
2.5 - 43 - 45 - 46 - 37
S —— - 7
2.8 ; 4.7 = I 3|8
2.9 - . J -
|_ ————— _l o 3.10
210 g i 48 J|— . 341
1 systeém boundary of the hydrogen generator including subsystems and the interface is defined as a conceptual
or functional jone
2 inpu]z 3 outputs
21 steam (if imported) 3% water treatment waste
22 wate 3.2 exhaustgas
23 treatment chemicals 3.3  process vents
24 air/oxidant 3.4 recovered heat
2.5 fuel 3.5 process condensate
26 purge gas 3.6 solid waste
2.7 cooling fluid 3.7  hydrogen
2.8 instryment gas 3.8  cooling fluid
2.9 electtical power input 3.9 ventilation exhaust
2.10 atmogpheric air 3.10 noise
3.11 waste heat
4 subsystems«(the’configurations depend on the kind of fuel, type of fuel cell or system)
41 water|treatment and steam generation
4.2  air/ox|dant processing system
4.3 feedstock compression and processing
4.4  fuel processing system
4.5 hydrogen purification (optional)
4.6 hydrogen metering and analysis
4.7 process utilities (cooling fluid, purge gas, instrument gas, electrical, etc.)
4.8  ventilation system

——: The interface points in the boundary to be measured for calculation data.

NOTE

The fuel input can also consist of return gas.

Figure 1 — Typical hydrogen generator diagram

© 1SO 2010 — All rights reserved
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5 Measurement technique

5.1 General
The types of measuring instruments and measurement methods shall conform to the relevant International

Standards and shall be selected to meet the measurement uncertainty targets in line with the uncertainty
analysis of 6.4. If necessary, external equipment with required specification shall be added.

5.2 Operational parameters

5.2l Electrical power input

Thel electrical power input to the hydrogen generator, the voltage, the current and the power fagtor shall be
detg¢rmined and measured in accordance with IEC 61010-1.

5.2.2 Input and output fluid characteristics

5.2.2.1 General

The| composition, the heating value (only for fuels), the temperature, the-pressure and the flow rate|of the input
and|output fluids shall be determined as per 5.2.2.2 t0 5.2.2.6.

If there is fluctuation greater than £2 % in any measured value, the amplitude and the frequency of the
fluctuation shall be measured and reported as part of the test results.

5.22.2 Composition of fluids

ue shall be
applopriate to the chemical composition of thefluid in question. If the fluid is not critical to operabijlity or utility
congumption, direct measurement of the fluid*composition shall not be required for conformance with this part

If the only chemical oxidant employed-is atmospheric air, only the moisture content shall be measured. The
moigture content value may be.calculated from other direct measurements (e.g. wet bulb apd dry bulb

Th D 6974 and
1ISO|6975.
Th detailed in
1SO|6326.
Th 10101 and
ISO| 11541
The Slats 14687-1 or

OSitio
ISO 14687-2, as applicable.

The composition of other fluids shall be measured in accordance with the standard(s) appropriate to the fluids.

5.2.2.3 Heating value

The heating value of the input and output fluids shall only be measured for combustible fluids. The heating
value shall be determined through either calorimetric methods, or via calculation based on the fluid
composition as specified in Clause 8. The accuracy and detection limits of the composition measurement
technique shall be determined, and its effect on the uncertainty analysis of 6.4 shall be explicitly considered.
Pre-analysed bottled fuel gas may be substituted for gas sampling, provided that the uncertainty of the
analysed gas is consistent with the uncertainty required by the uncertainty analysis of 6.4.

© 1SO 2010 — All rights reserved 5


https://standardsiso.com/api/?name=63390edad686624caf0057fcc4570a68

ISO 16110-2:2010(E)

In principle, the lower heating value (LHV) shall be used for all the calculations defined in this part of
ISO 16110. Should the higher heating value (HHV) be applied instead of LHV, the abbreviation “HHV” shall be
added to all the results that derive from the use of the HHV, such as the heating value of gaseous fuel
calculated as per Equation (15), the energy of gaseous fuel calculated as per Equation (16), the input energy

of gaseous

EXAMPLE

fuel calculated as per Equation (15) and the efficiency calculated as per Annex D.

If the value of efficiency is based on the HHV, it should be expressed as follows:

7, = XX% (HHV)

NOTE

In case of LHV, it is not necessary to add the abbreviation “LHV".

5224 1

The temper

5.2.25 H
The static p
The height

The potenti
location of

If the discharge of a particular fluid is to the atmosphere, its pressure.need not be measured.

5226 K

The flow rafe of each fluid shall be measured at the boundary of the hydrogen generator.

Flow rates
such a met
they shall b

If a particular fluid is not chemically modified in the hydrogen generator, such as cooling fluid, instrument g

purge gas,

The effects

5.2.3 Solid output characteristics

emperature

ature of each fluid shall be measured at the boundary of the hydrogen generator.

ressure
ressure of each fluid shall be measured at the boundary of the hydrogen @énerator.
bbove grade shall be measured and recorded for input and output liquids.

bl effects of condensable fractions shall be considered in the dngertainty analysis of 6.4 and in
he pressure measurement means.

low rate

may be determined by means of a volumetric meter, mass flow meter or turbine type flow metg
nod is not practicable, flow measurement by nozzles, orifices or venturi meters should be used
b applied in accordance with ISO. 5167.

bnly the input or output flawrate shall be measured.

of the flow measurement on the operability of the hydrogen generator shall be considered.

itputs from/the hydrogen generator, which is generated on a continuous basis, and which hay
1l or, disposed of continuously or in a repetitive batch operation, shall be characterized.
pbpérties shall be measured:

the

er. If
and

ir or

e to
The

Any solid o
be remove
following pr
a)
b)
c)

composition;
mass generation rate;

frequency of removal, if a batch operation is necessary.

5.3 Environmental aspects

5.3.1

Particulate emission

Particulate emission in the exhaust gases shall be measured in accordance with ISO 9096.

© 1SO 2010 — All rights reserved
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5.3.2 SOx and NOx emission

5.3.2.1 SOx emission

SOx emission in the exhaust gases shall be measured in accordance with ISO 7934. Other methods suitable
for the service may be used providing they are consistent with the uncertainty analysis of 6.4.

5.3.2.2 NOx emission

NOx emission in the exhaust gases shall be measured in accordance with ISO 11564. Other methods suitable

f H lo | HAH o .y n H b ok 1 H £0 A
or re—service ITiay VT USTU PYTUVIUINTTY UITY al'T CUTTSISITTIU WILIT UTC UTnietTidallity daridatyoros Ul U 5.

5.3.8 CO,and CO emission

COj4 emission in the exhaust gases shall be measured in accordance with ISO 11042-1 and 1SO 11042-2.
CO4 may be calculated based on carbon content of the fuel.

COlemission in the exhaust gases shall be measured in accordance with ISO_11042-1 and ISO 11p42-2.

5.3.4 Total hydrocarbon emission

Total hydrocarbon emission in the exhaust gases shall be measuréd in accordance with 1ISO 1[1042-1 and
ISO[11042-2.

5.3.p Discharge water quality measurement
5.3.p.1 General

Quality measurements for water discharged from-a'hydrogen generator shall include the determination of:
a) |volume of discharge water;

b) |temperature of discharge water;

c) [pH;

d) |chemical oxygen demiand (COD) or, if necessary, biochemical oxygen demand (BOD).
53p5.2 pH

The| pH shall beimeasured in accordance with ISO 10523.

5.3.p.3 , \'Chemical oxygen demand (COD)

TI'\ Cob chall hamaeacsirad in-ascecardancewith 1SO 6060
1 N UTITTUAIT VU TTTUUUOUT U U T U UUTUUTTOC T VWIlTT TOUD A~ A4

5.3.5.4 Biochemical oxygen demand (BOD)

When applicable, the BOD shall be measured in accordance with ISO 10707.

© 1SO 2010 — All rights reserved 7
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5.3.6 Audible noise level

The audible noise level produced by the hydrogen generator shall be measured using a sound level meter that
ith IEC 61672-1. The test shall be conducted in accordance with ISO 3744 and shall record the

complies wi

following parameters:

a)
b)

c)

measuring surface (at distance from the body of hydrogen generator);
number of measuring points;

the background noise level, which shall be measured with the hydrogen generator in the cold state.

54 Athient conditions

Ambient hu

Ambient hu

Midity, wind, pressure and temperature shall be measured.

Mmidity measurement shall be performed as per ISO 4677-1 and ISO 4677-2.

Ambient wipd measurement shall be performed as per ISO 16622.

6 Testplan

6.1 General

A detailed test plan shall be prepared taking into consideration thefollowing:

a) the tesf operating modes specified in 6.2;

b) the mepsurements, the test frequency and duration specified in 6.3;

c) the ungertainty analysis of 6.4.

6.2 Test|operating modes

The hydroggen generator shall be tested-in the operation modes listed below and shown in Figure 2:
a) start-up from cold state to the.minimum hydrogen rated output;

b) steadyjstate operationsat the minimum hydrogen rated output;

c) ramp-yp from minimum hydrogen rated output to maximum hydrogen rated output;

d) steadyistatetoperation at the maximum hydrogen rated output;

e) ramp-dawn from maximum hydrogen rated autput to minimum hydragen rated output;

f)  shutdown to cold state;

g) standby state.

NOTE The hydrogen generator operating modes listed above do not prevent documentation of additional process

states in accordance with the methods of this part of ISO 16110, nor do they prevent inclusion of additional test data in the
data reports defined in this part of ISO 16110.

© 1SO 2010 — All rights reserved
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Z |
3
- \ .
3-4 4 4-3
1-3 -\ »le \ e\ »
< \ =
2-3
o\
|/
/ N\
Y |
X
Key|
X [time
Y |utility inputs

Z |hydrogen product

Operating states

cold state
standby state (optional)
operational state (hydrogen-product available)

A W N -~

maximum hydrogen rated output

Transitional states

1-3 | cold statete 'Operational state

2-3 | standby:state to operational state

3-4 |ramp-up from minimum hydrogen rated output to maximum hydrogen rated output
4-3 |ramp-down from maximum hydrogen rated output to minimum hydrogen rated output

Figure 2 — Hydrogen generator operating modes

For steady-state operational testing, the criteria in Table 1 shall be used to define the permissible deviations
allowed during testing for each parameter. For all transient testing, the parameters not directly affected by the

transient test shall be in accordance with Table 1.
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Table 1 — Maximum permissible variations in test operating conditions

during a steady-state period

Parameter

Average variation rate

per hour
Power input, kW 2%
Barometric pressure at site, kPa +0,5%
Heating value, kJ/mol +2%
Gaseous fuel pressure as delivered to system, kPa +1%
Gaseous output hydrogen pressure, kPa +1%
Fuel input and hydrogen output flow, m3/s 2%
During transients measured during ramp-up and ramp-down, impurity levels in the hydrogen ‘product shall be
within the mjanufacturer's specifications.
6.3 Measurement, test frequency and duration
Measurements shall be taken during each phase of the test operating sequénce as shown in Table 2.
NOTE For hydrogen generators not equipped with one or more of the operating modes, no measurementy are
required and|no results need to be included in the test report. If relevant, other 'steady-state outputs between minimum and
maximum hydrogen rated output may be selected.
Table 2 — Test item and-system status
Steady-state conditions Ramp-up
Item Test It\]llaximum Minimum Standby St::&up ang;:lrl:p-
ydrogen | hydrogen
rated rated shutdown
output output
Operational aspects
1 Elegtrical power input as per,5.2.1 X X X X
2 Inpuit fluid characteristics\as per 5.2.2 X X X X X
3 Output fluid charactefistics as per 5.2.2 X X X X X
4 Solid output characteristics as per 5.2.3 X X X X
Environmental aspects
1 Particulate'emissions as per 5.3.1 X X X
2 SOxaRe-NOx-emissiors-asper5-3-2
3 CO5 and CO emissions as per 5.3.3 X X X
4 Total hydrocarbon emissions as per 5.3.4 X X X
5 Discharge water quality as per 5.3.5 X X X
6 Audible noise level as per 5.3.6 X X X X X

The duration and frequency of measurements shall be determined according to the type of hydrogen
generator tested. A sufficient number of measurements and number of measurement sets shall be established
based on requirements for measured value fluctuations, stability of average values, and the uncertainty
analysis of 6.4. The required frequency of measurement shall be chosen based on the expected duration of

10
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the transient measurements required under this part of ISO 16110. The test results shall be analysed to
determine the absolute and relative uncertainty.

If discrete measurement is used, the interval between measurements shall not be less than 10 minutes. The
frequency of discrete measurements, if employed, shall be expressly considered in the uncertainty analysis of

6.4.

For continuous monitoring of the readings, at least one hour of steady-state operation shall be required.

NOTE

during a single test.

In computing results of tests, the determination can be made with averaged values of observations made

6.4

6.4.

An
abs

NOT
6.4.

The)
doc

Uncertainty analysis

1 General

incertainty analysis shall be performed on all tests. The test results shall beanalysed to de

plute and relative uncertainty.
E Guidance on how to carry out an uncertainty analysis is provided in Annex-B.
P Uncertainty of test instruments

uncertainty of the measurements to be taken shall be established based on the instrumen
iments prior to initiating the testing process. The uncertainty shall be expressed as a +/— valu

in the units of the variable. For measured values requiring.multiple inputs, such as flow rate, c

take

7

71

The]
inst

NOT
can
and

7.2

7.2.

The)

n to account for the total uncertainty for all instruments.

Test procedure

Safe operation of the hydrogen generator and test equipment

uctions at all times during the.execution of the test plan.

E All hazards associated with each gas and testing equipment need to be taken into considerati
be found in the manufacturer-related safety information located in the respective manufacturer instruc
the Material Safety Data-Sheets (MSDS) for gases and solids associated with the system.

Execution-of'the test plan

I Operational data

testplan specified in Clause 6 shall be executed as planned.

termine the

[ calibration
expressed
re shall be

hydrogen generator shall be. operated in accordance with the manufacturer's writtep operating

n. Guidance
fion manuals

At a minimum, the following operational data shall be included in the overall summary of the testing process:

a)

b)

start-up time;

minimum operational hydrogen rated output, including the following data:
1) capacity,

2) hydrogen pressure and temperature fluctuations and frequency,

3) hydrogen flow fluctuations and frequency,

4) hydrogen purity variations and frequency (if above purity specifications);

© 1SO 2010 — All rights reserved
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c) ramp-up rate from minimum to maximum hydrogen rated output, including the following data:

1) capacity,

2) hydrogen flow fluctuations and frequency,

3) hydrogen pressure and temperature fluctuations and frequency,

4) hydrogen purity variations and frequency (if above purity specifications);

d) maximum hydrogen rated output, including the following data:

1) ca
2) hy
3) hy
4) hy
e) ramp-d
1) ca
2) hy
3) hy|
4) hy,
f)  shut-dg

bacity,

Hrogen pressure and temperature fluctuations and frequency,

drogen flow fluctuations and frequency,

Hrogen purity variations and frequency (if above purity specifications);

own rate from maximum to minimum hydrogen rated output, including.the following data:
bacity,

drogen flow fluctuations and frequency,

Hrogen pressure and temperature fluctuations and frequency,

Hrogen purity variations and frequency (if above purity 'specifications);

wn time.

7.2.2 Data acquisition plan

The data g
uncertainty
and reading

8 Calcd

8.1 Elec

When the
(Pj) shall b

a) threep

cquisition system (i.e. duration and‘frequency of readings) shall be taken into account in
(see B.2) and the data recording equipment that is suitable for the required frequency of read
speed shall be prepared in.advance of the tests.

lations

rical power‘input

oltage, Current, and power factor of electrical power input are measured, electrical power i
b calculated as follows:

hase system

the
ngs

hput

I :\/EXVinX[inxxin

where

P

12

n is the electrical power input (W);
is the voltage of electrical power input (line to line) (V);
in is the current of electrical power input (A);

is the power factor of electrical power input.

(1)

© 1SO 2010 — All rights reserved
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b) single phase system

P =VinX[inX?\'in

where
Py, is the electrical power input (W);
Vin is the voltage of electrical power input (line to neutral) (V);
- —is the current of electrical power input (A):
A is the power factor of electrical power input.

c) |direct current

whdre
Pin
V-

In

I

n

8.2| Calculation of flow rates

P =VinX1in

is the electrical power input (W);
is the voltage of electrical power input (V);

is the current of electrical power input (A).

()

©)

Fug], return gas, steam input rates and hydrogen output flow rate shall be calculated by means of the

follqwing equations.

8.2.1 Gaseous fuel

whdre

Imf

qvfo

Pro

9mf = 9vio X Pro

o= qvt X (to/ts )< (pslpo)

is the mass flow-rate of gaseous fuel (kg/s);

is the volumetric flow rate of gaseous fuel at reference conditions calculated as per |
(m3/s);

is‘the density of gaseous fuel at reference conditions (kg/m3);

(4)

Equation (5)

(%)

where

qvf
)
%
Ps

Po

is the volumetric flow rate of the fuel at temperature # and pressure p; (m3/s);
is the reference temperature (288,15 K);

is the temperature of gaseous fuel at test conditions (K);

is the pressure of gaseous fuel at test conditions (kPa);

is the reference pressure (101,325 kPa).

© 1SO 2010 — All rights reserved

13


https://standardsiso.com/api/?name=63390edad686624caf0057fcc4570a68

ISO 16110-2:2010(E)

8.2.2 Liquid fuel

9ml = 9vio X P10

where

dml

is the mass flow rate of liquid fuel (kg/s);

qyio is the volumetric flow rate of liquid fuel at reference conditions (m3/s);

is the density of liquid fuel at reference conditions (kg/m3).

Ao
8.2.3 Ret
9mrh =
where
drrh 19
dyrho 1
B
pho iS
Qvyrho =
where
qyro 1
H
xrh iS
dvr0 =
where
qyr 18
ty Is
t s
pe is
po iS

irn gas

Ivrh0 < Pho

the mass flow rate of hydrogen in return gas (kg/s);

the volumetric flow rate of hydrogen in return gas at reference ‘conditions, calculated as
quation (8) (m3/s);

the density of hydrogen at reference conditions (kg/m3).

Avr0 X Xrh

the volumetric flow rate of return gas.@at reference conditions (m3/s) calculated as
quation (9);

the molar ratio of hydrogen in returrd-gas.

vr X (tO/tr)x(pr/PO)

he volumetric flow rate of return gas at temperature ¢, and pressure p, (m3/s);
he reference temperature (288,15 K);
he temperature of return gas at test conditions (K);

he pressure of return gas at test conditions (kPa);

heteference. pressure (101 325 kpn)

8.2.4 Steam input

9ms = 9vs0 X Ps0

where

dms

ayso 1S the volumetric flow rate of steam at reference conditions calculated as per Equation (11) (m3/s);

is the mass flow rate of steam (kg/s);

Pso is the density of steam at reference conditions (kg/m3).

14

(6)

7)

per

(8)

per

©)

(10)
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qvs0 = 4vs X(IO/ts)x(PS/PO)

where

gys I8 the volumetric flow rate of steam at temperature 7, and pressure pg (m3/s);
ty s the reference temperature (288,15 K);

ts is the temperature of steam at test conditions (K);

S

o thao nracoiira Af ot toct conditionce (IDoN.

a
Ps o tCPTooSSurC O St ot tCoT COTTCTTOTTS (I o )5

po s the reference pressure (101,325 kPa).

8.2.p Gaseous hydrogen output

whe

wheg

whe

9mh = 9vho X Pho

re

9mn is the mass flow rate of the hydrogen in hydrogen-rich gas (kg/s);

(11)

(12)

gyno 18 the volumetric flow rate of hydrogen in hydrogen-rich gas at reference conditions calculated as

per Equation (13) (m3/s);
Pro is the density of the hydrogen at reference conditions (kg/m3).
9vho = Gvhro X *h
re

gyhro 18 the volumetric flow rate ofihydrogen-rich gas at reference conditions calcula
Equation (14) (m3/s);

xp is the molar ratio of hydregén in hydrogen-rich gas.

qvhro = v X (to/th) X (Palo)

re

gynr 18 the vOlumetric flow rate of hydrogen-rich gas at temperature ¢, and pressure py, (m3/s)
ty  is\the reference temperature (288,15 K);

th is the temperature of hydrogen-rich gas at test conditions (K);

8.3

pn  isthe pressure of hydrogen-rich gas at test conditions (kPa);

po is the reference pressure (101,325 kPa).

Calculation of fuel, steam and hydrogen energy

8.3.1 General

Input and output energies shall be calculated by means of the following equations.

(13)

fed as per

(14)

In the equations below, the heating value determined through calorimetric methods (see 5.2.2.3) may be used
instead of that calculated based on the fluid composition.

© 1SO 2010 — All rights reserved
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8.3.2 Input energy of gaseous fuel

The input energy of gaseous fuel per unit of time (Q,s) shall be calculated from the following equation:

Ont =(Efv/MO)Xqva (15)
where

Oin¢ is the input energy of gaseous fuel per unit of time (kJ/s);

Iy, igthe-energy-ofgasecustuelcaleulated-asperEquation (46 kdtme—————————————————

M, i the reference molar volume of ideal gas (2,3645x10~2m3mol) at the reference temperafure,
14=288,15K;
avio 19 the volumetric flow rate of gaseous fuel at reference conditions calculated as per Equation (5)

mn3/s).

The energy|of gaseous fuel per unit of volume (£,) at a temperature # and a pressureyp; of a mixture of knpwn
composition) shall be calculated from the following equation:

Eg, = Opo+ hg — hyg + Epg 16)
where
O Iis|the heating value of gaseous fuel at reference conditions.calculated as per Equation (17) (kJ/mol);
hs  is|the specific enthalpy of gaseous fuel at temperature-; calculated as per Equation (18) (kJ/mol);
hyy  is|the specific enthalpy of gaseous fuel at the reference temperature ¢, (kJ/mol);

E_; is|the pressure energy of gaseous fuel calcutated as per Equation (20) (kd/mol).

pf

The heating value of gaseous fuel (Qy,) at reférence conditions shall be calculated from the following equation:

v
N
On = p_x; Of; 17)
=1
where
Oroj is the heatifg-value of gaseous fuel component ; at reference conditions (kJ/mol);
X; is the molar ratio of gaseous fuel component ;.

J

NOTE | Numerical values of Qij are given in Table C.1.

The specific enthalpy of gaseous fuel at temperature # (/;) shall be calculated from the following equation:

N
hf =ij~ hfj (18)
J=

where

X; is the molar ratio of gaseous fuel component j;

hs; is the specific enthalpy of gaseous fuel component j at temperature ¢ calculated as per Equation (19)
(kJ/mol).
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The specific enthalpy of gaseous fuel component ;j at temperature # (hfj) shall be calculated as follows:

2 3
ijxtr ijXff _3

where

Ay, By and Cy are the constants of gaseous fuel component j and given in Worksheet 1 of Annex C;

ia-thatamoaratiie £ o Ha-fiial ot t $ P2 H 1PNV A VAY
i ST O TP CTAtUTr T UT gasStUU S TOCT At tC ST UUTTUTIOUTTS (Y)Y

The| specific enthalpy of gaseous fuel at the reference temperature #, (i) shall be(calcylated from
Equation (18), except that the temperature shall be changed to the reference temperature. ¢,.

The| pressure energy of gaseous fuel (Epf) shall be calculated from the following equation:

Epf =th0><|n (pf/po) 20

where

R is the universal gas constant (8,314 x 103 kJ/mol K);
ty s the reference temperature (288,15 K);

ps is the pressure of gaseous fuel at test conditions((kPa);

po s the reference pressure (101,325 kPa).

8.3.8 Input energy of liquid fuel

Thejinput energy of liquid fuel per unit of time (0,,) shall be calculated from the following equation:
Oin = Eiy X qui0 (21)
where

Oin is the input energy of liquid fuel per unit of time (kJ/s);

E,, is the energy of liquid fuel per unit of volume at a temperature ¢ calculated as per Euation (22)
(kJ/m3);

gyio is:the volumetric flow rate of liquid fuel at reference conditions (m3/s).

The] energy of liquid fuel per unit of volume at a temperature ¢ (E,,) shall be calculated from tll\e following
equption:

Ey=p X0y (22)

where
p, is the density of liquid fuel at temperature ¢ (kg/m3);

O, s the measured heating value of liquid fuel at temperature ¢, (kJ/kg).

© 1SO 2010 — All rights reserved 17
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8.34

Input energy of hydrogen in return gas

The input energy of hydrogen in return gas per unit of time O, (kJ/s) shall be calculated from the following

equation:

Oret = (Erv/Mo )X qvr0

where

Qret

is the input energy of hydrogen in return gas per unit of time (kJ/s);

(23)

E

9

g

v

M,

(o]

9

g

i

qyro 18

The energy

the energy of hydrogen in return gas calculated as per Equation (24) (kJ/mol);

=288,15K;
the volumetric flow rate of return gas at reference conditions calculated as per Equation (9) (m

of hydrogen in return gas per unit of volume at a temperature 7, and a pressure p, (E,)

mixture of Known composition shall be calculated from the following equation:

E

rv

where

ig

g

Y
0

ig

g

\S)
2

9

g

=

g

q

b

E

pr
NOTE

The specifig

where

)Crh (QhO + hr - hO +Epr)

the molar ratio of hydrogen in return gas;

the heating value of hydrogen at reference conditions (kJ/mol);

the specific enthalpy of hydrogen at température ¢, calculated as per Equation (25) (kJ/mol);
the specific enthalpy of hydrogen at the reference temperature 7, (kJ/mol);

the pressure energy of hydrogen-in return gas calculated as per Equation (26) (kJ/mol).

Numerical values of O, are,given in Table C.1.

enthalpy of hydrogemat temperature ¢, (4,) shall be calculated from the following equation:

2 3
Bh Xlr ]_{_{Ch Xlr J]X10_3

4hxtr)+{

20000 3x10°

the reference molar volume of ideal gas (2,3645x10~2 m3/mol) at the reference_temperafure,

B/s).

of a

24)

25)

Ay, Bpand Cp, are the constants given in Worksheet 1 of Annex C;

I

is the temperature of return gas at test conditions (K).

The specific enthalpy of hydrogen at reference temperature #; (4g) shall be calculated from Equation (25),

except that

18

the temperature shall be changed to the reference temperature 7,

© 1SO 2010 — All rights reserved
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The pressure energy of hydrogen in return gas (Epr) shall be calculated from the following equation:

Eq = RXtgxIn (ppr/po)

R s the universal gas constant (8,314 x 103 kJ/mol K);

to is the reference temperature (288,15 K);

(26)

8.3.p Input energy of steam

The)

wheg

8.3.

The
follg

whe

Ppr is the partial pressure of hydrogen in return gas at test conditions (kPa);

po is the reference pressure (101,325 kPa).

input energy of steam per unit of time (Qg;) shall be calculated from the following equation:

Ost = Egy X dys0

re

O is the input energy of steam per unit of time (kJ/s);

Eg, s the energy of steam per unit of volume at a temperature 75 and a pressure pg calculatg
IAPWS-IF97 (kJ/m3);

gyso 1S the volumetric flow rate of steam at reference conditions calculated as per Equation (1

b Output energy of hydrogen in hydrogen-rich gas

output energy of hydrogen in hydrogen-rich gas per unit of time O, (kJ/s) shall be calculat
wing equation:

Oout = (Ehv/Mo)XqvhrO

re
Oout s the autput energy of hydrogen in hydrogen-rich gas per unit of time (kJ/s);

E,, isthe energy of hydrogen in hydrogen-rich gas calculated as per Equation (29) (kJ/mol);
Mg is the reference molar volume of ideal gas (2,3645 x 10-2m3/mol) at reference t

(27)

d based on

1) (m3/s).

ed from the

(28)

emperature,

to=288,15 K,

gyhro 1S the volumetric flow rate of hydrogen-rich gas at reference conditions calcula
Equation (14) (m3/s).

© 1SO 2010 — All rights reserved
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The energy of hydrogen in hydrogen-rich gas per unit of volume at a temperature ¢, and a pressure p,, (E},,) of

a mixture of known composition shall be calculated from the following equation:

Epy =t (Qno + i — o + Epn) (29)
where

x, s the molar ratio of hydrogen in hydrogen-rich gas;

Ono is the heating value of the hydrogen at reference conditions (kJ/mol);

hy, i the specific enthalpy of hydrogen at temperature #, calculated as per Equation (30) (kJ/mol);

ho i the specific enthalpy of hydrogen at reference temperature #, (kJ/mol);

Epn ig the pressure energy of hydrogen in hydrogen-rich gas calculated as per Equation\(31) (kJ/mol)).
NOTE  Numerical values of Oy are given in Table C.1.
The specifi¢ enthalpy of the hydrogen at temperature #, (4,,) shall be calculated from-the following equation:

hh=[(Ahxl‘h)+[32h;égz]+[§Z>:;h:]]x10_3 30)
where

An, By @nd G, are the constants given in Worksheet 1.0f Annex C;

th is the temperature of hydrogen-rich gas (K).
The specific enthalpy of hydrogen at referencetemperature 1y (hy) shall be calculated from Equation (30),
except thatthe temperature shall be changed toreference temperature 7,
The pressufe energy of hydrogen in hydrogen-rich gas (Eph) shall be calculated from the following equation:

Epp = ?xtoxln(pph/po) 31)
where

R s the universal’gas constant (8,314 x 103 kJ/mol K);

to is fhe reference temperature (288,15 K);

Pph is the—partial-pressure-of hydrogen-in-hydrogen-rich-gas-at test conditions{kPa);

po is the reference pressure (101,325 kPa).
8.4 Calculation of efficiency

There are several different definitional equations of efficiencies used by different parties from different

standpoints

. Two representative definitional equations are given in Annex D.

Different definitional equations of efficiency from those listed in AnnexD may also be used by the

manufactur

20

er, with the agreement of the user.
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9.1

ISO 16110

Test reports

General

-2:2010(E)

Test reports shall accurately, clearly and objectively present sufficient information to demonstrate that all the
objectives of the tests have been attained. Three types of reports are defined: summary (see 9.2), detailed
(see 9.3) and full (see 9.4). Each type of report shall contain the same title page and a table of contents.

The

title page shall present the following information:

9.2

The)
Pro
follg

reportidentificationnumber(optionah);

type of reporting (summary, detailed or full);

author of report;

entity conducting the test;

date of report;

location of test;

title of the test;

date of test;

hydrogen generator identification and manufacturer's-name;

type of fuel used for the test with reference to appropriate gas reference table (Annex E), if ap

test procedures according to this part of 1IS@ 16110.

Summary report
summary report shall contain;-at a minimum, the nameplate information for the hydrogen gensg
prietary information should ‘not be included in the summary report. The summary report shall
wing information:
objective of the test;
description of the test, equipment and instruments;

general\est data:

— _system inputs at maximum and minimum hydrogen rated output, including the tolerance;

bropriate;

rator tested.
include the

d)

e)

— system outputs at maximum and minimum hydrogen rated output, including the tolerance;
— ramp rate of system (specify up and down if different);

— average pressure at maximum and minimum hydrogen rated output;

confidence and uncertainty attached to each test result;

conclusions as appropriate.

© 1SO 2010 — All rights reserved
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9.3 Deta

iled report

The detailed report shall include the following information in addition to the information contained in the
summary report:

a) alltest

results;

b) the type and operating configuration of the hydrogen generator and the process flow diagram showing the
test boundary;

c) descrip

tion of the arrangements, location and operating conditions of the equipment and instruments;

d) referen
e) tabular
f)  discusg

g) descrip

9.4 Full

The full report shall include copies of original data sheets in addition 40)the information contained in
ort. Original data sheets shall include the following information in addition to measurement data:

ce to the calculation method;
and graphical presentation of the results;
ion of the test and its results (i.e. comments and observations);

tion of test methods other than those described in this part of ISO 16110,

report

d time of the test;

number and measurement accuracy of instruments used for the test;
t test conditions;

nd qualifications of person(s) conducting-the test;

detailed uncertainty analysis as per'6.4;

of fuel analysis.

detailed rep
a) date ar
b) model
c) ambier
d) name g
e) full ang
f)  results
22

the
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Annex A
(normative)

Symbols and abbreviated terms

ISO 16110-2:2010(E)

The symbols and their meanings used in this part of ISO 16110 are given in Table A.1. This table also
provides the unit used in the equations in this document.

Table A.1 — Symbols
$ymbol | Definition | Unit
Current
Iin |Current of electrical power input | A
Density
Pfo Density of gaseous fuel at reference conditions kg/m3
210 Density of liquid fuel at reference conditions kg/m3
nl Density of liquid fuel at temperature kg/m3
ho Density of hydrogen at reference conditions kg/m3
Ps0 Density of steam at reference conditions kg/m3
Eleftrical power
Pin Active power of electrical power input for external,power source (incl. direct current) w
Engrgy
Ep, Energy of gaseous fuel kJ/ mol
Ey Energy of liquid fuel per unit of volume-at temperature 4 kJ/m3
Ep Pressure energy of gaseous fuel kJ/mol
En Energy of hydrogen in return gas kJ/ mol
Ep Pressure energy of hydrogen'in return gas kJ/mol
Ey Energy of steam per unit of volume at temperature ¢ and pressure pg kJ/m3
Eny Energy of hydrogenin hydrogen-rich gas kJ/ mol
Epn Pressure energy of hydrogen in hydrogen-rich gas kJ/mol
Oin Input energy of'fuel per unit of time kJ/s
Oinf Input epergy of gaseous fuel per unit of time kd/s
Oinl Input.enérgy of liquid fuel per unit of time kd/s
Oret Input energy of hydrogen in return gas per unit of time kJ/s
Ost Input energy of steam per unit of time kd/s
Oout Output energy of hydrogen in hydrogen-rich gas per unit of time kd/s
Hegting value
' 6% Heating-vatoeof gaseousfuetatreferenceconditions kJ/mol
Oho Heating value of hydrogen at reference conditions kJ/mol
Oro Heating value of gaseous fuel component j at reference conditions kJ/mol
Mass flow rate
dmf Mass flow rate of gaseous fuel ka/s
dmi Mass flow rate of liquid fuel kg/s
dms Mass flow rate of steam ka/s
drmh Mass flow rate of hydrogen in hydrogen-rich gas ka/s
dmrh Mass flow rate of hydrogen in return gas kg/s
©1S0 2010 — Al rights reserved 23
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Table A.1 (continued)

Symbol Definition Unit
Molar ratio
Xrh Molar ratio of hydrogen in return gas —
Xh Molar ratio of hydrogen in hydrogen-rich gas —
X; Molar ratio of gaseous fuel component ; —
Power factor
n Efficiency —
h Efficiency —
Pressure
Po Reference pressure kPeF
s Pressure of gaseous fuel kP+
Pr Pressure of return gas at test conditions kP+
Ds Pressure of steam at test conditions kP+
Ph Pressure of hydrogen-rich gas at test conditions kPeii
Dpr Partial pressure of hydrogen in return gas at test conditions kP+
DPph Partial pressure of hydrogen in hydrogen-rich gas at test conditions kPa
Specific enthalpy
hy Specific enthalpy of hydrogen at temperature ¢, kJ/mol
hs Specific enthalpy of gaseous fuel at temperature % kJ/mol
hy; Specific enthalpy of gaseous fuel component j at temperature kd/mol
ho Specific enthalpy of gaseous fuel at reference temperature ¢ kJ/mol
hn Specific enthalpy of hydrogen at temperature #; kd/mol
hg Specific enthalpy of hydrogen at reference temperature ¢, kJ/mol
Temperatuge
to Reference temperature K
tr Temperature of return gas at test conditions K
ts Temperature of steam at test'conditions K
ts Temperature of gaseous’fuel at test conditions K
i Temperature of liquid fuel at test conditions K
th Temperature of hydrogen-rich gas at test conditions K
Voltage
Vin Voltage of-electrical power input V, kv
Volumetric|flow rate
qvf Volumetric flow rate of gaseous fuel at temperature # and pressure ps m3/s
qvio Volumetric flow rate of gaseous fuel at reference conditions m3/s
qvio Volumetric flow rate of liquid fuel at reference conditions md/s
Qur Volumetric flow rate of return gas at temperature # and pressure ps m3/s
Qvro Volumetric flow rate of return gas at reference conditions m3/s
Qvrho Volumetric flow rate of hydrogen in return gas at reference conditions m3/s
Qvs Volumetric flow rate of steam at temperature 5 and pressure pg m3/s
qvso Volumetric flow rate of steam at reference conditions md/s
qvho Volumetric flow rate of hydrogen in hydrogen-rich gas at reference conditions m3/s
Qvhr Volumetric flow rate of hydrogen-rich gas at temperature #, and pressure py, m3/s
qvhro Volumetric flow rate of hydrogen-rich gas at reference conditions m3/s

24
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The energy input/output in the hydrogen generator corresponds to Figure A.1.
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Figure A.1 — Energy input/output ,\Qﬂ/
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Annex B
(informative)

Guidance for uncertainty analysis

B.1 General

When repo
of the resul
is indispen
and/or post

A pre-test |
be taken pr|
overall obje]

A post-test
determine
performanc

This annex
uncertainty
an explicit
ISO/IEC Gy

B.2 Prep

Uncertainty
can be com

Every meas
total measu

The total u
error.

In order tg
uncertaintie

In order to
accuracy ol

ting the result of a measurement of a physical quantity, some quantitative indication of the.qu
should be given so that those who use it can assess its reliability. Therefore, uncertainty-ana
bable for a hydrogen generator performance test. The uncertainty can be analysed .at pre
test.

ncertainty analysis is recommended. The pre-test uncertainty analysis allows-corrective actio
or to the test, which will either decrease the uncertainty to an appropriate level consistent with
ctive of the test or will reduce the cost of the test while still attaining the tést’ uncertainty.

uncertainty analysis is mandatory. The uncertainty analysis will make use of empirical dat|
uncertainty of hydrogen generator performance. Uncertainfy should be indicated wit
e value.

serves as a guide for pre-test and post-test uncertainty.calculations and shows an exampl
analysis for hydrogen production parameters. It is only ‘provided for informative purposes, ng

test result. The user of this part of ISO 16110\ 'should read, understand, and follow
ide 98-3 in order to accomplish a proper uncertainty-analysis.

arations

analysis of hydrogen generator performance measurements (i.e. hydrogen production efficie
puted by the uncertainties of the various parameters, as well as hydrogen generator performan

urement of the parameters(is the combination of a true value plus a total measurement error.
rement error consists of systematic error and random error.

ncertainty of a parameter is the combination of uncertainty due to systematic error and ran

s and random uncertainties of the parameters should be minimized.

minimize systematic uncertainty, higher accuracy instrumentation is recommended, because
the instrument (calibration uncertainty) is treated as systematic uncertainty. Careful selectio

ality
ysis
test

n to
the

A to
h a

e of
t as
the

ncy)
ce.

The

Hom

minimize ¢he uncertainty of the hydrogen generator performance measurement, systenpatic

the
n of

instrument

tiom s Tecessary.

In order to minimize random uncertainty, test procedures, test conditions and data collection methods should
be investigated. Random uncertainty is estimated as two times as much as standard deviation (20 for 95 %
coverage). Careful test planning is necessary before conducting the performance test.

Parameter measurements should be as simultaneous as possible. Data recording using automated equipment
will help to ensure simultaneous data sets. Test conditions should be steady-state for the performance tests.

Fluctuations of measurements (both short-term and long-term variations) and steady-state test conditions
should be confirmed by preliminary test, before conducting the performance test. Steady-state is defined in
6.2. Test duration should be decided according to the fluctuations of long-term parameter measurements. Test
duration should include at least one cycle of long-term fluctuations.
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During test duration, at least 30 independent data points of every parameter should be measured to obtain a
standard deviation of the data. Each data set should be an average of measurements taken (i.e. for
measurement of voltage) or an accumulation divided by measurement time (i.e. for flow rate of fuel).

In order to maintain independence of the data points, a minimum of one minute between data sets is also
required.

B.3 Basic assumptions

rogen generators, using assumptions consistent with their design as well as good testing prae
nis part of ISO 16110.

¢ assumptions include the following.

All systematic uncertainty sources are assumed to be normally distributed and.estimated as 2
coverage. Systematic uncertainty is defined as the estimate of errors that remain constant du
process. The systematic uncertainty estimate (B) should consider calibration®error, instrumen
effects (e.g. temperature probe radiation), and input data (e.g. gas properties measured as
protocol but not measured continuously during entire test process).

At least 30 independent data points are taken for all parameters¢If fewer than 30 independent
are taken for one or more parameters, additional alculations are required. Pleg
ISO/IEC Guide 98-3.

All random uncertainty sources are assumed to be ‘normally distributed and estimated
measurements, which is 95 % confidence coveraget

Total uncertainty (Ugs) should be obtained by combining systematic uncertainty (8) and random

(Sz

whi

B.4

The

of a measurement using the following equation:

1/2
Ugs 2[32 +(2Sx)2}

h is equivalent to

Ugs =2 [(3/2)2 +(SE)ZT/2

Generalapproach

following gives a step-by-step calculation procedure.

or use with
ice dictated

o for 95 %
ring the test
installation
part of test

data points
se consult

as 25y of

ncertainties

Define the measurement process:

1) Review test objectives and test duration.
A preliminary test should be carried out to decide test duration, if necessary.
2) List all independent measurement parameters and their nominal levels.

3) Listall calibrations and instrument settings that will affect each parameter.

The uncertainties in measurement system components that affect two or more measurements

simultaneously should be checked (correlated uncertainties).
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b)

c)

d)

e)

f)

28

4) Define the functional relationship between the independent measurement parameters and the test
result using the equations for calculating hydrogen generator performance as given in this part of
ISO 16110.

List elemental error sources by making a complete and exhaustive list of all possible test uncertainty
sources for all parameters.

Calculate or assign the absolute systematic and random uncertainty for each parameter.

1) The absolute systematic uncertainty (B;) is to be calculated by multiplying calibration accuracy by the
nominal value of every parameter.

2) Th
Propag

1) Th
se

2) TH
pe

Calculs
uncertg

URrgs 3

Prepare

By {Z(ai BRi)ZT2

ate the systematic and random uncertainty for each parameter.

e systematic and random uncertainty of the independent parameters should: be propag
barately all the way to the final result using the following equation:

R {Z(ai 2SRi)2T2

is the systematic uncertainty of a result;
L is the random uncertainty of a result.

is requires a calculation of the sensitivity factors, @8, either by differentiation or by comp
rturbation with the functional relationship defined in d) 1) above.

te the total uncertainty uSing the following equation, combining the systematic and ran
inties to get the total uncertainty.

1/2

|(Br)* +(258)7

the report.in accordance with Clause 9 of this part of ISO 16110.

e absolute random uncertainty (2S,;) is two times as much as the standard deviation of parameer.

hted

uter

Hom
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Calculation of fuel heating value

Table C.1 — Heating values for components of natural gases
at various combustion reference conditions for ideal gas

Lower heating | Higher heating | Lower heating | Higher heating
value on a molar | value on a molar | value on a mass |valug on a mass
Component basis basis basis basis
(kJ/mol) (kJ/mol) (MJ/kg) MJ/kg)

1 Methane 802,69 891,56 50,035 65,574
2 Ethane 1428,84 1562,14 47,52 51,95
3 Propane 2 043,37 22211 46,34 50,37
4 n-Butane 2657,6 2 879,76 45,72 49,55
5 2-Methylpropane 2 648,42 2 870,58 45,57 49,39
6 n-Pentane 3272.00 3538,6 45,35 49,04
7 2-Methylbutane 3 265,08 3 531,68 45,25 48,95
8 2,2-Dimethylpropane 3 250,83 3517,43 45,06 48,75
9 n-Hexane 3887,21 4 198,24 45,11 48,72
10 2-Methylpetane 3 879,59 4 190,62 45,02 48,43
11 3-Methylpetane 3.882,19 4 193,22 45,05 48,66
12 2,2-Dimethylbutane 3869,8 4 180,83 44,91 48,51
13 2,3-Dimethylbutane 3 877,57 4 188,6 45.00 48,6
14 n-Heptane 4 501,72 4 857,18 44,93 48,47
15 n-Octane 5116,11 5516,01 44,79 48,29
16 n-Nonane 5731,49 6 175,82 44,69 48,15
17 n-Decang 6 346,14 6 834,9 44,6 48,04
18 Ethylene 1323,24 1412,11 47,17 50,34
19 Rropylene 1926,13 2 059,43 45,77 48,94
20 1-Butene 2 540,97 2718,7 45,29 48,46
21 cis-2-Butene 25342 27119 45,17 48,33
22 trans-2-Butane 2530,5 2708,3 45,1 48,27
23 2-Methylpropene 25243 2702.00 44,99 48,16
24 1-Pentene 3 155,59 3377,75 44,99 48,16
25 Propadiene 1 855,09 1943,96 46,3 48,52
26 1,2-Butadiene 2 461,82 2 595,12 45,51 47,98
27 1,3-Butadiene 2408,8 25421 44,53 47,00
28 Acetylene 1256,94 1301,37 48,27 49,98
29 Cyclopentane 3 100,03 3322,19 44,2 47,37
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Table C.1 (continued)

Component

Lower heating
value on a molar

Higher heating
value on a molar

Lower heating
value on a mass

Higher heating
value on a mass

basis basis basis basis
(kd/mol) (kd/mol) (MJ/kg) (MJ/kg)
30 Methylcyclopentane 3 705,86 3912,46 44,03 47,2
31 Ethylcyclopentane 4 320,92 4 631,95 44,01 47,17
32 Cyclohexane 3 689,42 3 956,02 43,84 47,01
33 Methylcyclohexane 4 293,06 4 604,09 43,72 46,89
34 Ethylcyclohexane 4 911,49 5 266,95 43,77 46,94
35 Benzene 3 169,56 3 302,86 40,58 42,28
36 Toluene 3772,08 3 949,81 40,94 42,87
37 Ethylbenzene 4 387,37 4 609,53 41,33 43,42
38 o-Xylene 4 376,48 4 598,64 41,22 43,31
39 Methanol 676,22 765,09 21,1 23,88
40 Methanethiol 1151,41 1240,28 23,93 25,78
41 Hydrogen 241,72 286,15 119,91 141,95
42 Water 0 44,433 0 2,47
43 Hydrogen sulfide 517,95 562,38 15,2 16,5
44 Ammonia 316,86 383,51 18,61 22,52
45 Hydrogen cyanide 649,5 671,7 24,03 24,85
46 Carbon monoxide 282,91 282,91 10,1 10,1
47 Carbonyl sulfide 548,15 548,15 9,12 9,12
48 Carbon disulfide 1.104,32 1104,32 14,5 14,5
NOTE These values were extracted from\Table 3 and Table 4 of ISO 6976:1995.
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