INTERNATIONAL ISO
STANDARD 18888

First edition
2017-10

Gas turbine combined cycle power
plants — Thermal performance|tests

Turbines a gaz — Centrales a cycle combiné — Essais de performance
thermique

Reference number
1SO 18888:2017(E)

©1S0 2017


https://standardsiso.com/api/?name=f9cde1ce9ad3aa43852f64a9fdff3194

ISO 18888:2017(E)

COPYRIGHT PROTECTED DOCUMENT

© IS0 2017, Published in Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized otherwise in any form
or by any means, electronic or mechanical, including photocopying, or posting on the internet or an intranet, without prior
written permission. Permission can be requested from either ISO at the address below or ISO’s member body in the country of
the requester.

ISO copyright office

Ch. de Blandonnet 8 « CP 401
CH-1214 Vernier, Geneva, Switzerland
Tel. +41 22 749 01 11

Fax +41 22 749 09 47
copyright@iso.org

www.iso.org

ii © ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=f9cde1ce9ad3aa43852f64a9fdff3194

ISO 18888:2017(E)

Contents Page
FOT@WOT .........oocccc e85 55858555555855 8 5555 \%
IIMETOUICEION. ..ot vi
1 S0P ... 1
2 Normative references
3 Terms and definitions
4 Symbols and units
5 T@SEDOUNAATY ...
6 Preparation fOr teSt. ... g T
6.1 LT3 1<) - OO, S
6.2 Performance degradation......
6.3 Measurement classification
6.4  Design and construction phase recommendations.....
6.5 TESt PrOCEAUTE. ..o
6.6 Field preparations for the performance test.......
6.7 Instruments and measuring Methods. ...yl S
6.7. 1 GENETAL ooy e
6.7.2  Electrical power measurement........
6.7.3  Flow measurements........c...
6.7.4  Temperature measurements.........»
6.7.5  Relative humidity measurements
6.7.6  Pressure measurements...... .. ...
6.7.7  Data acquUISItiON SYSTIM ... {2y oot
6.7.8  WINA VEIOCILY ..o 50 oo
6.7.9  Storage vessel levelsx,
6.7.10 Data sampling
6.8 Determination of fuel PFOPEITIES ...
6.8.1  General ...
6.8.2  Testson fuel gas........
6.8.3  Tests on liquid fuel
6.9 Determination.of cooling water flow into the condenser..
6.9.1  GERETAL ..o
6.9.2 _Energy balance Method ...
6.9.3~ ~Cooling water pump performance CUIVES............mn
6.94-" Direct flow measurement
6.10  Mgasurement uncertainties..................
6.11_“"Maximum allowable uncertainties
6,12 CAlIDTATION oottt
7 EX@CULION OF BEST ...t
7.1 base reference conditions.
T 1T GOIIETAL e
7.1.2  Specified BaSEOUS fUEL...........oi e
7.1.3  Specified liquid fuel........cccocine
7.2 Preliminary test.........
7.3 Performance test......
7.4 Duration of teSt TUNS ...
7.5 Auxiliary equipment operation............c....
7.6 Tests with inlet air heating system
7.7 Tests with inlet air COONG SYSTEIM.....c.c.uviiiiiii e
7.8  Maximum permissible variation in operation conditions ... 40
8 Calculation of results for abSOIULE tEST ... 41
8.1 GIBIETAL .. 41

© 1S0 2017 - All rights reserved iii


https://standardsiso.com/api/?name=f9cde1ce9ad3aa43852f64a9fdff3194

ISO 18888:2017(E)

8.2 Correction to base reference conditions
8.2.1  GENETAL.ooo s
8.2.2  Correction curves based correction approach
8.2.3 Thermodynamic heat balance model based correction approach.........ccccce 43
8.2.4  Boundary parameters fOr COITECLION ...
8.2.5  Description of corrections to base reference conditions
8.3 Power output for combined cycle overall teSt ...
8.3.1  MeaSUred POWET OUEPUL ..o
8.3.2  Power output corrected to nominal power factor
8.3.3  Corrected POWET OULPUL ...
8.4 Heat rate for combined cycle OVerall teSt.............ococooooooooooioeesooeeeeeeeeseeseeeeees e
8.4.1  Measured heat rate/measured thermal efficiency ...
8.4.2  Corrected heat rate / corrected thermal efficiency ... N
8.5 Power output of steam turbine determination for combined cycle in single
Shaft CONFIGUIATION. ..o O e | 54
9 PartlOAd TESTS ... it 54
9.1 125 0T i OSSO -SSR SO 54
9.2 Test Set UP ANd CONAUCE ... ssssseessssss e gssbesss s oo 55
9.3 Correction method for Part loads ... S e 57
10 Calculation of results for comparative test.........opn S
0 O €Y T =) OO S
10.2| Comparative performance test uncertainty..
10.3| Preparation for comparative test................
10.3.1  INSTIUMENETATION oo ot
10.3.2 Preliminary activities and plant SEttNE@SE. ... e 58
10.4| Execution of comparative tests and calculation of reSUlts ..., 59
11 T@STITEPOTE ... AN b
11.1| Form of the report...... o,
11.2| Detailed report ... oo

Annex A (i:ﬂormative) Typical secondary variables

Annex B (informative) Numerical examples of uncertainty calculation ..o 64
Annex C (informative) Procedure foppower factor CONVErsion ... 69
BIDIHOZTAPIIY ..o T e 73
iv © ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=f9cde1ce9ad3aa43852f64a9fdff3194

ISO 18888:2017(E)

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 non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth CHIERE—S ptended—for-tts—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criterianepded for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all sueh-patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation on the voluntary nature of standards, the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Techniical Barriers to Trade (TBT) see the following
URL{www.iso.org/iso/foreword.html.

This[document was prepared by Technical Commiittee ISO/TC 192, Gas turbines.
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Introduction

This document specifies standard rules for preparing, conducting, evaluating and reporting thermal
performance tests in order to determine and/or verify the power output, the thermal efficiency (heat
rate) and/or other performance test parameters for gas turbine driven combined cycle power plants.
It provides information on methods of measurement considering uncertainties and on methods
for corrected results obtained under test conditions in order to compare to guaranteed or specified

conditions.

The objective of testlng conducted per thls document 1s to determine comblned cycle thermal

performanc

modificatiol
cycle may iy
test boundd
plant in ord
relative test

ent also provides guidelines for comparative tests designed to chéck” perform

4 of the combined cycle and cogeneration power plants, for testing ‘before and

s, upgrades or overhauls. Improvements to achieve additional perforimiance of the coml
clude modification/substitutions of main components and additions of components i

b1 to monitor overall plant performance degradation, while giving due consideration t
ing uncertainty.

s the
EPC)
ctual

ance
after
ined
nside

ry. This comparative testing philosophy may also be used fof “periodic testing” of the

o the

Vi
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Gas turbine combined cycle power plants — Thermal
performance tests

1

Scope

This document specifies standard rules for preparing, conducting, evaluating and reporting thermal

and

This|document is applicable to

It can be used to determine the following thermal performarice test goals and expected v
speclfic operating and reference conditions within defined test boundaries:

This|document does not apply to (individual equipment component testing, which is
corr¢sponding standards.

Itis

2

perfi i
lart load operation with or without supplementary firing.

thermal performance tests for general information,

3 contractual guarantee, and

¢omparative tests designed to check the performance differéntials of the combine]
¢ogeneration power plants, for testing before and after modifications, upgrades or ovel

¢lectrical power output;
Ieat rate or thermal efficiency;

rocess steam and/or district heat w/q, generation of electrical power output by mean
flurbine.

mot intended to be applied\to the following test goals:
¢nvironmental testing for example emissions, noise;

yibration testing;

perationaktésting;

dbsolute~of comparative performance of specific components of the combined cycle

nes for base

thermal acceptance tests for determining the performance of the combined cycle plant in relation to

d cycle and
rhauls.

hlues, under

s of a steam

covered by

covered by

(Iledicated standards (e.g. gas turbines).

Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

[SO 2314:2009, Gas turbines — Acceptance tests

ISO 3675, Crude petroleum and liquid petroleum products — Laboratory determination of density —
Hydrometer method

[SO 5167 (all parts), Measurement of fluid flow by means of pressure differential devices inserted in circular
cross-section conduits running in full

© IS0 2017 - All rights reserved
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ISO 6974-1, Natural gas — Determination of composition and associated uncertainty by gas
chromatography — Part 1: General guidelines and calculation of composition

ISO 6975, Natural gas — Extended analysis — Gas-chromatographic method

ISO 6976, Natural gas — Calculation of calorific values, density, relative density and Wobbe indices from

composition

IS0 9951, Measurement of gas flow in closed conduits — Turbine meters

[SO 10715:1997, Natural gas — Sampling guidelines

ISO 10790, Measurement of fIuid flow in closed conduits — Guidance to the selection, installation and §

Coriolis flowm

ISO 12185,
method

[SO 12213-]
composition

ISO 17089-1
custody tran

ISO 20765-1
transmissiol]

ISO/IEC 170
ASTM D194

ASTM D405
Density Met:

ASTM D48
Calorimeter

ASTM D484
Diesel Fuels

DIN 51900-
calorimeter

3 Terms

For the purf

meters (mass flow, density and volume flow measurements)

Crude petroleum and petroleum products — Determination of density — Oscillating U

P, Natural gas — Calculation of compression factor — Part 2: Calculation using m
analysis

Measurement of fluid flow in closed conduits — Ultrasonic metersfor gas — Part 1: Mete
sfer and allocation measurement

, Natural gas — Calculation of thermodynamic properties?—Part 1: Gas phase properti
and distribution applications

25, General requirements for the competence of testing and calibration laboratories
b, Standard Test Method for Analysis of Natural\Gas by Gas Chromatography
2, Standard Test Method for Density, Relative Density, and API Gravity of Liquids by D

78

8, Standard Test Method forEstimation of Net and Gross Heat of Combustion of Burne

|, Testing of solid and’ liquid fuels — Determination of gross calorific value by the |
nnd calculation ofnet calorific value — Part 1: Principles, apparatus, methods

and definitions

oses'of'this document, the following terms and definitions apply.

ise of

Ltube

olar-

s for

s for

igital

9, Standard Test Method for Heat-of Combustion of Liquid Hydrocarbon Fuels by Bomb

- and

bomb

ISO and IEC

madintain terminological databases for use in standardization at the following address

3.1

ISO Online browsing platform: available at http:

IEC Electropedia: available at http://www.electropedia.org/

WWW.iso.or

absolute test

test carried

3.2

out in order to prove an absolute guarantee or an absolute expected performance

comparative test

test carried

EXAMPLE

out in order to prove a relative change or improvement of performance

For retrofits.

© ISO 2017 - All rights reserved
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performance test
means test of performance of power output, efficiency or heat rate, heat duty, process steam mass flows,
etc., as specified

EXAMPLE Performance tests could be specified in contractual agreements.
3.4
preliminary test

test or tests in advance of the actual performance test (3.3) to check the complete measuring system
and main components to verify that the power plant is in a suitable condition before conducting the

] £ tact
actuad performance-tes

3.5
simy

TToOTTIrorce-—te ot

le cycle

therimodynamic cycle consisting only of successive compression, combustion and,expansio

Note
gas t
atmo

[soy

3.6

oper
com}
turbi
atmd

Note
is prd

3.7
test
imag

3.8
heat

1 to entry: Generation of electrical power (3.16) output driven only from a gas_turbine (3.29
irbine in combined cycle (3.28) using a bypass stack. The working fluid enters the gas turlj
sphere and is discharged into the atmosphere.

RCE: ISO 11086:1996, 1.8, modified.]

cycle
ined cycle (3.28) with the steam turbine bypassed. in which the working fluid en
ne from the atmosphere and is discharged through,aheat recovery steam generator st
sphere

1 to entry: The generation of electrical power output in a combined cycle (3.28) plant operating
vided only from the gas turbine, as the steam-turbine is bypassed.

boundary
inary boundary drawn encompassing the major equipment included in the test scope

duty

thermal net/gross outputproduced from the combined cycle (3.28) plant

39
heat
HR
ratio

Note

rate

of the fuel €nergy supplied per unit time to the electrical power produced

1 to enitry: Inverse of thermal efficiency.

Note

n

) or from the
ine from the

fers the gas
ack into the

in open cycle

D to’entry: The heat rate is expressed in units of Kilojoules per kilowatt hour.

[SOU
3.10

RCE: ISO 11086:1996, 5.31, modified.]

heating value
calorific value

spec

ific energy

amount of heat released by the complete combustion in air of a specific quantity of gas or liquid fuel
when the reaction takes place at constant pressure

Note 1 to entry: If the combustion products accounted for are only in the gaseous state, the value is called lower
heating value (LHV) or inferior calorific value or net heating value. If the combustion products are gaseous with
the exception of water, which is in liquid state, the value is called higher heating value (HHV) or superior calorific

value

© ISO

or gross heating value at 15 °C for natural gas fuel.
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Note 2 to entry: HHV at constant volume and a reference temperature of 15 °C shall be determined by means of a
bomb calorimeter method. Then LHV at constant volume is found by calculation deducting the latent heat of the
calculated amount of water vapour produced from the measured hydrogen content of the fuel.

3.11

high pressure

HP

highest pressure level of the working fluid

3.12
intermedia
IP

te pressure

medium pre

3.13

low pressu
LP

lowest pres;J

3.14
mechanica
reduction of

[SOURCE: IS

3.15
hot water
host that ca

3.16

power
quantity ex]
the turbine-

3.17

primary variable

value that ig

3.18
process ste|
host that ca

EXAMPLE
steam produ

3.19
secondary

ssure level of the working fluid

e
ure level of the working fluid
loss

power output due to bearing and windage losses of gas and stéam turbine rotors

0 11086:1996 5.34, modified.]

n accept or supply energy (non-fuel) to a cycle

bressed in terms of mechanical shaft power at the turbine coupling or electrical pow
cenerator

measured and used for calculation and correction of test results

am
h accept or supplyenergy (non-fuel) to the cycle

District heating, steam consumers (refinery, pulp and paper industries, petrochemical indust
fers (auxiliany boilers, steam from other power plant blocks), etc.

yariable

value thati

measured but that will not be used for calculation of the results

er of

ries),

Note 1 to entry: These variables are measured to ensure that the required test conditions are not violated and to

provide infor

3.20

mation for future use.

standard reference condition
condition for the ambient air or intake air at the compressor flange (alternatively, the compressor
intake flare) equal to

— absolute pressure of 101,325 kPa (1,01325 bar; 760 mmHg),

— temperature of 15 °C, and

— relative

humidity of 60 %

© ISO 2017 - All rights reserved
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1 to entry: The conditions are defined in ISO 2533.

Note 2 to entry: In the case of the closed cycle, the standard conditions for the air heater are 15 °C and 101,325 kPa
for the ambient atmospheric air.

Note

3 to entry: An inlet water temperature of 15 °C applies if cooling of the working fluid is used.

Note 4 to entry: These reference conditions may be different if otherwise agreed in contractual documents or
agreements.

3.21

thermal efficiency

ratio|
Note
Note
[SOU

3.22
total
ratio|

3.23
ther
ener

3.24
ther
guar

effici

3.25
toler
allo\

Note

3.26
unce
para
valug

Note
of th
such
docu

of electrical power (3:16) output to the heat consumption
1 to entry: Inverse of heat rate.
P to entry: It can be based on lower or higher heating value.

RCE: IS0 3977-1:1997, 2.3.4, modified.]

efficiency
of the sum of electrical power (3.16) output and thermal output}3.23) to the heat cons

mal output
by as process steam (3.18), hot water (3.15)or other export of thermal energy from the

mal performance guarantee
hnteed value for net/gross power (3.16) owfput, net/gross heat rate (3.9), or net/gy
ency (3.21), process steam (3.18) mass flows and/or heat duty (3.8)

ance
red deviation from a specific requirement

1 to entry: To define in contractual agreements.

rtainty
neter associated-with the result of a measurement, which characterises the dispe
s that can reasgnably be attributed to the measurand

1 to entry~The determination of the quality of a measurement that can be expressed with th
e test result is of fundamental importance in any field of measuring and testing. A measur
quality?#s the uncertainty of measurement. The shortened term “uncertainty” is used for sim
nent:

umption

cycle

oss thermal

rsion of the

P uncertainty
e to quantify
plicity in this

Note 2 to entry: The expression “accuracy of measurement” (closeness of the agreement between the result of
a measurement and the value of the measurand), commonly abbreviated as “accuracy,” is not associated with
numbers and is not used as a quantitative term.

3.27
coge
gast

neration power plant
urbine based power plant which delivers both electricity and heat

Note 1 to entry: Heat can be delivered in form of process steam or hot water/district heat water to one or more
external consumers. The plant can include a steam turbine, but can also deliver the steam or hot water produced
in the heat recovery steam generator or waste heat recovery unit direct to the external consumer.

© ISO
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combined cycle

CcC

thermodynamic cycle employing the combination of a gas turbine cycle with a steam or other fluid
Rankine cycle

[SOURCE: IS
3.29

0 11086:1996, 1.12]

gas turbine

GT

rotary engine

Note 1 to ent
fluid, one or g
waste exhau
turbine.

[SOURCE: I§

3.30

heat recovd
HRSG
energy reco

Note 1 to ent

3.31
multi-shaft
combined cy)

[SOURCE: IS

3.32
single shaf{
combined cy

[SOURCE: IS

3.33

steam turb
ST

rotary engiy
by causing 3

3.34
waste heat

ry: It consists of one or several rotating compressors, a thermal device(s) that heats the wo
everal turbines, a control system and essential auxiliary equipment. Any heat exchangérs.(excl
t heat recovery exchangers) in the main working fluid circuit are considered to be-part of th

0 3977-1:1997, 2.1, modified.]

ry steam generator

very heat exchanger that produces process steam (3.18) and/or drives a steam turbine

Fy: It may contain provisions for supplementary firing.

combined cycle
rle (3.28) in which the useful power output from the cycle is taken from more than one

0 11086:1996, 26.7, modified.]

combined cycle
cle (3.28) in which the usefulpower (3.16) output from the cycle is taken from one sha

0 11086:1996, 26.6]

ine

le in which thé-Kinetic energy of a moving fluid (steam) is converted into mechanical e
bladed roterto rotate

recovery unit

rking
iding
e gas

shaft

[t

ergy

WHRU

heat exchanger to deliver hot fluid (not gas) where there is no change of phase to the working fluid,
which is commonly a water/glycol blend

4 Symbols and units

For the purposes of this document, the symbols and units shown in Table 1 apply.
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Symbol Definition SI unit

ACp; Additive correction (i) for measured power output kw

ACqi Additive correction (i) for measured fuel heat input kW

BRC Base reference conditions (guarantee conditions) -

Cp Global correction for power output -

Cq Global correction for fuel heat consumption -

HReorr Net or gross heat rate of the combined cyclg l?ased on fuel lower or higher heating kj/kWh
value and corrected to base reference conditions

HRetbe meas Heat rate of the combinec_l cycle basled on measured electrical power output and kj/kWh

' measured fuel lower or higher heating value
HR:olal meas Heat rate of the combined cycle based on measured elec.trical power outpug, kj/KWh
’ measured thermal output and measured fuel lower or higher heating

h¢ Specific enthalpy of fuel at temperature entering in the heat source k]/kg

hy Specific enthalpy of fuel at standard reference conditions 15 °C /£ 1,01325 bar k]/kg

mCW Cooling water mass flow kg/s

’hfu(l Fuel mass flow kg/s

rhpr)cess Process steam or hot water mass flow kg/s

MCp Multiplicative correction (i) for measured power output -

MCq Multiplicative correction (i) for measured, fuel heat input -

Pcc Gross or net power output of the combingd cycle kW

Pcort Gross or net power output correctedto base reference conditions kw

Pgrods,meas | Measured gross power output kW

Phet,neas Measured net power output kw

PF Power factor -

PgT Gas turbine power ouitput kW

Ppy, Part load power output of combined cycle kW

PpL 4T Part load power) output of gas turbine kW

Pst Steam turbine power output kw

Qcc Correcteéd’heat input of the combined cycle kw

Qmeds Measured heat input Kk]/s
Net or gross thermal efficiency of the combined cycle based on fuel lower or higher o

T corf heating value and corrected to base reference conditions %
Thermal electrical efficiency of the combined cycle based on measured electrical o

Telecinieg power output and measured fuel lower or higher heating value %
Thermal total efficiency of the combined cycle based on measured electrical power o

MMtotalmeas | 5yt pyt, measured thermal output and measured fuel lower or higher heating value %

5 Test boundary

The concept of a test boundary identifies the scope of hardware within the combined cycle power plant
subject to thermal performance testing while considering the reference conditions used to establish
the performance parameters (i.e. heat/power output, efficiency or heat rate). It provides the basis for
the definition and layout of instrumentation required to determine the energy streams crossing the
test boundary. It also determines the actual conditions during testing for correcting the test results to
reference conditions.

© IS0 2017 - All rights reserved
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A combined cycle power plant can have a range of equipment within the plant boundary. Depending on
the scope of supply, and the understanding between parties, either the entire plant or only a portion
of the plant including gas turbine(s) within the test boundary can be tested. This document provides
flexibility in terms of the test boundary, and hence, the test boundary is typically defined along with the
base reference conditions that are used to specify the performance parameters.

Figures (1) to (7) provide a range of applicable test boundaries. The users of this document should
recognize that the test boundaries provided herein are for reference only, and that the actual test
boundaries can vary depending on the plant design and the contractually guaranteed scope of supply.

Air |_' Fuel |

er rrrrrrrrr T I =
i |
, H—; E«— GT HRSG [« 1
o | | —
et Y
o Aux - i Process
ARET: |
d 4—,—% E‘ Gen ST ) ‘
i C Twr Pivn\:p Cond =<
L S — -l
Air
Key
ACC a:I:' cooled condenser(s) GT gas’turbine(s)
Aux atixiliary consumption HRSG heat recovery steam generator(s)
C Twr cgoling tower(s) Process” heatin form of process steam or hot water / distrigt heat
Cond condenser(s) ST steam turbine(s)
CW Pump cifrculation water pump(s) WHRU  waste heat recovery unit(s)
Gen génerator(s)

Figure 1 —|Combined cycle plant test boundary: sample 1, overall plant test boundary for multi-
shaft configurationrwith process steam and duct firing (e.g. turnkey project)
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Key
See Fjgure 1.

Figure 2 — Combined cycle plant test boundary: sample 2, typical overall plant test
with water steam cycle operated in condensing mode (e.g. turnkey project

a—~m 0= oS o

——

i |
PHE(_ GT HRSG
)| | |
G ‘ Aux \
il ‘
d EL Gen ST
— | ‘

! v |

ACC |

i

Key
See Flgure 1.

Figure 3 ==Combined cycle plant test boundary: sample 3, test boundary including g
output and gross efficiency (e.g. power island project)

)

Process

Air |_' Fuel |
R B e
| GT HRSG [« ‘
‘

4] |
Aux ‘ J!
| |

Gen ST )‘

| "

CTwr/ ‘ W [

Wate:vl;ody ‘ Pump Cond ‘

. 7\

boundary

oSS power
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TEST BOUNDARY "**'7'7'7'*'7'7

<—;E<— GT HRSG ¢

|
1
B ) Process
|
|

P

° ‘ |
w L.

e

r

G Aux

r

i

d

Key
See Figure 1.

|
|
T
|
|

CTwr / Cw
Water Body Pump

Figure 4 - Combined cycle plant test boundary: sample 4, test boundary including condenser

Key
See Figure 1.

Figurg

pressure as primary variable for gross power output and gross’efficiency

Air |_Fue1 I
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Figure 6 — Combined cycle plant test boundary: sample 6, overall planttest boundary for single
shaft configuration (e.g. turnkey project)
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Figiire 7 — Cogeneration plant test boundary: sample 7, gas turbine combined cycle plant with
waste heat recovery unit for generation of hot water or process steam

6 Preparation for test

6.1 | General

Thermal performance testing requires specific and detailed preparations. Since the purpose of such
tests varies depending on the equipment, site conditions and contractual scope, it is crucial that a
dedicated test procedure document is established and agreed well in advance of the planned test date.
The procedure document should be developed in accordance with this document and approved by all
responsible parties. Sufficient time to development the final procedure should be considered to allow
the parties involved for addressing comments. A clear determination of the equipment boundaries,
associated instrumentation and correction methodology shall avoid any potential disagreements after
the test.
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rmance degradation

The thermal performance degradation of combined cycle equipment during operation is an existing
phenomenon. This is associated with effects of fouling, erosion, wear and tear of gas turbine

components,

as well as those of the water/steam cycle equipment.

Thermal performance tests should be carried out immediately after the completion of the
commissioning. However, agreement to apply degradation corrections to the performance test results
is strictly a commercial issue between the parties and beyond the scope of this document.

In most cases, the combined cycle thermal performance guarantees are made based on “new and clean”

vhen

equipment ge
the equipmse
equipment i

The detaile
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methodology on how to apply degradation correction may be derived from_compar
ictive degradation curves.

urement classification

hts of variables used in calculation of test results are considered.primary variables. T
ts directly relate to the boundary conditions and requir€ inStrumentation accura
with this document.

nts of variables that are not included in the calculationh and correction of the result
cation that the required test conditions are met will'be designated as secondary varig
these variables are gas turbine exhaust temperature or steam turbine inlet pressursg
. Instruments used for secondary measuremerits may require field verification ag
brated instruments (i.e. loop checks using¢portable calibration equipment). In this
ended calibration tolerance is 0,25 % of the measurement span or 0,5 K, and the refer
d be such that it provides an accuracy ratio greater than 4 versus a field instrument.

n and construction phase récommendations

The following recommendations showld be considered when establishing the requirement
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ount in theldesign, as this will reduce manpower and downtime required during

when

ative

hese
Cy in

5 but
bles.
b and
ainst
case,
ence

5 for
rary

rary
aken
the

hnently\installed instrumentation is to be used during the test, the requirements of

be implemented if possible during early stages of the design. The ability to conduct post-

TTle 4

brations or to substitute with temporary instrumentation should also be considered| The

d)

12

signal processing and data logging should also meet the requirements of this document. If the
permanently installed instrumentation has a local readout, then the display shall be in such a
position that reading the display is convenient for the reader or inspector (especially flow devices).
This is also applicable for the attached name plate identifications.

In the case of precision power measurement for testing, it is recommended that current and voltage
transformers in accordance with 6.7.2.3 are installed for the performance tests. The burden of
the measuring transformers should be measured and recorded to check if the load is inside the
calibration range.

For temporary installed instrumentation, the design should allow for connections and spools
sections, pressure connections, thermowells and electrical tie-ins. All tapping points for pressure
transmitter and differential pressure transmitter connection including required isolating valves
shall be made available for installing temporary precision test instrumentation. This also applies
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to the provision of free thermowells and power meter connections for testing purposes. All test
instrument tapping points for connection of temporary precision test instrumentation need
to be serviceable and accessible. Where possible these should be located such that scaffolding
is not required for access. Suitable and correct isolation valves should be provided to allow safe
connection and removal of static and differential pressure transducers for the performance test.

e) Flow meters used for performance testing shall be designed, manufactured and located in a
suitable straight section with sufficient upstream and downstream lengths to ensure conformity
with the test codes. To meet the required flow meters measurement uncertainty limits, use of flow
straighteners is recommended. Flow meters should ideally be of flanged construction (if pressure
line allows it) so that they can be removed for calibration and if necessary replaced. A removal

pool piece 1s recommended and shou uring all commissioning activitigs to prevent

amage to the flow devices. In any case the flow element installation shall occur after any acid
¢leaning, as well as gas or steam blows, since those activities could have negative imipact on the
uncertainty and/or could easily invalidate calibration data on meters.

f) The instrumentation layout should allow for contingency in duplicating and validating

easurements used for determination of performance test results. This should be the case for
Elower measurement and fuel flow in particular.

g) Instrument loops should minimize signal interference and mieasurement error. If| instrument
transformers are used, adequate wire size should be used togeduce voltage drops.

h) The design of the plant should consider accessible installation and provisions for air inlet
temperatures (e.g. downstream chillers or evaporative coolers) and steam turbjne exhaust
pressures, as well as gas turbine (GT) exhaust, heat recovery steam generator (HRSG)[module and
HRSG stack temperatures and pressure measuremeénts.

6.5 | Test procedure

The performance test shall be conducted *hased on a test procedure developed to provjide detailed

guidance for the test preparation and .exécution as well as evaluation. This test procedure document

supplements the contract obligationsand clarifies particular contract issues. It shall provide the course
of action for conducting the test, as well as methods of measurement and the method used fdr correcting
the rlesults from test conditions:to reference conditions, or any other criteria set out in the contract.

Priof to the execution, the test\procedure shall be agreed upon by all the relevant parties t¢ the test.

The following topics are strongly recommended to be included within the test procedure (upless known

to be not applicable) innorder to ensure highest possible quality of test preparation and exe¢ution.

a) Brief description/of the plant.

b) Base refefence conditions, guarantees or expected values.

c) Required operating conditions and control conditions, e.g. load settings, power aygmentation
§yStem conditions, supplementary firing conditions, gas turbine inlet cooling or heating conditions,

rstri i oS =i i et mode or
dry mode), allowable range of fuel conditions (constituents and heating value).

d) Responsibilities of test participants.

e) The criteria for conformity with guarantees.

f)  Schematic diagram of the cycle, showing test boundary/envelope and test measurement points.

g) A schedule for instrumentation including type, location, calibration requirements and systematic
uncertainty.

h) Requirements for the stabilization period prior to the test commencement and stability criteria

© IS0 2017 - All rights reserved
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j)

k)
D)

6.6 Field|preparations for the performance test

Details concerning fuel handling, including a procedure for fuel samples collection, handling,
method of analysis, laboratories for fuel analyses, frequency of sampling, as well as the distribution
of duplicate fuel samples for each party, including a set of samples to be kept in case of additional
analysis. On site gas chromatograph equipment for gas analysis may be used, if it meets the
accuracy requirements of Table 4.

A cycle isolation list showing the position of valves required for the performance tests. This should
include details of the normal operating position of plant valves (open/closed) and the position
required during the performance test. Ideally the list should be prepared in table format so that it
can be used as a check sheet during the performance test.

N b £ il H H L o) | il 1 Jd.1:
um el Ul CluAlllal_y CUIISUILITT S TIT STTI VILT \yuulyo, LUllltJl CooVUlL S, CL\,-J dallu auz\ulcu_y IUdU T1ITIC™Y p-

Alist of|the inspections required ahead of the performance test. It is envisaged that this will'in¢lude
inlet gujde vane (IGV) angle checks, IGVs hand cleaning, visual inspections to check the ¢cleanljness
of the gas turbine compressor and IGV blades. For new plants, the major components.should bg in a
clean and undamaged condition.

Numbef of test runs and duration of each run.
Frequency of data acquisition, data acceptance and rejection criteria.
Optiondl template for manual readings where found necessary.

Numerifal values from tables (considering interpolation), curves or algorithms for corrertion
under cpnditions differing from the specified conditions. The.cutrves or algorithms, however, can be
replaceql by a computing model to be used for the correction from the reference conditions in line
with 8.2 with agreement of the relevant parties involved, In case of correction curves it is adyised
that afﬂlfficient order for each polynomial formula is provided to achieve accurate results and that

6 decimpal places in scientific format may be considéted, i.e. y = ap- X0 +... +ap- x2 + ay- x + ap, Where
ts aj are in the format 0,000 000E + 00.

consta
Method|of combining test runs to calculate the final test result.

Requirdments for data storage, documenhtretention, data and test report distribution.
Method|for agreeing and documenting any modification to test procedure.
Method|for documenting the eontrol parameters during the test.

Method|for recording observations and deviations before, during or after test.

Pre-test uncertainty’ahalysis based on systematic uncertainties of the instrumentation (see [6.10)
and typjcal randormruncertainties to check the requirements of Table 4.

Prior to thé-tests,the plant shall be placed at the disposal of the equipment supplierthe original

»»»»» 7 proarrtotroa— o P It A § P T

equipment manufacturer (OEM) or engineering, procurement and construction (EPC) responsible for
examination and cleaning (approval from load dispatch centres or other relevant parties involved might
be considered). All parties to the test shall be given timely notification, to allow them the necessary
time to respond and to prepare personnel, equipment or documentation. Updated information should
be provided, as it becomes available.

In addition to following the test procedure, the testing parties should do as follows.

a)

b)

14

Conduct a survey of all the components within the combined cycle plant in order to identify any
deficiencies in equipment or process that might affect the performance test and to confirm that all
components are ready for the performance test.

Audit electrical power output measurement, inspect condition of the devices and check for possible
consistency with other existing station power measurements.
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Audit the fuel flow measuring system, inspect condition of the devices and check for possible
consistency with other existing station fuel flow measurements.

Conduct gas turbine checks and preparation in accordance with ISO 2314. This applies in particular
to the gas turbine compressor blades, inlet guide vanes (IGVs) and compressor inlet which should
be visually inspected and cleaned (off line washing with previous hand washing, if necessary)
unless only limited running, from a known clean condition, has been undertaken before the test.

Prior to the commencement of tests, obtain valid calibration certificates for all temporary and
station instruments used for primary variables.

ertified in notin ed for seconda iabhle and ield ibration checks

¢of secondary variables against reference calibrated instruments. These should be donhe

instruments used shall be made available. Typical secondary variables are listed in Ani

erify instrument setup: location and proper installation of all relevantjtemporary

considering
of reference
nex A.

and station

instruments.

erify data acquisition setup: monitoring relevant parameters, frequency of data collection, remove
any data filters (dead bands).

erify certificates and validity of calibrations for all primaryyvariables, as per the redquirement of
this document. Also, crosscheck them against the nameplates and serial numbers of tegt equipment
and instrumentation.

Confirm adequate controls and operation modes.of* the plant (e.g. anti-icing, gas turbine inlet
¢onditioning, process steam extractions, district'heating, cooling tower or air cooled|condenser).
Also, agree on how to document their state during the test.

erify calibration and settings of station instrumentation and valves, in order to produde conditions
3s close as possible to the reference conditions. Also agree on how to document their ptate during

Pbtain data sheets and calibratien certificates of station flow elements (if available) including
distributed control system (DCS) calculation methods.

Record and determine dimensions and physical conditions of any part (vessels, pipjng, orifices,

¢tc.) of the plant required for calculations or other test purposes.

Finalize the detailed test programme document, including tests sequence, duratiopns and load
fequirements,

Dbtain a xecent fuel analysis (with fuel density and lower or higher heating vallue) or fuel
¢omposition to ensure that the fuel characteristics are as expected.

lldentify the names of the laboratories for fuel analyses.

Appoint a test director from the conducting party, who will oversee and lead the test programme.

Ensure that a suitable number of personnel are available to support equipment installation and
preparation activities. Also, if needed, for collecting the test data.

Implement an effective communication system to indicate the starting and the end of the tests and
to inform all personal involved in recording of manual readings when to take each value.

Finalize a cycle isolation list, getting agreement with plant operations and operator support for
conducting cycle isolation. It is recommended to separate the isolation in all electrically operated
valves (these can be checked from the control room ahead of tests), all valves that are closed for
normal operation and closed for the performance tests and all valves that are open for normal plant
operation and closed for the performance test. These valves are normally closed before the start of
the test.
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Finalize auxiliary load line-up list, confirming support from plant operations.

Conduct a condenser vacuum drop test (if applicable) by means of shutdown of vacuum system of

the condenser, e.g. for 10 min. The vacuum slope in mbar/min should be in the expected range of
condenser supplier, e.g. 1 mbar/min. A visual inspection of tube condition bypass gap baffle can be
conducted under field preparations. These checks can be conducted under commissioning tests to
avoid unnecessary delays during a test programme.

Perform inspection of evaporative coolers or chillers, i.e. under field preparations.

Conduct preliminary test runs.

Record

Prepare

6.7 Instr

a list of representatives and contact details of those involved in testing.

iments and measuring methods

6.7.1 General

This subcla
combined c
concerning
the parties t

The use of
recording a
highestleve
non-electro

1se describes the instruments, methods and precautions to bie employed when te
ycle power plants in accordance with this document. Where there is no specific
che instruments and the measurement method used, these(shall be subject to agreeme
o the test.

ndvanced electronic instruments and devices together with a computer controlled
hd processing system is preferred in respect ofraehieving test data and results wit

of accuracy. However, manual recording of analogue instruments is allowed in cases W
hic instrumentation is used.

The instruments and measuring methods mentioné€d and described hereafter are state of the ar

commonly §
measureme
the requirer

Instruments
Standards, \

6.7.2 Eled

6.7.2.1 Gg

The meteriy
various typ¢
systems wit

mployed at the time this document is_published; however, new technology and metho
nt may be adopted for performance.tésting as they are available provided they comply
hents for the maximum uncertainties specified herein.

, devices and measurements*shall be employed in accordance with relevant Internat]
Inless otherwise agreed:

trical power meaSurement

tneral

g methed, of the electrical power, preferably the three-watt meter method, depends o
s of the power generating and distributing arrangements, which typically are three-f
h Delta generator connection in three-wire configuration or Star generator connecti

four-wire cd

hnd agree in writing any deviations to the preparations specified in the test procedurg.

sting
ption
nt by

data
h the
rhere

r and
ds of
with

ional

n the
hase
bn in

nfiguration

In order to select the appropriate metering equipment and define the corresponding instrument
transformer connection the particular site configuration shall be reviewed during planning and
preparation of the test, in accordance with [EC or other recognized standards.

6.7.2.2 Power metering equipment

For the measurement of the active power output, single-phase or poly-phase precision Watt or Watt-
hour meters of accuracy class of 0,2 % or better shall be used, in accordance with Table 4. If the power
meter is not equipped with an integrated feature to measure the power factor, the reactive power shall
be recorded with a Var or Var-hour meter of an accuracy class of 0,5 % or better.

In cases where excitation and/or auxiliary power, branched off the main generator bus duct, is metered
to determine the net electrical output based on gross power measurement, the accuracy of the
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corresponding Watt or Watt-hour-meter shall have an accuracy class of 3 % or better in accordance
with Table 4.

If a Watt meter is being used to measure the active power output, the instantaneous active power shall
be measured frequently during a test run and averaged over the test run period to determine average
power (kilowatts) during the test. In this case the measurement frequency shall not be less than once
every 30 s. Conversely, auxiliary power or power factor measurements done via Watt meter and Var
meter, respectively, can be done every 60 s.

Power output metering equipment used for testing shall be calibrated against reference standards
traceable to recognized International Standards. The calibrations shall be made in such a manner that

the
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test fnstrument and leads, i.e. protective relay or voltage reguldtor devices shall not be conr
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rably portable test instruments, properly calibrated in a laboratory, shall be\use|

rements given in this document are fulfilled.

.3 Instrument transformers

bower output metering, correctly rated and calibrated voltageZand current tran
o accuracy class or better shall be used, in accordance with Tdble 4. The respective
formers shall be designed solely for metering purpose with4ie inknown burden other

formers. In certain cases, an exception to the minimum'accuracy class requirement
nding on country regulations and the standard used to,devise the instrument transfor

alibrations shall cover the expected field test conditions such as voltage, current, turn
e and expected burden.

onnecting leads between meter and instruthent transformer shall be arranged so that
ductance, voltage drop or any other cause are minimized. Twisted and shielded pair§
which are reducing the impact of iaiductance and voltage drop may be minimized
bpriate wire gauge and resistance\considering wire length and load of voltage transfor

4 Speed measurement

the influence of shaft speed to the combined cycle performance mainly depends on thg

d. However,

chboard instruments may be used by mutual consent of the parties and.'provided that the

sformers of
instrument
than that of
ected to the
an be made
mer.

ratio, phase

effects such

for current
by choosing
mer.

gas turbine

behaviour refer to ISO 231432009, 6.4.6 for the requirements regarding speed measurements.

6.7.3

6.7.3

Since
boun

Flow measurements

.1 General

each¢energy stream shall be determined with reference to the point at which it cro
dary, the choice of the test boundary can have a significant impact on the test results.

bses the test
An example

migl

1 +1 : 1 : 1 : £ C 1 h] -
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Each measurement variable of a flow device, such as static/differential pressure, temperature, pulses
and fluid properties, shall be recorded individually to allow intrinsic calculation of the mass flow rate.
Therefore, flow computer or other control system calculated flow values are not to be used as they are
usually not in conformance with the requirements of this document.

6.7.3.2 Gaseous fuel flow measurement
The fuel flow per unit of time (flow rate) of gaseous fuels shall be determined by one of the following.
a) Turbine type flow meter, in accordance with ISO 9951.

b) Differential pressure device, in accordance with ISO 5167 (all parts).
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meter, in accordance with ISO 10790.

d) Ultrasonic flow meter, in accordance with ISO 17089-1.

The fuel flow meter specified shall meet the applicable requirements of a recognized international or
national standard.

Accurate gas analysis during the calibration is mandatory for fuel flow meters which measurements

depend dire

ctly from the gas properties (e.g. coriolis meter).

Other flow meters covered by a recognized international or national standard, and meeting the

uncertainty

requirements of this document, can also be used.

Meters shall

The comput
in respectiy
[SO 12213-2

6.7.3.3 Li
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c) Coriolis
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with 1SO 51

be selected to meet uncertainty requirements of this document, in accordance with.Ta|

ation of the actual fuel mass flows at test conditions is based on the formulaé out
e standards, in conjunction with ISO 6976 for the determination of the gas’density
for gas compressibility.

guid fuel flow measurement

ended to measure the liquid fuel flow by means of following meters.
prifice or venturi flow section, in accordance with ISO 516% (all parts).
hic flow meter, in accordance with ISO 12242.

flow meter, in accordance with ISO 10790.

levices such as positive displacement flow meters are also permitted, as long as they
hents of Table 4 and are calibrated and installed per recognized standards.

ater /steam flow measurement

bn the plant configuration and equipment scope, several steam or water flows can
'y at different points, suchtas: condenser cooling water flow, process steam/wate
r injection and GT inlet heatinig and cooling flows.

Ccuracy, feed water measturements are preferred for determining downstream steam f
rect measurementofsteam flow.

f spray waterdnjection used to control the final steam temperature, a heat balance ar
rator can bédone, using measurements of steam and water temperatures, pressures
low.

team>flows can be measured with nozzle, orifice or venturi flow section in accord
67 (all parts), an ultrasonic flow meter in accordance with I1SO 12242, or a Coriolis

ble 4.

lined
and

meet

Cross
, GT

ows,

pund
and

ance
flow

meter in ac

ordance with I1ISO 10790 _0Qther flow devices are also pnrmiffnr]’ as lnng as fhny meg

t the

requirements of Table 4 and are calibrated and installed per recognized standards.

6.7.4 Temperature measurements

6.7.4.1 General

This subclause presents requirements and guidance regarding the measurement of temperature. It
also discusses applicable temperature measurement devices, calibration of temperature measurement
devices, and application of temperature devices.
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6.7.4.2 Acceptable temperature measurement devices

— Thermocouples in accordance with IEC 60584 (all parts) may be used to measure temperature of
any fluid above 150 °C. The maximum temperature is dependent on the type of thermocouple and
sheath material used. The thermocouple is a differential-type device. The thermocouple measures
the difference between the measurement location in question and a reference temperature (cold
junction). The greater this difference, the higher the signal from the thermocouple. Therefore, below
150 °C the signal becomes low and subject to induced noise causing inaccuracy. It is recommended
to measure the temperature of any fluid above 150 °C.

4
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ilso be used provided they are properly calibrated with uncertainty in complidnce wi
riven in this document.

.3 Required accuracy

ngs to obtain the overall measurement uncertainty.
.4 Ambient air temperature at gas turbine inlet

4.1 Airinlet duct

uments required for the measurement of the air temperature shall be installed at

" radiation sources and whemthe air flow across the sensing element is higher than 10

prative cooling systems.(within the inlet air system) every effort shall be taken to fi
psentative and accuirate location(s) for the determination of the weighted averag
erature, where the‘test boundary is entered.

humber of jnstruments shall depend on the shape and the size of the air filter syster
femperaturé shall be measured with an amount of instruments uniformly distribut
sectionalarea of the inlet.

recommended number of temperature sensors for measurement of air temperature a

each

ggs turbine can he determined ncing Eormula (1N A minimum oftwao fnmpnrahn‘n sen
p=ss s

5s otherwise indicated for specific requirements, all instruments used to measy
bles shall have an allowable uncertainty in accordance with Zable 4 that considers diffe
curacy for each variable measured depending on its sensjtivity on the results. It shall b
ument’s accuracy shall be combined with the number of'installed instruments and thie number of

e the air stream is crossing the specified test boundary, typically at the filter house of
Special care is required for the protection and shielding of the temperature probes fr(

se of multiple gas turbine’ units, installed in one or more rows or staggered, with

Resistance temperature devices (RTD) in accordance with IEC 60751 may be used to measure

lianufacturer. It is recommended to measure the temperature of any fluid below 250

Dther temperature measuring devices such as thermistors and liquid in-glass.thermdg

by the RTD

-

.

meters may
th the limits

re primary
rent classes
e noted that

the location
the air inlet
m solar and
m/s.

or without
nd the most
b of the air

n inlet area.
ed over the

the inlet to
sors shall be

installed at the inlet to each gas turbine.

n=INT (0,3 x A 0,64) (1)
where
A is the total area of air inlet, in m?;
n is the recommended number of temperature sensors;
INT s the integer function that returns the nearest integer number in accordance with
ISO/IEC/IEEE 60559.
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In cases where temperature variation limits specified in Table 4 are exceeded, the root cause, such as
plant equipment producing hot streams directed towards the air inlet duct, shall be investigated and
where possible eliminated. In cases where a non-homogeneous temperature profile exists over the inlet
section, the number of probes shall be increased accordingly.

6.7.4.4.2 Compressor inlet

The air temperature at the compressor inlet may be used in case of application with fogging, anti-icing,
chillers or other GT inlet air conditioning equipment. At least four sensors should be installed; however,
if this is not applicable to the gas turbine design (e.g. for small gas turbines) then as many sensors shall
be installed as the design allows in order to calculate the mean value.

If the tempejrature is measured at a location where the air velocity is higher than 20 m/s, the meadqured
temperatur¢ shall be corrected with the computed dynamic portion of the total temperatureausing the
calculated ajir velocity shown in Formula (2):

Ty =T+ (2)

where

T, Is the corrected air temperature in K;

T isthe measured air temperature in K;

v isthe air velocity in m/s;

cp is the specific heat at constant pressure in J/(kgXKJ.

ther
C test
bvent

In cases wh
inlet air con
boundary, ¢
sub-cooling

bre there are applications such as evaporative cooling, fogging, anti-icing, chillers or
ditioning equipment in operation upstream of inlet air temperature measurements a
are should be taken for the selection of the measurement location(s) in order to pr¢
of the temperature element(s) by water droplet impingement.

6.7.4.5 Ambient air temperature-atair cooled condenser inlet

A sufficient
within the 4
arrangemer

number of temperature sensors to measure the cooling air temperature shall be inst
ir inlet zone between the fan platform supports in order to have a temperature tray

alled
erse

t. It is recommended at least one temperature measuring point per two fans; the h

ight

of the measjuring point should be at the half of the height of the air entering section the cond¢nser
(meaning mlidway between the fan inlet and the air entering point of the condenser). Care should be
taken to avpid the-measurement being affected by thermal radiation or other heat sources. Suitable
access for ipstallation of temperature sensors should be considered in the design as this will rgduce
manpower gnd-downtime required during the preparations for testing.

The temperature-sensitive element shall be calibrated in accordance with the requirements stated in
6.10. The calibration shall be at least beyond (£5 K) of the expected temperature extremes during the test.

6.7.4.6 Ambient air temperature at cooling tower inlet

The measurement of inlet air wet-bulb temperature is possible instead of dry bulb and relative humidity
as long as the instrumentation fulfils the required uncertainty for relative humidity (see 6.7.5 and
6.11). The recommended instrumentation for measurement of wet-bulb temperatures is a mechanically
aspirated instrument or psychrometer that meets the following requirements.

— Thetemperature-sensitive element shall be calibrated in accordance with the requirements reported
in 6.11. The calibration shall be atleast beyond (+5 K) of the expected temperature extremes during
the test.
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Temperature-sensitive elements shall be shielded from the sun or from any other source of radiant
heat. The innermost shield shall be essentially at the dry-bulb temperature.

The temperature-sensitive element shall be covered with a wick that is continuously fed from a
reservoir of distilled or demineralized water (the temperature of the water used to wet the wick

shall be at approximately the wet-bulb temperature being measured).

The air velocity over the temperature-sensitive element shall be below 5 m/s.

The dry-bulb temperature shall be measured under the same conditions as the wet-bulb temperature
without the wick and water supply.

For
outs

The
in cdmbined cycle plants can be estimated as shown in Formula (3). A minimum of t¥y
temperatures shall be used.

wherte

6.7.4

Depdnding on the definition of the test\boundary for the combined cycle power plant, cq
temperature at condenser inlet can either be a primary variable or a secondary variable. In t
recojmmendations of this document should be considered; otherwise, and in particular if
dedi
a prdper understanding of the tcondensing system when determining the readiness of the ec
testi

The
devig
instqlled with different angulation respect to the pipe and with sufficient depth (at least 15
for p

6.7.

1he measurement of inlet wet-bulb temperature, the instruments shall be located
de the air intake(s); if recirculation affects the measurement, this distance should be'i

recommended total number of wet-bulb instrument stations for the overall.‘perfo

= INT (0,325 x A 0,33)

A  isthe area of total air inlets in m2;

1 is the minimum number of wet-bulb instruments;

ISO/IEC/IEEE 60559.

.7 Cooling water temperature at condenser inlet

fated tapping points are available, station instruments may be used, even if it is impon]

hg.

cooling water dt"the condenser inlet is generally well mixed, so one temperaturg
e per each cepling water inlet conduit is sufficient. The temperature measuring devic

INT is the integer function that returns the nearest integer number in accordance witlh

hbout 1,5 m
ncreased.

rmance test
vo wet-bulb

(3)

oling water
he first case,
ho adequate
tant to have
uipment for

measuring
es should be
0 mm depth

pe dianfeters > 300 mm). A discrepancy in excess of 0,5 K between simultaneous readlings should
be injvestigated.

8~ Fuel temperature

Fuel temperature has a strong effect on test results related to efficiency/heat rate; it may necessary for
this to be measured at two different locations:

close to the flow meter for the calculation of the fuel density (in conjunction with the fuel pressure

for gas fuel) and, if applicable, for liquid fuel return;

at the test boundary for the determination of the sensible heat (if applicable as correction to

reference conditions).

In the first case, requirements of the flow meter for the position of the tapping point shall be considered.
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6.7.4.9 Process water temperature and district heating

In combined cycle power plants with cogeneration, the return and forward temperature of the district
heating, water is very sensitive to the results (since the water mass flow normally is very large).
Therefore, special care should be used in this measurement and low uncertainty devices should be
installed.

Measurement of the district heating return water temperature (e.g. at the inlet of the heat exchanger)
should be made upstream the heat exchanger. However, this kind of measure usually does not present
problem of stratification, and therefore at least two temperature locations should be used.

hde downstream from the heat exchanger, where the flow is well mixed and the temper3
Measurement should be made after a bend to ensure better mixing; adding mixing
considered. This location is acceptable if the district heating water does not mix with any

Measureme}
should be m
is uniform.
can also be
other flow.

If a well-mi¥ed location can be found, four temperature locations are acceptable. Othierwise, the qutlet

temperatur¢ shall be determined from an array of temperature locations at(the outlet of the|heat
exchanger hut in no case less than four for each exhaust annulus. A discrepancy in excess of (,3 K
between simultaneous readings should be investigated.

6.7.4.10 Process steam temperature

In standard fapplications of combined cycle power plants with cogeneration, process steam temperature
is very sensitive to the results.

Location of [temperature measurements for enthalpy and, density determination shall be select¢d as

close as pra
case atorcl

Thermowel]

minimum n

least 45° af
be minimizé

injections.

6.7.4.11 Of

To measure
as gas turbi
the respecti

hse to the defined test boundary.

s should be located at least 5 pipesdiameters downstream from throttling devices
umber of thermowells should belin’accordance with Table 4 and installed preferal
art measured circumferentially.Temperature differences caused by stratification
bd by locating the temperature sensor sufficiently downstream of source like spray

her temperature measurements of secondary variables

any temperaturerelated to secondary variables (e.g. between consortium partners),
he exhaust temperature, steam/water flow temperature from/to the HRSG/steam tur
ve standargfor the equipment shall be used for location and installation details.

Cticable to the points at which the corresponding pressures are to be measured and i any

The
ly at
shall
vater

such
bine,

6.7.5 Relative humidity measurements

The moistuite content of the air entering the test boundary shall be measured, and an instrument{with
the capability to determine relative humidity within an uncertainty of 2 % points or better shall be used.

In case of multiple gas turbine units, installed in one or more rows or staggered, with or without
evaporative cooling systems or chiller/fogger systems (within the inlet air system) every effort shall be
taken to find the most representative and accurate location(s) for the determination of the ambient air
temperature and relative humidity, where the test boundary is entered.

The relative humidity may be determined with direct measurement using a hygrometer or with
measurement of wet and dry bulb temperature, barometric pressure and calculating the relative
humidity by means of psychrometric charts, tables or algorithms.
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6.7.6 Pressure measurements

6.7.6.1 General

This subclause presents requirements and guidance regarding the measurement of pressure.

Preferably, calibrated electronic pressure transducers based on sensing technology such as piezo,
capacitive, etc. with temperature compensation shall be used to ensure highest level of measurement
accuracy.

The methodology, number and type of instruments used for the measurement of a pressure shall be

care
spec

utty evatuated comnsidering magnitude ard Tange of parammeter; accuracy TEQUITEIIE]
fic flow dynamics and design of equipment.

t as well as

Attemtion shall be paid to location and installation of pressure instruments in- a-manner that no

addi
pipe

A re
mea

be taken account in the reported measurement.

6.7.4

Prim
with

sens
ofin

tional errors induced by environmental conditions such as radiation, vibratién, etc. g

and fitting increase the uncertainty of the reading.

g

yiew should be performed of the water leg correction necessary for accurate proc
urement. If this has already been applied in the pressure transducenthe water leg cor

q

.2 Required accuracy

ary variables should be measured with instruments with an allowable uncertainty in
Table 4 that considers different classes of accuracy for each variable measured depe
tivity on the results. It shall be noted that instrumient accuracy shall be combined with
talled instruments and the number of reading$,to obtain the overall measuring uncert]

r leakage of

ess variable
rection shall

accordance
nding on its
the number
ainty. These

pressure transmitters should be used within the@emperature compensated ranges.

hdary variables can be measured with ahy type of pressure transmitter. On a case-bfy-case basis

econdary variables may be field checked to achieve accuracy requirements.

Seco
thes

6.7..3 Barometric pressure

red absolute
a stable and

The
pres
prote

hbsolute atmospheric pressure as primary variable shall be measured with a calibra
bure transmitter. The instrument shall be located outside of any closed containment in
bcted environment at.ah elevation equal to the centreline of the gas turbine shaft.

Othe
coml
addit

r barometric préssure measurements used for calculation of absolute pressurg values in
ination withygauge pressure transmitters should be installed at the same elevation to avoid
ional level®altitude correction.

Barometricpressures from local weather stations shall not be used.

6.7.4.4~ Fuel gas pressure

Fuel pressure has a significant impact on test results related to efficiency/heat rate; it may need to be
measured at two different locations:

— closetothe flowmeter, for the calculation of the fuel density (in conjunction with the fuel temperature
for gas fuel);

— at the test boundary for the determination of the sensible heat (if applicable as correction to
reference conditions).

In the first case the location of the pressure transmitter shall be upstream, and as close as possible, to
the flow meter (or at the designated connection requirements of the flow meter).
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6.7.6.5 Process steam pressure

The steam pressure shall be measured at the test process boundary with at least one pressure

transmitter

with the maximum allowable uncertainty as specified in this document (see Table 4).

6.7.6.6 Other pressure measurements of secondary variables

To measure any pressure related to secondary variables, such as gas turbine compressor inlet and
outlet pressure, steam/water flow pressure from/to the HRSG/steam turbine, the respective standard
for the equipment shall be used for location and installation details.

6.7.6.7 St

Depending

exhaust staf
it is a prim3
system whe
has been pr

Steam cond
atmospherig
a maximum
are used thd

Atmospheri
6.7.6.3).

All vacuum
sensing line
water legs f|
signal checK
starts other

A purge sy
A continuoy
reading. Pri
with the pui

Once trans
performed
leaks, the in

Atmospheri
the gauge p
measureme

by

eam turbine exhaust static pressure

n the definition of the test boundary for the combined cycle power plant, steam tu
ic pressure can either be a primary variable or a secondary variable. Regardléss of wh
ry or a secondary variable, it is important to have a proper understandingéf the vac
n determining the readiness of the equipment for testing. As such, a dedicated subc
pvided in this document to outline the requirements for making this exitical measuren|

ensing turbine exhaust pressure measurements are pressuie”measurements b
pressure. These measurements should be taken with absolutepressure transmitters

requirements of 6.7.6.3 shall be considered.

C pressure measurements shall be measured with«absolute pressure transmitters

measurement sensing lines shall slope upward from the source to the instrumen
5 in steam or water service shall be purged with a minute amount of air or nitrogen to

"bine
bther
uum
ause
lent.

elow
with

calibration range that can make a zero point measurement.Jf gauge pressure transmiftters

(see

t. All
Heter

Fom forming. If measurement values show-a plausible and stable pressure level duri

wise it is recommended to repeat this'step shortly before each test.

stem should be used that isolatés the purge gas during measurement of the prg
s purge system may be used; however, it shall be regulated to have no influence o
b1 to the test period, readings from all purged instrumentation should be taken succesg
ge on and with the purgeloff to prove that the purge air has no influence.

itters are connetted to process, a leak check shall be conducted. The leak che
first isolating‘thé purge system and then isolating the source. If the sensing line h
strument reading will not change.

C pressufe)‘transmitters should be installed in the same general area and elevati
ressure-transmitters and should be protected from air currents that could influenc
hts:

n
s (free from water) this step can be pérformed one time shortly before the test camfaign

the

cess.
h the
ively

ck is
1S no
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e the

The exhaus
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1aust

duct of the steam turbine. In cases where the condenser pressure is regarded as a primary variable a
minimum number of two stations per one exhaust annulus shall be used. A discrepancy in excess of
3 mbar between simultaneous readings should be investigated.

A possible way to investigate vacuum measurements problems is to match readings with the saturation
pressure relative to the condensate temperature (in hotwell) that is generally available.

Pressure connections should be carried to the interior of the conduit and be provided with basket tips
or guide plates. Basket tips are preferred. If the exhaust is provided with ribs or braces traversing the
stream space, some of the instrument piping connections may pass through them with the opening flush
and normal to the surface of the rib. The terminals of the exhaust pressure instrument connections shall
be distributed over the entire exhaust-conduit area and located so that they will be centred, as closely
as practicable, in equal areas. The basket tips should be installed at a 45° angle. Alternatively, guide
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plates may be used and should be arranged so that the steam flow is perpendicular to the pressure
tap. Careful attention shall be given to the location of basket tips and guide plates because pressures at
certain points at the exhaust joint may be influenced by local high steam velocities.

6.7.6.8 Differential pressure measurements

Differential pressure transmitters are installed preferably using a five-way manifold as it eliminates
the possibility of leakage past the equalizing valve, a frequent source of error.

Once the instrument is installed in the field, the differential pressure shall be equalized and a zero
value read. This zero bias shall be subtracted from the test-measured differential pressure. During

test
leaki

6.7.7

reparations or during the test, the vent shall be checked to ensure the equalizing v
g, and shall be noted in the test report.

Data acquisition system

The @ise of an electronic data recording system in favour of manual recording‘is strongly re

for t
samy

Whe
be cq
an in

wo reasons: the avoidance of personal bias in reading analogue jnstruments; and
ling rate which allows a reduction of the uncertainty component caused by random ef

h considering the accuracy of a measurement, the accuracy of(the entire measuremel
nsidered. This includes the instrument and the signal conditioning loop or process. I
strument is calibrated it shall be connected to the positien‘on the data collection syste

duri

g the test. When this is impractical, the minimum requirement shall be to have e

equipment in the measurement loop individually calibrated:Spot checks of the measurement

allow

The
anal
trans

Data
shall
varis
be a

All i
drai
away

)

red to the parties of the test, in order to verify that thie combined accuracy is within expe

recording system shall have the ability to store the data of the primary electron
gue) signal generated by the instrument’as well as the data of the correspor
formed into engineering units to allow post test data verification or correction.

acquisition systems converting primary analogue signals into digital signals using A-I
have a resolution of 14 bit (equalto 0,006 % of range) or better. Also, any dead ban
bles shall be minimized such that all data signals received during the test are captur
particular concern when using plant measurement and control systems.

any inducted currénts from nearby electrical equipment. All signal cables should
from electromagneétic force (EMF)-producing devices such as motors, generator

condpit, and electrieal’service panels.

6.7.4

Wing
be in

Wind-velocity

| velocity shall be measured with a cup anemometer and the maximum allowable unce
aecordance with Table 4.

lves are not

commended
the higher
fects.

ht loop shall
eally, when
im employed
hch piece of
loop shall be
cted value.

ic (typically
ding signal

D converters
d restraints
ed. This can

struments and cables ‘of)an electronic data recording system should have a grounded shield to

be installed
s, electrical

rtainty shall

For air cooled condenser (ACC) applications, wind velocity should be measured at an elevation equal to
1 m above the upper edge of the condenser. Care should be taken that the measurement is not spoiled by
other factors such as the air mass flow, buildings, etc.

For cooling towers applications, wind velocity should be measured in an open and undisturbed location
windward of the equipment, at a height equal to the mean height of the air inlet. The distance of this
location from the equipment should be within the range of 30 m to 90 m and the position should be
agreed by the parties.

6.7.9 Storage vessel levels

In standard applications of combined cycle power plants storage vessel (drum) levels should be
considered a secondary variable. However, it is very important to check the stability of the water/steam
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cycle conditions and to evaluate the cycle losses that shall be checked under an acceptable threshold
value before the test (refer to 7.2 and 7.3). Considering the complexity in installing a temporary storage
vessel level measuring device, station instruments can be used.

6.7.10 Data sampling

It is strongly recommended to record automatically all readings (raw and physical values) from

temporary i

nstruments by means of a dedicated data acquisition system.

The recording system shall have the ability to store the data of the primary electronic (typically
analogue) signal generated by the instrument as well as the data of the corresponding signal

transformed

This dedica
transmitter
frequency si
signals fronj
shift and co
for checks t
raw values 4

L Into engineering units to allow post test data veritication or correction.

Led electronic data acquisition system can be used to collect the signals from ‘prej
5, temperature measuring devices, power analyser, ambient relative humidity, wind sj
gnals of fuel gas turbine meters, etc. The system should automatically convéert the elect
| the field to engineering units taking into account the calibration curves,‘water legs,
d junction compensation if necessary. The system shall be always transparent and feg
b all relevant parties involved in order to reproduce the physical measured values fror]
ny time.

sure
beed,
rical
Zero
sible
n the

Where manual readings are unavoidable, log sheets will be prepared.and arranged such that the
number of personnel required during the performance test is minimized.
For any varipbles considered the frequency of reading shall be at Jeast 60 s except for the following dases.
— The gageous fuel, which shall be sampled every 30 minaising gas sample containers. If an opline
gas chromatograph is available the frequency of data collection can be increased to 15 min (pther
requirements related to fuel sampling are reported in*6.8.2). If there are significant changes ih gas
composijtion, then taking additional samples as negessary should be considered.
— Any prijnary variable collected manually, which'can be sampled every 5 min if the stability has[been
checked prior to the test or every minute if-the trend shows variations close to the acceptable limits.
— Any secpndary variables collected manually, which can be sampled every 5 min.
6.8 Determination of fuel properties
6.8.1 General
The calculation of fuel properties for gaseous fuels and liquid fuels: lower heating value, higher hepting
value, density, compressibility factor, etc. shall be in accordance with Table 2.
Table 2 — Fuel properties requirements
Properties Comment Applicable standand
Fuel gas composition Up to C6+ or C16 (for higher ISO 6974-1
hydrocarbons) ISO 6975 for extended
analysis
Fuel gas density Based on measurement of gas ISO 6976
temperature, gas pressure and
actual molar fuel gas composition
Fuel gas compression factor Based on measurement of gas ISO 12213-2
temperature, gas pressure and
actual molar fuel gas composition
Fuel gas lower/higher heating value (LHV/HHV)|Reference temperature of 15°C  |ISO 6976
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Table 2 (continued)

Comment Applicable standard
ISO 3675

1SO 12185 (digital)

Properties

The actual density at test condi-
tions shall be determined by in-
terpolating between the analysis
results using the measured fuel
temperature

Density of crude or liquid petroleum fuel

ASTM D4868 or
DIN 51900-1

¢p (specific heat) calculation
for natural gas {n accord-
ance with ISO2D765-1; for
liquid fuekin ac¢ordance
with 150,2314:2009, Table 4

Heating value of crude or liquid petroleum fuel

aS. anr‘h'nn nF rﬂfprpnr‘n

Fuel

sensible heat=h-—h h
I U U

temperature and pressure 15 °C,
1,013 25 bar

6.8.1 Tests on fuel gas

Fuel gas samples shall be taken in accordance with ISO 10715.

For thermal performance tests: as a minimum, one sample shall betaken at the beginning, one in the
middle and one at the end of each performance test run with natural gas in combined cycle operation.
The

poin{

One
one §
laboj

A col
addit
be in
samj

The
fulfilling the requirements of ISO/IEC 17025.

campling frequency requirement stated in 6.7.10 shall also’be taken into account. T
should be preferably upstream of the measuring devige and after the filter/knockout

set of three samples composed of one sample taken at'the start, one sample taken in thg
ample taken at the end of each test will be analysed by an internationally certified
atory for gaseous fuels. This analysis will be used for calculation of the performance t

mplete set of back-up samples should be ebtained. Parties involved in the test may a

stalled in line to distribute the agréed number of samples to the parties involved (e.
les for client, one set of samples for~supplier and one set of samples for arbitrary purp

4

[(
1

fuel gas samples shall be analysed in accordance with ISO 6974-1 or ASTM D1945 by

epeatability less tham0,1 % for mol fractions higher than 50 % (e.g. CHa).
eaction time shall\be known and minimized.
\ir conditioned installation.

[alibrated jwith certified calibration gases; calibration gases shall cover the expec

he‘inorganic components N2, CO2, H2S. Some cases require long analysis to get hydroc

he sampling
vessel.

middle and
ndependent
est results.

bree to take

ional samples, as per contract requiréments or otherwise. In this case several containers can

c. one set of
Dses).

laboratories

ted fuel gas

ompesition. Analysis shall cover the fuel components up to C6+ (C6 and higher as combined) and

hrbons.

In extension to ISO 10715:1997, Annex E a back pressure regulator should be used after the last gas
sample to keep the sample line pressure, e.g. 5 bar below gas pressure in order to prevent heavy-
hydrocarbon condensation in the sample container(s).

6.8.3 Tests on liquid fuel

Fuel oil sampling shall be taken as close as possible to the test boundary taking into account the gap
due to time shift between sampling point and test run period. The sampling point should be preferably
upstream of the measuring device and after filter.

For thermal performance tests: one sample shall be taken at the beginning, one in the middle and one at
the end of each test run.
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For distillate oil of low viscosity, when oil is supplied from the same tank for the entire duration of the
test, the three samples shall be mixed at the end of the test and equally divided in at least one mixed
sample for analysis. For all other cases, each sample should be analysed separately.

A complete set of back-up samples should be obtained. Parties involved in the test may agree to take
additional samples, per contract requirements or other (e.g. one set of samples for client, one set of
samples for supplier and one set of samples for arbitrary purposes).

The fuel oil samples shall be analysed in accordance with DIN 51900-1, ISO 12185, ISO 3675 or
ASTM D4868, ASTM D4052, ASTM D4809 by laboratories fulfilling the requirements of ISO/IEC 17025.

The followi g values shall be determined for pprfnrmanp test evaluation

— The lowjer and the higher heating value.

— The deyjsity at 15 °C, 30 °C and e.g. 45 °C (kg/m3). The choice of lowest and highest:temperature
shall coyer the tested range.

— The kinematic viscosity at 15 °C, 30 °C and e.g. 45 °C (mm2/s). The choice of towest and highest
temperature shall cover the tested range.

— The sulfur total mass fraction.

— The carpon total mass fraction.
— The hydrogen total mass fraction.
— The oxyjgen total mass fraction.

— The nitfogen total mass fraction.
6.9 Determination of cooling water flow into,the condenser

6.9.1 General

If the conddnser inlet cooling water mass flow is required for correction reasons, the cooling water
mass flow can be determined by one ¢f'three methods as outlined in 6.9.2, 6.9.3 and 6.9.4.

a) An energy balance method (imcase of multi-shaft and single shaft units with clutch).
b) Using cdoling water pump.performance curves.
c¢) Direct flow measurement.

The method to be employed for determining the cooling water flow should be chosen based on the
information{ avaitgble to employ a given method and the uncertainty associated with the methgd. It
is preferablg tosuse a method that entails lowest uncertainty. The energy balance and pump dqurve
methods ar¢ deScribed in more detail below

6.9.2 Energy balance method

When employing the energy balance method, the measured heat input into the steam turbine (e.g. for
a plant with one, two or three pressure stages HRSGs) requires utilization of more instrumentation
within the water/steam cycle and, as such, will be affected by the accuracy of these measurements, in
particular water/steam flow measurements and cooling water inlet and outlet temperatures. In general,
Formula (8) may be used for determining the cooling water flow. Note that the formula for a given plant
configuration will have to be tailored based on the specific configuration for that particular plant. An
example of a test boundary for the application of the energy balance method is shown in Figure 8.
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The input heat of the steam turbine can be determined for a three pressure stage HRSG as shown in

Formula (4):

Qinput,ST =CQnp steam Qnp exhsteam T Qrp steam T Qup ind steam — QCond (4)

where

QHP steam QIP steam QLP ind steam

SN S

QHP exh steam QCond
: is the heat input energy of steam:turbine, in K] /s;
ginput,ST
j is the heat energy (mass flow\x'spec. enthalpy) upstream high pressure tugbine, in kJ/s;
HP team

: is the heat energy (mass flow x spec. enthalpy) downstream high presgure turbine,
QHP exhsteam k]/S'

j is the heat erfergy (mass flow x spec. enthalpy) upstream intermedigte pressure
IP steam turbine, inRJ/s;

: is the heat energy (mass flow x spec. enthalpy) of low pressure induction sfeam, in kJ/s;
QLP ind steam

j isthe heat energy (mass flow x spec. enthalpy) of main condensate doywnstream of
Cond lotwell, in k]/s.

Figure 8 — Example of test boundary for cooling water mass flow calculation] by
means of an energy balance

For a steam turbine in single shaft configuration the shaft power output ( Pyt ¢hare Jcan be calculated

from the combined cycle gross power output Pcc (measured by means of one test in combined cycle, CC,
operation), the gas turbine gross power output Pgt (measured by means of an additional test in simple
or open cycle operation immediately after the CC test and corrected to combined cycle test conditions),
the mechanical losses Py, and the determined generator efficiencies ngen. See Formula (5):

PCC, gross PGT, gross

100%—

:100% |+ Py, (5)
gen,CC ngen,GT

P, ST shaft =

where
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Por shaft is the shaft power output of steam turbine, in kW;

Pc oross is the gross power output of combined cycle at generator terminals, in kW (considering
& exciter losses if necessary);

PGt oross is the gross power output of gas turbine at generator terminals, in kW (considering exciter
8 losses if necessary);

Py are the mechanical losses, in kW;

Ngen cC is the generator efficiency during the combined cycle performance test, in %;

M gen,GT is the generator efficiency during the gas turbine performance test, in %.

In single sh{

output by nj
employed, s
a) Assumi
b) Directn
c) Determ

curves

calculaf]

For a steam

from the md
generator ef

Psy
PsT shaft[= ﬂ'loo% + Py
77gen,ST
where
Pt grosk is the gross power-qutput of steam turbine at generator terminals, in kW;
Ngen ST is the generatoréfficiency of steam turbine during the performance test, in %;
Py are the mechanical losses, in kW.

The circulating water inlet and outlet temperature difference can be determined as show

Formula (7))

1ft plants where it is not possible to obtain a direct measurement of the gas)turbine p
eans of conducting an additional simple or open cycle test, alternative approaches c:
ich as the following.

hg a reference value for steam turbine section efficiency in energybalance calculation
heasurement of cooling water flow from an installed flow meter

nation of flow by measuring the cooling water pump hé€ad“and using pump characte
pf head against flow to find the cooling water pump flow (pump performance curve g
ed total head: refer to ISO 9906).

turbine in multi-shaft configuration the shaft*pewer output ( Pstgpae) can be calcu
asured gross power output of the steam turbine, the mechanical losses and the detern

ficiency. See Formula (6):

pwer
in be

ristic
t the

lated
lined

(6)

n

AS cw =

where

UCWoutlet — UCWinlet

Jcwoutlet 1S the cooling water temperature downstream condenser, in °C;

Jcwinlet 1S the cooling water temperature upstream condenser, in °C.
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The heat balance for the circulation water mass flow upstream the condenser m¢y , in kg/s, will be as

shown in Formula (8):

_ Qinput, ST — PST shaft

Mey = (8)
cw Cp XA'&CW
where
: is the heat input energy of steam turbine, in k]/s;
Qinput, ST
Porshaft 1S the shaft power output of steam turbine, in kW;
b is the specific heat capacity as function of the average temperature

Bew outlet T Pcw inlet
2

, inkJ/(kg K).

In cgse of cooling by means of seawater the salt content shall be-analysed and considered for
calcylation of c,.

If the test boundary requires correction to base reference conditions including cooling| water inlet
temperature and cooling water inlet mass flow to the condensér)(e.g. in case that cooling water pumps
are qutside the test boundary) the correction to base reference conditions can be made by means of a
corr¢cted cooling water temperature (instead ACp14 and ACg14 of 8.2.4), as shown in Formyla (9):

Mew
P =1 S L
CW inlet, equiv CW outlet, meas -

X (0CW outlet, meas ~— Bew inlet, meas ) 9)
Mew , ref

where

. . - . o
W inlet, equiv 1S the equivalent cgoling water inlet temperature, in °C;

. . : .
eW inlet meas 1S the measured inlet cooling water temperature (upstream condenser), in °C;

9 is the measured outlet cooling water temperature (downstream cond¢nser), in °C;
CW outlet, meas

Mew is the determined cooling water flow into the condenser, in kg/s. See Formula (8);

X is the cooling water flow at reference conditions, in kg/s.
MCW, ref

6.9.3 Cooling water pump performance curves

In gejneral, the pump performance curve package typically includes a “head vs. capacity” qurve, which
relates the measured head across the pump with the associated flow rate through the pump. In order
to use this method of determining cooling water flow, it is essential to use the pump performance
curve that has been developed for the specific pump by means of testing (either factory tested or field
tested in a controlled environment). In the event that a generic pump curve representing the general
performance characteristic of the pump (e.g. generic performance curve for a given model of pump),
then the resulting flow will have high uncertainty associated with it, which will need to be accounted
for in the uncertainty calculations. Using the performance curves, along with the measured head, the
water flow rate through the pump can be estimated.

The head across the pump may be determined as shown in Formula (10):

Head = hpump= hdischarge + Relevation *+ Mvelocity (10)

where
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hdischarge  is the head corresponding to the pressure measured at the discharge of the pump, in m;
helevation 1S the head corresponding to the elevation of the pump discharge from the water surface
level, in m;
hyelocity is the head corresponding to the velocity (kinetic energy) at the discharge of the pump, in m.

Once the head is determined, the flow through the pump can be obtained from the “head vs. capacity”
curve. In most cases, the cooling water pumps supply water not only to the condenser, but also to
auxiliary cooling equipment. In such cases, the flow to the auxiliary cooling system shall be determined
and subtracted from the estimated pump cooling water flow in order to determine the cooling

water flow fo the condenser, which increases the uncertainty involved with this calculation me hod.

Additional yincertainty associated with the auxiliary systems will need to be accounted for ‘in the

uncertainty|calculations.

6.9.4 Direct flow measurement

Direct flow measurements of cooling mass flow can be performed using ultrasenic or pitot tube|flow

measuring devices.

Due to the lprge pipe diameters of the cooling water pipes these measurements can be afflicted [with

large measuring uncertainties.

6.10 Measurement uncertainties

The purpos¢ of conducting test uncertainty analysis is to che¢k the quality of the test. The outcome is

a range of vialues, usually expressed as the measured test results plus or minus a certain percentage,

within which the true test results should lie.

The application and the use of overall uncertainty~figures to the final performance test resultf are

outside the g§cope of this document, as these are primarily contractual considerations and rationalization

should be agreed prior to the tests.

Each value pntering into the computation of the test results is liable to some degree of uncertginty,

depending gn the quality of the measuring instruments and the conditions of the measurement{ The

test result iy therefore subject to a,degree of uncertainty depending on the combined effect of all the
errors of mgasurement.

The uncertdinty of any measurément can be assessed as follows:

a) from me¢asuring recomimendations and standards;

b) from thg accuracy)classes of the measuring instrument or measurement chain;

c) from thg accuracy of calibration of measuring instrument of transducer;

d) from the—infHuence of unavoidable installationwncertainty—which-isintroduceddue toactual
installation outside laboratory conditions. Loop calibration can be used to consider installation
uncertainties as systematic uncertainties within the signal path, see Table 3;

e) from general measurement experience;

f) from fluctuation general conditions.
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Table 3 — Indicative method to minimize systematic installation uncertainty

Method Recommendations

Calibrated temperatures in thermo-wells

devices (RTD) is inserted properly in the thermo

— Assurance that thermocouple or resistance temperature

well.

Calibrated pressures and differential pressures

tests should be measured and the offset from cal
zero point should be corrected.

of transmitter type.
— Consider as exactly as possible the correction

teg{ifappticabte):

— Zero point measurement before thermal performance

— Check if pressure line calibration is required depending

ibration

for water

CaliH

rated barometric pressures

location in high ambient temperatures areas.
— Position of barometric pressure transniitters
level as the GT shaft.

— Consideration of possible transmitter drifts'due to

at the same

Due fo the many variables involved, the assessment of the measuring uncertainty shall pbe made by
calcylation on a case-by-case basis.
The fotal absolute uncertainty, U, of one measurement i will be built as sum of square| root of the
unceftainty portions of systematic and random uncertainties, asigshown in Formulae (11) and (12):
2 2 2 2 2
Ui =\/Usystematic,i +Urandom,i =\/(Ucalib,i +Uinstalll,i) . +Urand0m,i (11)
systematlc
— U
U, (x;)===100 (12)
Xj
whertte

systematic,

J

calb, i is the absolute calibration uncertainty of x; ;
U install i is the absolute installation uncertainty of x; ;
]r:mr]nm i isthe ahenliute randam nnr‘nri’qinfy of vl I/ Typn A nnr‘nrfninfy aginacce

is the mean absolutevalue of measurement i;

is the relativefotal uncertainty of mean value x; ;

is thecabsolute systematic uncertainty of Z at 95 % CI (confidence l¢
uneertainty in accordance with ISO 2314:2009;

ISO 2314:2000.

The random uncertainty is determined as shown in Formula (13).

U

random,i

where

=kX

go
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is the 95 % CI (confidence level);

is the standard deviation of mean value )?l- ;

is the number of readings.

This document uses the same philosophy as ISO 2314:2009, Annex A, where the total uncertainty is
calculated from the root sum square of the systematic and random uncertainties.

The impact of spatial effects to the total uncertainty can be accounted for in the installation

uncertainty

term.

Fora functi(Ln y=f(x;) theuncorrelated uncertainty is calculated as shown in Formula (14):

Uc(y)

And correlag

Uc(y)

where r()?

with-1<r

The expresg

6.11 Maxil

In order ach
measuring i

Table

N

ed input quantities are calculated as shown in Formula (15):

N-1 N

(523, 3 Sr(xm o
11]1+1

X ;

] is the correlation coefficient between x and x ahd

xi,xj) < +1 (or r(xl

f(Xio)~f

,)?j) = 0 for independent relation between x; and x ).

(1,0+6)|. .
‘ is the sensitivity coefficient.

las|

%]

ion
o)
mum allowable uncertainties

ieve test results with highest possSible accuracy the maximum permissible uncertaint
hstruments in accordance with Table 4 shall be fulfilled.

4 — Maximum allowable uncertainty of instrumentation for primary variables

(14)

(15)

es of

Primary variables: individual Max. Min. number of
. . . Notes
instrument or parameter uncertainty stations
Barometric }I)ressure 0,05 % 2
INT(0,3 x A 0,64) or
Ambient tenjperature‘at GT +0,2 K 2 per inlet, which- |A = Area of total inlets m?

ever is higher

Ambient rela

tive humidity at GT +2,0 % points 1

Ambient temperature at cooling tower

INT(0,325 x A0,33)
or 2, whicheveris
higher

+0,2 K A = Area of total inlets m2

Ambient temperature at air cooled

one temperature

10,2 % measuring point
condenser
per two fans
Electrical power meter +0,2 % 1 Measurement of gross or net
power output
Current transformer £0,2 %2 1 Measurement of gross or net

power output

a

regulations.

Accuracy class: in certain cases an exception to the accuracy class requirement can be allowed for specific country
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Table 4 (continued)
Primary variables: individual Max. Min. number of
. . . Notes
instrument or parameter uncertainty stations
Voltage transformer £0,2 % a 1 Measurement of gross or net
power output
Electrical power meter (aux) +3,0 % 1 Measurem_ent of auxiliary power
consumption
Current transformer (aux) +0,5 % 1 Measurem_ent of auxiliary power
consumption
M tof auxili
Voltdge transformer (aux) +0,5% 1 casuremento auxiliary power
consumption
Grid|frequency/shaft speed +0,25 %
Gas fuel pressure +0,25 %
Fueltemperature +0,2K

Minh2-differential pressure
Fueljmass flow +0,5 % 1 transmitters in case|of
throttling device

Oil fiel heating value +1,0 % 1

Gas fluel heating value +0,5 % 1

Process steam temperature +1,0K 2

Prodess steam pressure +0,3 % 1

Process water temperature +1,0K 2
Min. 2 differential pressure

Steapn/water mass flow +0,5 % 1 transmitters in caselof
throttling device

ST backpressure +0,05 % 4

EeorE; zilsgrceooling inlet water £0,2K 1

Condenser cooling water mass flow {+4;0 % 1 See 6.9.1

Wind velocity +1,5 % 1

a  Accuracy class: in certain cases-dn exception to the accuracy class requirement can be allowed for spgcific country
regulations.

6.12 Calibration

All special temporarily installed instruments shall be strictly controlled and calibrated at the intervals
specified. This)calibration shall be carried out in calibration laboratories that are certified e.g. in
accordanceswith ISO/IEC 17025 or equivalent to a relevant International Standard. Tracdability shall
be infaceordance with ISO/IEC 17025. Each measuring and recording instrument shall be prjovided with
a valid-valibration certificate. The calibration certificates of the temporary installed, mepsuring and
recording instruments shall be provided to all concerned parties before starting the performance test.

This document does not restrict the duration for which the calibration of an instrument is valid. The
validity of the calibration of measuring and recording equipment should be defined by technical
judgement based on handling, the required accuracy of the instruments, environmental criteria,
stability of instrumentation, practical applications in accordance with project schedules, checks on
site by means of zero point measurements for pressure transmitters or reference temperatures. In
addition, certified calibration laboratories can be asked for guidance on the definition of the validity of
the calibrations. The applicable instrumentation should be subject to special care in order to prevent
damages and effects on calibration.
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7 Execution of test

7.1 Base reference conditions

7.1.1 Gen

eral

The base reference conditions are the conditions at which the performance parameters are specified.
These conditions are dictated by the applicable test boundary and adjustments are made to the
performance parameters for any deviations between the test measured boundary conditions and the
base reference conditions. Reasonable effort should be made to conduct the test at these base reference

conditions grastloseaspossibtetothebase reference tomditionsmordertommimimmizetheeffact of
corrections| Table 5 provides a general list of the typical base reference conditions applicable [for a
variety of combined cycle and co-generation power plants. Note that the test objectives define the¢ test
boundary cpnditions, which, in turn, define the applicable base reference conditions. As such, npt all
parameters|listed in Table 5 will be applicable for a given combined cycle power plant,
Table 5 — Typical base reference conditions
Base reference parameter Units 2

Ambient temperature °C

Ambient pressure bar’

Ambient relative humidity %

Grid frequency (or speed) Hz

Power factor (cos @) —

Fuel composition (C/H ratio) mol% or mass%

Heating value kJ/kg

Fuel supply temperature °C

Tlhermal export energy (in the form of steam or water) Kk]/s

Tlhermal export steam pressure (absoltite) bar

Secondary heat input K]/s

Process return / make up temperature °C

Boiler blowdown kg/s

Clondenser pressure (absolute) bar

Ciirculating coolingwater temperature °C

Circulating cooling/water flow kg/s

Alir heat sink temperature b °C

Wind velagity ¢ m/s

Maketup water kg/s

Auxiliary load d kW

a  Recommended units of measure in SI. Parties involved in the test may choose to use different

set of units.

b For combined cycle power plants with air cooled condenser within the test boundary, the air

heat sink temperature would be the ambient dry bulb temperature measured at the air cooled

condenser. For combined cycle power plants with cooling tower within the test boundary, the air

heat sink temperature would be the ambient wet bulb temperature measured at the cooling tower.

¢ For plants with air cooled condensers within the test boundary, all reasonable efforts shall

be made to conduct the test with wind velocity below 5 m/s, unless wind conditions at the site

are predominately higher than 5 m/s, in which case efforts should be made to undertake the test

at typical site conditions. As long as the wind velocity is complies with these requirements, this

document does not require the application of a correction for wind velocity.

d  Out of scope auxiliary loads.
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7.1.2 Specified gaseous fuel

In case of natural gas, a typical list of fuel gas components is shown in Table 6. The mol% of the
individual gas components shall be the same as specified in the contract documents. For special
gaseous fuels other than natural gas (for example: synthetic gas), the appropriate gas composition shall
be specified. The fuel heating value shall be determined based on ISO 6976 at reference conditions of
15 °C and 101,325 kPa.

Table 6 — Fuel gas composition

Fuel gas component Symbol
Methane CHg4
Ethane CoHg
Propane C3Hg
iso-Butane i-C4H1o
n-Butane n-C4H1g
iso-Pentane i-CsHq2
n-Pentane n-CsHqp
neo-Pentane CsH1i2 NEO
Hexane+ CeH14%F
Nitrogen N2
Argon Av
Oxygen 07
Carbon dioxide COy
Carbon monoxide co
Moisture H,0
Hydrogen H»
Helium He
Hydrogen sulphide H>S
The €/H ratio shall be calculated based on the composition given above.
7.1.3 Specified liquid fuel
The base referencec€onditions should specify the type of liquid fuel and its heating value. Typpical fuel oil
analysis should ifichide the characteristics shown in Table 7.
Table 7 — Liquid fuel characteristics
Description Unit
Calorific value of fuel at 15 °C k]/kg
Density at 15 °C kg/m3
Specific gravity at 15 °C -
Sulfur, total mass %
Carbon, total mass %
Hydrogen mass %
Oxygen mass %
Nitrogen mass %
C/H ratio w/o CO2 mass % / mass %
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7.2 Preliminary test

Preliminary testruns are recommended. This will be an opportunity for confirming that the power plant
and main equipment are in suitable condition for the performance test, as well as verifying complete
data logging system, cycle isolation, and auxiliary load line-up and provides a “training” opportunity
for all parties involved in the performance tests. The preliminary test(s) should be conducted close to
the guaranteed or specified conditions.

The performance test can only be started after having checked the correct arrangement of the thermal
cycle, the correct functioning of the measuring instruments and equipment. Additional preliminary
tests may be conducted.

team
from
aged

In case of single shaft configuration of the combined cycle power plant, the gas turbine and\s
turbine power outputs cannot be measured directly. If there is a clutch for disengaging one turbine
the other, individual power output contributions can be determined testing sequentially, in eng

and disenga|
performanc

In this case

will take time for heating and achieving stability. After the CC test is completed, the steam tu
gaged and the gas turbine open cycle (OC) test conducted. Both«CC and OC tests shoulld be
conducted on the same day and with similar ambient conditions and powerfactor.

can be diser

The normal
load before
of time to al

7.3 Perfo

Having adjy
corrections

(see Table 8).

Stable plant
on the alloy
the perform
criteria wer
This would
rejected and

A test run

requiremen
Duratio

Plant o

ed mode (e.g. if a clutch is provided, the steam turbine can be disengaged tg-détermin
e of the gas turbine in open cycle).

the recommendation is to conduct the combined cycle (CC) test firstas the steam tu

method for disengaging the steam turbine would invol¢e Yeducing the CC load from
the clutch is disengaged. The GT load is then increased-back to base load. A suitable p
Jlow GT stabilization is necessary before the GT open‘cycle test can commence.

rmance test

sted the system as close as possible to~the base reference conditions to minimiz
used, the operation load of the plant shall be kept for stabilization of the combined

conditions should be maintained’/during the performance test; Table 8 provides guid

ance test, the test duratignycan be shortened to select a suitable period when the sta
e achieved. Available fuel)sampling should be considered if a shortened duration is t

would need to be.répeated.

is stopped when the requirements for a complete test run have been satisfied. ]
s are as folows.

I equal-or'greater than 1 (one) hour per test run.

e the

"bine
"bine

base
briod

b the
cycle

ance

rable limits for deviations in‘test parameters. If stable conditions are not achieved dyring

hility
hken.

heed to be agreed by(@ll parties. If a stable period cannot be determined the tests shoufld be

hese

h the

eration at base load and partload on the correct cycle for performance test, upon whic

ant o cnacifind o i c havualbany ~oloylarad

guarant

uncerta

Pay 1£3
CCS U SpPp ettt U CUTTUT U S a v C o Tt Carturateor

inty.

Number of readings during test run from handwritten data = 12.

Fuel sampling completed.

A sufficient number of readings have been taken within the test run to yield minimal random

Number of readings during test run from data acquisition system for primary variables = 60.

The amount of cycle losses within the water/steam cycle (unaccounted-for leakages) should be in
accordance with IEC 60953-2, which are in the expected range of 0,5 % of high pressure steam mass

flow at full 1
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7.4 Duration of test runs

Unless there is a specific contractual stipulation indicating otherwise, one test run of 60 min duration
shall be conducted for each guaranteed or specified load point.

7.5 Auxiliary equipment operation

The responsibility for the equipment influencing the auxiliary power consumption is specific to each
project. In general, only the auxiliary power consumption of the equipment that is in continuous
operation and absolutely necessary for power generation would be taken into account. The measuring
procedures shall therefore be adapted to specified conditions or guarantee cases. Intermittent or
outside test run operation of auxiliary equipment shall be accounted for.

The preferable method recommended in this document is to measure the auxiliary tetal load at the unit
auxiliary transformers (not necessarily at each auxiliary component) at high voltageé side|of auxiliary
trangformers. Provision of voltage transformers (VTs) (accuracy class 0,5 91better) and current
trangformers (CTs) (accuracy class 0,5 or better) should be available.

For gn example auxiliary consumption measuring test points, see Figure 9.

(®{measuring point

S

auxiliary power

{
power at common
generator auxiliary part
terminals and/or other
unit(s)

Figure 9 — Example of single line diagram for auxiliary consumption

7.6 Tests with inlet air heating system

If contracts require tests with “inlet air heating system ON” the compressor inlet air temperature is
inside the test boundary and shall not be considered for performance correction. However, if the
performance of the combined cycle will be affected due to effectiveness deviation from design of the
heating system and not by the gas turbine performance itself an additional test with the inlet air heating
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system out of service is recommended. This additional test gives the opportunity to allocate a technical
reason for a possible performance deviation of the combined cycle from expected or guaranteed values.

In case the performance test boundary requires measurements of compressor inlet temperature
downstream of the heating system, the number of temperature measurements shall be optimized
in such way that stratification of compressor inlet temperature can be detected with acceptable
uncertainty. In any case the uncertainty of the corrected power output and corrected performance of
the combined cycle plant increases and requires engineering estimation.

If the thermal performance guarantees are based on performance operation conditions without the
heating system in operation the anti-icing system should be deactivated. If there is no possibility to
switch the ding
additional t

4 4 ££ Jd _+ 1 £ 4 + Lo 4 L L | 4 £
1cauus D)’DLClll Ull dIIU LIIT PCI IUTIIIIdIitt LCol 11Ids tU U LdllTiItu UuUL, qsl CUIIITTIU Lcsa

lerances due to increased uncertainty should be considered.

7.7 Tests|with inlet air cooling system

base
test
kions

The performance test should be conducted consistent with the base reference conditions. If the
reference conditions include operation of the evaporative coolers, foggers or_chillers then the
should be cqnducted with the respective air cooling system operation, provided the ambient condi
are conducive to operating the cooling system.

If the ambie
operational
with the ev{
the test resy

nt conditions are such that e.g. the evaporative coolers canfiot be operated due to no
restrictions as per manufacturer operational guidelinesthen the test may be cond
porative coolers out of service and the appropriate correétion curves may be used to alti
1ts. Alternatively, the test may be conducted when thexambient conditions are conduci

r

mal

cted

just

ve to

evaporative|cooler operation.

7.8 Maximum permissible variation in operation‘conditions

Each observation of an operating condition shall notyary from the reported test average by more|than
the amount|specified in the following table. Although the listed parameters are not independerlt, no
single figur¢ of Table 8 shall be exceeded during.a'test run.

In case thaf, during the test run, someobservations of an operating condition vary beyond the
permissible|limits prescribed in Tables8;'the test run can be rejected. However, if the fluctuatipn is
limited in tyme and amplitude, it can-be agreed between parties to discard those readings showing
excessive dgviations and to accept.the test.

Table 8 — Maximum permissible variations in operating conditions
No. Parameters Measured value vs. | Testrun avergge
test run average vs. design or rdted
conditions

1 |Power qutpat 1%

2 |Power fpctor at generator(s) 2%

3 |Frequency at generator(s)/rotating speed +1% +1 %

4 |Temperature of gas 2 or liquid fuel, as supplied to the plant +3K

5 |Gaseous fuel pressure 1%

cps acc.to GT
a 0,

6 |Specific energy of fuel 2% specifications

7 |Fuel mass flow 1%

a  For gaseous fuels other than natural gas, the allowable variation shall be specified by prior agreement.

b Difference between the base reference condition and the average tested condition of a parameter.

¢ Storage vessel levels (usually as parameters inside the test boundary) do not have requirements for permissible
variation. However, it is recommended to observe all storage levels during stabilization and during the test period for
identifying and correctly evaluating unaccountable cycle leakages.
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Table 8 (continued)
No. Parameters Measured value vs. | Testrun average
test run average vs. design or rated
conditions b
Barometric pressure +0,5 %
9 |Ambient dry bulb temperature at GT inlet and heat sink 2K
10 |Ambient wet bulb temperature at heat sink 2K
11 |Wind velocity - <5m/s
12 |Process steam/water flows 5% +10 %
13 ||Process steam/water temperatures +3 K
14 ||Condenser cooling water flow +15 % +7,5 %
15 ||Condenser cooling water inlet temperature +1K 410 K
16 |Steam exhaust pressure for back pressure turbines 5%
(if applicable)
17 ||Storage vessel levels ¢ stability check by monitdring -
uniformly eontinuous threshgld during
stabilization and test pdriod
a  Hor gaseous fuels other than natural gas, the allowable variation shall be speeified by prior agreement.
b Difference between the base reference condition and the average tested cohdition of a parameter.
¢ Jtorage vessel levels (usually as parameters inside the test boundary) do not have requirements fdr permissible
variation. However, it is recommended to observe all storage levels during stabilization and during the tpst period for
identfifying and correctly evaluating unaccountable cycle leakages.

8 Calculation of results for absolute test

8.1 | General

The ¢orrected performance (power output, heat consumption and heat rate or efficiency) is|determined
using the averaged or integrated valueés from data measured during each single test run dnd applying
corr¢ctions as presented in this«dgeument.

8.2 | Correction to base reference conditions

8.2.1 General

The performanee‘parameters for a combined cycle power plant are typically defined at 3 set of base
referfence corditions, as explained in 7.1. However, the practical limitations of conducting a thermal
perfgrmance test will cause the boundary conditions measured at the time of the test to|be different
from| thé pre-defined base reference conditions. In order to compare the specified performance with
the actgal test measured performance of the plant, it is essential to adjust the measured gerformance
parameters (i.e. power output, heat rate and/or heat consumption) for the differences between the
base reference boundary conditions and the test measured boundary conditions. These adjusted
performance parameters are called “corrected” parameters. This adjustment may be achieved by means
of a set of correction terms or by means of an equivalent thermodynamic model representative of the
plant. The correction curves should depict the adjustment to be applied to the performance parameter.

This document recommends two approaches in order to determine the corrected performance of the
combined cycle power plant:

a) correction curve based approach, wherein a set of correction curves are used to determine the
corrected performance;

b) model based approach, wherein a model representative of the plant is used to determine the
corrected performance.
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8.2.2 Correction curves based correction approach

The following formulae should be used to determine the corrected performance of combined cycle
power plants.

To calculate the corrected power output, in kW, use Formula (16):

17

eas ><MCPl )+ ZACPi
i=2

P

C

P,

m

(16)

orr :(

where P ., is the power output determined by means of measurements in accordance with the test

boundary, in kW, e.g. see Formulae (20), (21) or (23), (24).

To calculate|the corrected heat consumption, in kJ/s, use Formula (17):

17

Qumeas XMCq1 )+ > ACq;
i=2

d heat rate, in k]/kWh, use Formula (18):

(QCOI‘I‘ )
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d efficiency, in %, use Formula (19):
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hrameters at base reference/values. Due to the inherent inter-dependencies between a
prameters, certain boundary parameters may have prominent secondary influence
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ction curves should encompass the expected boundary conditions at the time of the
ent does notrecommend extrapolating the correction curves. In the event that the aptual
ns are outside the range then the model shall be re-run. The curves may be presented as
1lae (e.g polynomials, logarithmic) or in a tabular format. In the event that a tabular format
, suffietent level of detail should be introduced in the tables such that the behaviour qf the

rately captured, and the parties involved should agree on the interpolation routine used to
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The correction curves may be plotted as either additive terms or as multiplicative terms. However, the
application of the corrections shall be in accordance with Table 9 and with Formulae (16) and (17). An
example for clarification is as follows: the ambient temperature correction curve for power output may
be plotted as a multiplicative correction curve; however, when applying the correction to the measured
power, the multiplicative correction should be converted into an additive correction prior to applying
the correction to the measurement. In this example, the multiplicative correction from the ambient
temperature correction curve should not be applied directly to the measured output without converting
it to an additive correction term. In such situations, the test procedure should include information on
converting a multiplicative correction term to an additive and vice versa.

The model used for generating the correction curves should, as far as is practical, be finalized prior
to the thermal performance test programme after procurement of all hardware to be installed and
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after final control specifications of the systems are available. A detailed studyl12] of the correction
method demonstrated that, as long as the plant behaves exactly as predicted by the corresponding
thermodynamic model, the curve based approach results are typically within 0,2 % (95 % confidence
interval) of the corresponding results obtained from a model based approach, with a maximum
observed error of 0,4 % in the population used in the detailed study. If the actual performance levels
of the plant equipment differ from the model predictions, then the maximum observed errors could
be higher. If the boundary conditions during the test require very large corrections that also point
in the same direction for the majority of parameters, the error introduced with the correction curve
methodology can be significantly higher. This method uncertainty should be accounted for in the test
uncertainty calculations. The model based approach is considered to be more precise relative to a

correction curve based approach (see 8.2.3).
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 understand the plant behaviour across the range of boundary conditions.

Thermodynamic heat balance model based correction approach
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minates the necessity of creating correction curves, which is a labour intensive proces
hermodynamic model multiple times in order to identify inter-dependencies of relatg
bles and then creating families of correction curves. Second, since the method automatic3
the inherent inter-depefidencies between boundary parameters, the method inherentl
ossibility of potentiallyymissing any inter-dependencies when generating the correction

representative model used for correcting the performance from test conditions f{
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(95 % confidence 1nterval) or better If the actual performance levels of the plant equlpment differ from
the model predictions, then the maximum observed errors could be higher. This method uncertainty
should be accounted for in the test uncertainty calculations.

The correction by means of the thermodynamic model is also recommended for combined cycle plants
with process steam and/or district heat (cogeneration combined cycle plants).

The model shall be representative of the plant being tested and should be in a programme format that
can be easily executed by all involved parties on their operating systems. Applicable documentation,
required to execute the model and confirm its validity shall be provided to the involved parties.
Furthermore, limitations of the licence for using the model, if any, in terms of time or scope, shall not
have any impact for both parties to evaluate the performance test. The model has to be frozen and
documented with test cases for verification.
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The following procedure may be applied between the parties involved in cases of agreement for
correction by means of the model based approach.

Preparation for documentation: development of sufficient heat balance diagrams in advance of

the performance test including variations of primary values which can be expected during the

Execution: immediately after the test run the correction should be performed using the same

model followed by a recalculation of the documented heat balance diagrams (fixed during the
preparation) under the witness of the relevant parties involved (preliminary calculation).

a)

performance test.
b)
c) Reporting

Deviati

fuel analysis).

ipns in results from preliminary calculation shall be technically justified (e.g. due“to

8.2.4 Boundary parameters for correction

Regardless

pf the correction approach used, the boundary parameters for which\correction to

reference cqnditions may be applied are summarized in Table 9.

Additional dorrections, beyond those summarized in the table, may be applicable for certain typ
plant layouts. As such, the introduction of additional correction parameters’is not prohibited proy

that their application can be technically justified.

Table 9 — Summary of applicable correction to base reference conditions

odel.
final

base

es of
rided

Correftions e f Boundary parameter
Type of . . .
. requiring correction and
correction b d C
Power outout Fuel heat (additive/ type of beundary omments
pu input multiplicative) parameter-(controllable/
uncontrollable)

MCpq MCq1 Multiplicative @ | Ambjent pressure Ambient pressure measured at the

(uncontrollable) vicinity of the primary rotating
equipment (e.g. gas turbine
centre-line).

ACp2 ACq2 Additive Ambient temperature Air temperature measured at the
(uncontrollable) inlet to the primary rotating

equipment (e.g. gas turbine inlef).

ACp3 ACq3 Additive Ambient relative humidity |Ambient air relative humidity
(uncontrollable) measured at the inlet to the prithary

rotating equipment (e.g. gas turpine
inlet).

ACpa A€p4 Additive Fuel supply temperature |At the test boundary.
correction (uncontrollable)

ACps ACqs Additive Fuel composition Accounts for differences betwegn
Lanecantrallahla) tact fuanl comnacitingy and wafay nce
funeentrellable) testfuel compositionandreferen

fuel composition. This correction is
multivariate and varies by fuel.

corrections will not apply.

b ACp7 and ACq7 are typically used together.

a  This document recommends ambient pressure correction to be treated as a multiplicative correction term; however,
users of this document have the option to treat it as an additive correction term.

¢ This document recommends performance degradation correction to be treated as an additive correction term;
however, users of this document have the option to treat it as a multiplicative correction term.

d  The contractual agreements between the parties should define the period when the equipment is considered as new and
clean and state if performance corrections due to degradation are permitted, when equipment is tested beyond this period.

e For correction terms 9 to 16, for a given correction i, usually either ACp; or ACq; will be used, but not both.

f For correction terms 12 to 16, not all corrections will apply at the same time. Depending on the test boundary, certain
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Table 9 (continued)
Corrections ¢ f Type of Bm_u}dary parar_neter
. requiring correction and
Fuel heat corre_c_t lon type of boundary Comments
Power output| ~ (additive/ arameter (controllable/
input | pytiplicative) |P
uncontrollable)

ACpg ACqs Additive Grid frequency (uncon- Correction shall be weighted in case
trollable) of multiple generators.

ACp7 b ACq7 b Additive Measured power output Used to account for differences be-
different from target tween measured power output and
power Uutput (LUlltl U}}alulc) tar gct power Uutput. A plicable for

part load combined cycle tests and
tests with supplementaty firing in
operation.

ACpg ACqs Additive ¢ Performance degradation |Refer to 6.2!

d (uncontrollable)

ACpg — Additive Power factor Accountsfor differenceq in the

(controllable) measured and base refefence power
factor. Typically determfned based
on the power factor medsured at
generator terminals
(e.g. see Annex C).

ACp10 ACq10 Additive Thermal efflux (control- |Energy leaving test bouhdary in the

lable) form of steam and/or whter that
has an impact on power|generation
(e.g. process extraction,|blowdown
flows, drain leakages).

ACp11 ACq11 Additive Secondary heat inputs Energy entering or leaving the cycle
(uncontrollable) in the form of steam and/or water.

(e.g. Process return water, make-up
temperature, steam supplied from
external source).

ACp12 ACq12 Additive Low pressure steam Applicable when the hedt sink
turbine exhaust pressure |system is excluded fronj the test
(uncontrollable) boundary.

ACp13 ACq13 Additive Cooling water temper- Used in cases wherein thhe condenser
ature at the inlet to the is the heat sink boundarjy, with cool-
condenser (uncontrollable) |ing water crossing the bpundary.

ACp14 ACQ14 Additive Cooling water flow at the |Used in cases wherein tile condens-
inlet to the condenser er is the heat sink boundary, with
(uncontrollable) cooling water crossing the bound-

ary. Cannot be used if the cooling
water pumps are in the fest bounda-
ry (optional Formula (9] can replace
this correction)

corrections will not apply.

b ACp7 and ACq7 are typically used together.

a  This document recommends ambient pressure correction to be treated as a multiplicative correction term; however,
users of this document have the option to treat it as an additive correction term.

¢ This document recommends performance degradation correction to be treated as an additive correction term;
however, users of this document have the option to treat it as a multiplicative correction term.

d  The contractual agreements between the parties should define the period when the equipment is considered as new and
clean and state if performance corrections due to degradation are permitted, when equipment is tested beyond this period.

e For correction terms 9 to 16, for a given correction i, usually either ACp; or ACq; will be used, but not both.

f For correction terms 12 to 16, not all corrections will apply at the same time. Depending on the test boundary, certain
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Table 9 (continued)

users of this d
b ACp7and

This doc
however, useq

d  The conty
clean and stat]

C

e  Forcorre

f  For corre
corrections wj

Corrections ¢ f Boundary parameter
Type of Qs .
. requiring correction and
correction
p tout Fuel heat (additive/ type of boundary Comments
ower outpu input multiplicative) parameter (controllable/
uncontrollable)

ACp1s ACq1s Additive Air temperature at inlet Captures the effect of ambient
to the cooling tower or conditions at the cooling tower or
the air-cooled condenser |air-cooled condenser.
(uncontrollable)

ACP16 ACle Additive Witrd vcluuity atintetto Ysedfor p}auta withair-cooted
the air-cooled condenser |condenser when wind velocity is
(uncontrollable) above 5 m/s.

ACp17 ACq17 Additive Auxiliary loads or excess Used to account for irregular, cyfcli-
auxiliary loads, thermal cal, intermittent, or @uxiliary lopads
and electrical (controllable) |not included in thebase referente

conditions.
a  This docyment recommends ambient pressure correction to be treated as a multiplicative\correction term; however,

ocument have the option to treat it as an additive correction term.
ACq7 are typically used together.

iment recommends performance degradation correction to be treated as an additive correction
s of this document have the option to treat it as a multiplicative corréetion term.

actual agreements between the parties should define the period when the equipment is considered as ney
e if performance corrections due to degradation are permitted, When equipment is tested beyond this pe

Ction terms 9 to 16, for a given correction i, usually either ACpi or ACq; will be used, but not both.

ction terms 12 to 16, not all corrections will apply at the'same time. Depending on the test boundary, cd
ill not apply.

[erm;

v and
iod.

rtain

8.2.5 Des

8.2.5.1 Gg

A more det:
applicability
all listed cof

cription of corrections to base reference conditions

tneral

hiled description of the test\boundary correction terms is summarized in 8.2.4 and
[ is explained in 8.2.5.2(t0"8.2.5.18. This document does not recommend the applicati
rections in Table 9 and instead proposes that these be agreed between the parties.

8.2.5.2 Ambient pressure{MCp1, MCq1)

The ambien
within the ¢
plant. In paf
and the fuel
cycle plant i

[ pressure meéasured at the centre-line of the primary rotating equipment (i.e. gas tur
ombined.cycle power plant has a significant and direct influence on the performance

their
on of

bine)
f the

ticular,the impact of ambient pressure is a linear one-to-one influence on the power o

5 treated as a multiplicative correction term.

tput

input'to the combined cycle plant. As such, the effect of ambient pressure on the combined

¥

8.2.5.3 Ambient temperature correction (ACp2, ACq2)

The ambient temperature at the inlet to the primary rotating equipment in the combined cycle plant
has a significant influence on the plant performance parameters. Typically, the ambient air dry bulb
temperature is measured at the inlet filter house of the gas turbine.

8.2.5.4 Ambient relative humidity correction (ACp3, AC3)

The ambient relative humidity measured at the inlet to the primary rotating equipment, typically in
the gas turbine inlet filter house, has an appreciable effect on the combined cycle plant output and
heat consumption. In particular, when a plant is equipped with an inlet cooling system, such as an
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evaporative cooler or an inlet fogging system, the influence can be significant. Typically, this curve is
provided as a family of curves at various ambient temperatures

8.2.5.5 Fuel supply temperature correction (ACp4, ACq4)

This correction accounts for deviations between the fuel supply temperature at the test boundary and
the corresponding base reference fuel supply temperature. Typically, the fuel temperature is measured
upstream of any conditioning device such as pre-heating. However, there may be situations where in
the test boundary measurement is required excluding fuel pre-heating (such as a dew point heater).

8.2.5.6 Fuel rnmpncifinn correction (AFPE AFQS)

This|correction adjusts the plant performance parameters for deviations between the‘bage reference
fuel ¢omposition and the test measured fuel composition. The test fuel composition i§ typicqlly obtained
by tdking fuel samples at pre-determined intervals during the test and having a laboratory analyse the
samples.

8.2.3.7 Grid frequency correction (ACpg, ACqe)

This|correction accounts for the performance impact perceived by the.turbine generators when the grid
frequency deviates from the base reference frequency. Plant performance is very sensitive to changes
in frequency, therefore the tests should be conducted when thegrid frequency is most stable.

8.2.3.8 Measured power different from target power(4Cp7, ACq7)

Wheh the objective of the test is to operate a combined-\cycle plant at a predetermined powr output by
vary|ng the gas turbine load (e.g. part load tests) or\varying supplementary firing (e.g. duct| fired tests),
due fo practical limitations, the test measured o@tput will never be exactly equal to the dgsired target
poweér output. In such situations, the ACp7 correction is used to adjust the measured powger output to
the target power output. While doing so, the plant heat rate and heat consumption will [be affected.
As syich, the ACq7 correction should be used to adjust the plant heat consumption, wheneyer the ACp7
corr¢ction is used. These corrections shall always both be used together. See Clause 9 ¢n part load
testihg of combined cycle plants.

8.2.3.9 Performance degradation (ACpg, ACqg)
Refer to 6.2.

8.2.9.10 Power factor correction (ACpo)

As the powerAfactor deviates from the base reference power factor, the losses in the generptor change.
The power<factor at which a generator operates is typically dictated by grid demand. In situations
wherte the/power factor cannot be set equal to the base reference value, an appropriat¢ correction
should’be applied in order to correct the performance from the test measured power factof to the base
reference vatueTypicatty, this torrectiom s apptied om a per-generator basis, and the summation of
all the corrections to each generator equals ACpg (see Annex C). In certain rare cases (e.g. “flat-rated”
plants), it is possible that the power factor adjustment may be applied to the fuel input instead of the
power output. In such rare cases, the correction should only be applied to the heat input and not to the
power output.

8.2.5.11 Thermal efflux correction (ACp10, ACq10)

Steam and/or water energy leaving a combined cycle power plant test boundary is referred to as thermal
efflux. Power output and heat rate are typically specified at a base reference thermal efflux. Given that
actual operating conditions also due to external parameters will cause the actual thermal efflux to be
different from the base reference thermal efflux, it becomes essential to adjust the power output and
heat consumption for differences between the base reference thermal efflux and the thermal efflux
measured at the time of the thermal performance test.
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Thermal efflux includes, but is not limited to, the following.

a)

Water/steam energy exported out from the plant test boundary for purposes other than power

generation (e.g. process plant, district heating, desalination). The correction for this thermal
efflux case can be only considered in conjunction with the generation of electrical power output
by means of a steam turbine. Otherwise this thermal efflux should be regarded as an expected or a
guaranteed value (see example in Figure 7).

b)
‘)

Water/steam blowdown from the drums in the steam generator.

Water/steam passing drain valves that cannot, otherwise, be isolated.
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o the practical limitations involved with measuring blowdewn flows. The unaccounte
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e able to determine the true thermal performance of.a combined cycle plant, it is essg
isolate the Rankine cycle portion of the plant tg’ensure that all steam passes thr
irbine. In situations where it is not possible to.attain the desired level of cycle isolg
cramme should be temporarily halted and cyele isolation issues should be identified
rior to continuing with the test programime. Alternatively, the concerned parties
oceed with the test programme by agreeing to an appropriate correction for the inabil
pd levels of cycle isolation. If this is the case, the correction will be treated as thermal 4

hduction of the test, the test results should be corrected for deviations from base refej
" each thermal efflux term. The'summation of all these corrections will equal ACp1¢ (or A

condary heat input(ACp11, ACq11)

heat input into the-plant test boundary besides the primary fuel is considered as secon

to the cycle. Examples include make-up water, steam supply from an external sourcq
h] heat recoveéry. This correction may be used to represent the return portion of a thd
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w_pressure steam turbine exhaust pressure (ACp12, AC12)

This correction applies when the test boundary terminates at the exhaust of the low pressure steam
turbine. The condenser and the rest of the sink system are typically excluded from the test boundary.
For this particular situation, the correction is applied to the plant performance parameters based on
the pressure measured at the exhaust end of the low pressure steam turbine.

8.2.5.14 Cooling water temperature at the inlet to the condenser (ACp13, ACq13)

The temperature of the circulating cooling water supplied to a surface condenser has an influence
on the condenser pressure and hence the steam turbine output. When the test boundary includes the
surface condenser and the base reference conditions call for a reference cooling water temperature at
the inlet to the surface condenser, a correction is applied in order to account for deviations between
the measured cooling water temperature and the corresponding reference value. Example situations
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include plants where cooling water is supplied from a water body such as a sea, river, lake or a pond. The
temperature is measured as close as possible to the condenser, upstream of the condenser water-box.

8.2.5.15 Cooling water flow at the inlet to the condenser (ACp14, ACq14)

For plants where the surface condenser is within the test boundary, while the circulating cooling
water pumps and cooling towers (if applicable) are excluded from the test boundary, a correction can
be applied to account for deviations between the base reference circulating cooling water flow rate
and the actual circulating cooling water flow rate. The circulating cooling water flow determination is
addressed in 6.9. This correction should not be applied when the circulating cooling water pumps are

within the test boundary.
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) within the

8.2.3.18 Thermal and electrical auxiliary loads or excess auxiliary loads (ACp17, ACq17

N

This|correction is meantto capture irregular operation of auxiliary equipment and/or situgtions where

the power metering-doés not occur exactly at the intended test boundary.

Irregdular operation of auxiliary equipment includes situations wherein auxiliary equipmentt is included
in the test houndary, but was not operational during the test or vice versa. For certaih situations
whefein the.operation of auxiliary equipment is dictated by the operating conditions at{ the time of
the test;\this correction may be included in the respective boundary condition correctioh curve. For
exanjple) for certain HRSG designs, the LP economizer may include a recirculation pump that may or
may not be in operation depending on the ambient conditions and/or condenser pressure. In such a
case, the operation of the pump is typically included in the ambient correction curves and a dedicated
ACp17 correction is not applied.

When it is not practical to measure power at the test boundary, provisions at the generator terminals
may be used to measure the plant gross power output. In order to determine the power at the test
boundary, the auxiliary power, line/bus duct losses and transformer losses should then be subtracted
from this gross power output measurement. In such situations, the plant auxiliary power and
transformer losses may be treated as ACp17 corrections.
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8.3 Power output for combined cycle overall test

8.3.1 Measured power output

Calibrated power meters (three-phase four-wire or three-phase three-wire system) shall be used to
measure the three-phase power. The power meters shall be wired through a test plug if available to
station current transformers and station voltage transformers that are normally used for station or
tariff metering.

Some country codes dictate that temporary power meters can only be connected to the check meter.
Refer also to 6.7.2.3.

The definitipn of electrical power output to be verified may be given at different stations as indi¢ated
in Figure 10jand Table 10 depending on the test boundary stipulated by contractual scope or'guargntee
definition, ¢tc. The power may be measured at any station if properly equipped with’adequate
transformets and in conformance with the requirements of this document.

It is to be noted that design and nomenclature may be different to the terms used by gas turbine
manufacturgrs.

(Excitation) Plant Auxiliary Step-up Transformer Losses

G * * * ‘))% * To Grid

Figure 10 — Stations definition of electrical power

Table 10 — Station definitions for electric power measurement

Station
1

escription of measurement

v

ross electrical power at generator terminals. In case of dynamic excitation of the generator th
ower corresponds with the power at station 3.

xcitation power (static exciters).

lant auxiliagyzconsumption.

et electrical power low voltage side.

N |G| D | W

tep-uptransformer losses.

I
q
13
H
(ross electrical power output (minus excitation power for static exciters).
H
N
S
N

7 etelectrical power output high voltage side.

The net power output can be expressed for static exciters as shown in Formula (20):

Pnet = Pgross,meas _PEXC. _Paux,loss,SUM (20)
And for dynamic exciters as shown in Formula (21):
Pnet = Pgross, meas _Paux,loss,SUM (21)

where
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P Exc.

P

aux,loss,SUM
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is the measured active power at generator terminals, in kW;

is the field current (exciter) losses in accordance with Table C.2 step 25,

is the sum of auxiliary power and losses, in kW.

The sum of auxiliary power and losses is shown in Formula (22):

P

aux,loss,SUM

Paux + PL,BD +P0,TR,BAT +PSC,TR,BAT +Pcable losses

in kW;

(22)

where

D

aux
PL.BD
P0,TR BAT

PSC, TR BAT

Dcable losses

If the net power output is measured at the high voltage’side, which is identical with the c
defined reference or guaranteed power output, theé measurement result can be direc
corr¢ction to thermodynamic reference conditiofis as shown in Formula (23):

D —
1 net — P
wherte
D
net,meas

Dcable losses

The total net pow€routput for the combined cycle plant can be determined as shown in For

n

i=1

net,meas + Pcable losses

Pret= aneti

is the total auxiliary power of test boundary, in kW;

is the bus duct losses low voltage (LV) side, in kW;

is the no-load losses of transformer, in kW;

is the losses of transformer, in kW;

is the cable losses from step-up transformefiup to the electrical deliver

voltage (HV) side (line losses), in kW. Deperiding on the test boundary, th
be zero.

is the net power'output at tariff meter, in kW;

is the cable losses from step-up transformer up to the electrical deliver
voltage)(HV) side (line losses), in kW. Depending on the test boundary, th
be Zero.

y point high
is term may

bntractually
[ly used for

(23)

y point high
is term may

mula (24):

(24)

where

i isanindividual generator;

n isthe total number of generators of the test boundary.
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8.3.2 Power output corrected to nominal power factor

The power factor (PF), in general, can be determined using Formula (25):

P ..

PF = active (2 5)
2 2

\/P active +P reactive
where
P, ctive is the active power output, in KW;
P . is the reactive power output, in kVAR.
reactivg

The correct
generators i
correction i

8.3.3 Cor

Power outp
factors are

operation aipd are hence termed as uncontrollable factors. Due to this jnherent nature of a perfornj

test, it is ne
and the cort

In case of a
determined
applied to ¢
apply, while
the applicab

In case of ap

Formula (26
Peorr =(

corr

where

In the power plant. In situations wherein a more detailed determination of thepower f

r the
hctor

on for power factor, outlined in 8.2.5.10, can be obtained using generator loss clityes fa

5 desired or available, the formulation outlined in Annex C should be employed.

rected power output

hese
plant
ance
kions

it is affected by various factors during the conduct of a performance test. Some of {
controllable by normal plant operations, while others candot be influenced by the

cessary to correct the measured performance for differences between the test condi
esponding base reference conditions.

ill be
ly be

will
ed by

correction curve based correction approach theworrected electrical power output w|
using Formula (16). It should, however, be noted that not all corrections will necessari
very test. Depending on the test boundary @pplicable for a given test, certain factorg
the rest of the factors will not apply. Typically, the applicability of corrections is defin
le base reference conditions.

plication of the model based approach the corrected power output is expressed as shoyn in

):
P

meas

(26)

)x(Cp)

is theglobal correction calculated by the thermodynamic plant model (model based apprgach);

is)ithe calculated power output under base reference conditions, in KW; this value is

ca

meas

52

equivalent to the guaranteed power output or to the expected power output at BRC;

is the calculated power output under measured conditions, in kW;

is the power output determined based on measurements in accordance with the specific
test boundary, e.g. by means of Formula (20) or (21) or (23) or (24), in kW.

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=f9cde1ce9ad3aa43852f64a9fdff3194

8.4

ISO 18888:2017(E)

Heat rate for combined cycle overall test

8.4.1 Measured heat rate/measured thermal efficiency

The heat rate and/or efficiency for a combined cycle plant including gas turbine(s) can be defined either
on lower heating value basis or higher heating value basis. The base reference conditions will clearly
define the basis for the fuel gas heating value.

The heat rate, in k] /kWh, for the combined cycle power plant is calculated as shown in Formula (27):

(Qmeas )

LD

The {

whet

The f
6.7.3

20
194N J UUVU

meas (P )

meas
pfficiency, in %, for the combined cycle power plant is calculated as shown in Formula

(Pncas ) -100 %

meas —
( meas)

e

p is the electrical power at the test boundary, in kW;

meas
is the heat consumption of fuel input into the test boundary, in kJ/s. This i
heat consumption of the gas turbines and, where applicable, the heat consum
supplementary firing in the HRSG.

gmeas

uel flow and heating value can be measured using the instruments and methods outlin
3,6.8.2 and 6.8.3. In general, the fuel flow should be measured as close as possible to th

cons
that

iming the fuel (e.g. the fuel flow to the gas:turbine should be measured using a meas
s installed as close as possible to the ‘gas turbine, while the fuel flow to the HRSG eq|

suppJ:
Ifad

the f

8.4.2

Forny
on th
thet
sepa

Whe
perfy

ementary firing should be measuredas close as possible to the HRSG).

itional fuel consumption within'the test boundary e.g. dew point heaters, etc. has to be
1el flow shall be measured atithe plant entry (boundary) to account for these consume

Corrected heat rate./corrected thermal efficiency

ulae (18) to (19) are used to calculate the corrected heat rate and thermal efficiency
e plant layoutald the test boundary, the generic formulation should be modified sug
pst situation¢@alculation of partload corrected heat rate/corrected thermal efficiency
Fately in Clause 9.

h a model based approach is employed to determine the corrected heat rate, the cald
rofed in two steps. First, the corrected heat consumption (Q,.) is calculated §

(27)

[28):

(28)

ncludes the
ption of the

edin 6.7.3.2,
P equipment
iring device
uipped with

considered,
rs.

. Depending
h that it fits
s addressed

ulations are
s shown in

Form
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corr — (Qmeas )X(CQ )
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is the global heat consumption correction calculated using the thermodynamic plant model

(model based approach);

is the calculated heat consumption under base reference conditions, in kJ/s;
is the calculated heat consumption under measured conditions, in k] /s.

is the heat consumption of fuel input into the test boundary, in kJ/s. This includes the

heat

consumption of the gas turbines and, where applicable, the heat consumption of the supple-

mentary firing in the HRSG.

The correct

pd heat rate ( HR . ) is shown in Formula (30):

Q
HR o F ( CO”)-3 600 (30)
(PCOIT )
where P_,..|is the corrected power output determined using the model based approach under 8.3.3, in
kW.
8.5 Power output of steam turbine determination for combinedycle in single shaft
configuration
For single shaft plants equipped with a clutch mechanism to operate‘the gas turbine in simple or jopen
cycle withoyit engaging the steam turbine, the gross power output (PST’ngS) can be calculated [from
the gross power output measurement obtained by means of-a“combined cycle test and a gross ppwer
output meagurement from an additional simple cycle test, if feasible according to Formula (31):
T Gen,cE
PST,gross = PCC,gross _PGT,gross corrtoCCcond ™~ 1) (31)
Genr,GT

where

P grosh is the measured combined cycle gross power output, in kW;

PG erosk corr to CC cond is the measured gas turbine gross power output corrected to combined cycle

8 test'conditions, in kW;

NGen cC is’the generator efficiency during CC test, in %;

NGen GT is the generator efficiency during GT test, in %.
9 Partlqadtests
9.1 General

The part load test philosophy outlined in this subclause can be used to determine the following:

a)
b)

<)

corrected part load output;
corrected partload heat rate (or efficiency);

corrected part load heat consumption.

Any of the above mentioned parameters can be specified at a set of base reference conditions
corresponding to a particular part load condition, expressed as a fraction of plant baseload output or
gas turbine baseload output (or also expressed at either an absolute CC partload output, or absolute GT
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part load output). Typical part load operation of a combined cycle plant entails the gas turbine control
system modulating the gas turbine inlet guide vanes (IGVs) and/or the fuel valves, with the rest of the
plant following suit, in order to reach the desired plant power output. Since it is not always possible to
conduct the test at the exact reference conditions and the exact target load fraction (or absolute target
part load), the practical limitations of conducting such a test make it necessary to not only correct the
measured part load performance to specified reference boundary conditions, but to also adjust the
corrected performance for any deviation between the actual percent of base load (or actual absolute
part load) at which the test is ultimately conducted and the intended target percent load (or absolute
target load).

In general, it is expected that a part load test will have a higher uncertainty as compared to a base load

test ¢1 The same plant.

The

9.2

Since
powd{
outp
part
calcy
atth
part

Th

(or based on the absolute target part load) at the specified reference conditions using tl

First
part

whet|

partload test methodology presented herein is based on the following assumptious.

The desired combined cycle part load set point will be operated so that the control systg
tthe IGVs and the fuel supply automatically.

A baseload thermal performance test, in accordance with this docunrent, is conducted
part load test programme. The baseload test is used to determing’thie baseload corre
yhich is required to determine the target part load output if fraction of base load is req

1

q

pecific cycle or a thermal model is available and valid for the operating envelope.

Test set up and conduct

the partload heat rate is specified at a given set'of reference conditions that includes
r fraction (or absolute part load), it becomes essential that the test is set up such th4
it targeted during the test is consistent with the intended target part load fraction
load) at the specified base reference corditions. The required part load power output t
lated by using the corrected outputfrem the baseload test and the expected boundar
e time of the partload test. As such)the baseload tests should be completed prior to th
[oad tests.

lae.

calculate the partload output target at the specified reference conditions in case th
load is a fractien of the base load, as shown in Formula (32):

PPL,target,ref = fPL ><PCC,corr

m regulates

prior to the
cted output,
juired.

\ complete set of part load correction curves for the desire€d part load percent condlition of the

he partload
t the power
(or absolute
arget can be
y conditions
e conduct of

esired target test load should be determined based on the target combined cycle part load fraction

(H:
for

ne following

it the target

(32)

is the combined cycle target part load power output at the specifie

P
PL,target ref o : : . .
arget.re conditions, in kW, if part load requirement is in % of base load;

frL

Pcc corr is the combined cycle corrected baseload output from the baseload test

© IS0 2017 - All rights reserved

d reference

is the combined cycle target partload fraction at the specified reference conditions;

,in kKW.
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Next, determine the part load power output target at the testing conditions by reverse application of
partload corrections as shown in Formula (33):

P PL,targe

where

P PL,target, test

17
Ppy, target, ref — Z i ACPi
MCp,q

t, test —

(33)

is the combined cycle part load power output target at the test conditions, in kW;

Pl taredt ref 1S the combined cycle part load power output target at the specified referyence

rarsdh conditions, in kW;

MCp, is the combined cycle part load multiplicative correction based oncthe” expgcted
boundary conditions at the time of the part load test;

AC p; are the combined cycle partload additive corrections based on the'expected bourjdary
conditions at the time of the part load test in kW. Non-applicable corrections should
be set equal to zero.

In situation$ wherein the target part load fraction is specified as a fractionof the baseload gas tufbine
output, gas furbine-specific output correction curves will be required.and Formulae (32) and (33) are
updated, as shown in Formula (34):

PPL,target, ref_x = fPL,GT ><PGT,(:orr_x (34)

where

PoL, target, ref _x is the target partload at the specified reference conditions for gas turbine “x”, ip kW;

frL Gt is the target gas turbine part load fraction at the specified reference conditiofs;

Pt corrl x is the gas turbine “X{ corrected baseload output from the CC baseload test, in[kW.

e part lopd power output target-dt the testing conditions based on gas turbine part load cgdn be
Th t lopd tput t t-at the testi diti based turbi t load b
determined|as shown in Formula\(35):

9
PPL,target, ref _x _ZiZZACPi

PPL,target, test_x — (35)

where

PPL isthe gas turbine “x” pnrf load fnr‘gnf at the test conditions in kKA

J‘target, test _x 7 7
PpL, target, ref _x is the target partload at the specified reference conditions for gas turbine “x”, in kW;

MCp,q

ACp;

is the gas turbine partload multiplicative correction factor based on the expected

boundary conditions at the time of the part load test;

are the gas turbine part load additive correction factors based on the expect-
ed boundary conditions at the time of the part load test in kW. Non-applicable

corrections should be set equal to zero.

In cases wherein the gas turbines in the combined cycle plant are identical models, the test target load
can be calculated as an average part load target, and all the gas turbines can be loaded up equally.
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Once the test part load power output target is established, the combined cycle plant should be set and
operated at this desired target power output. The required target can be achieved by loading the gas
turbine(s) in such a manner so that the plant (or gas turbine) output at the test boundary location is as
close as possible to the target part load output at test conditions (PpL target_test)-

In order to minimize the application of corrections, it is advisable to conduct the part load heat rate
tests at the specified reference conditions or as close to those conditions as possible or practical. For
example, when executing a specified 75 % target part load test, it is desirable to set the plant exactly at
this target. However, this may not be achievable because of continuous changes in ambient conditions,
fuel composition, power factor, and other external parameters. A maximum deviation of 2,5 % from the
target plant part load at specified conditions is acceptable with minor impact to the test results.

The test boundary conditions should be monitored continuously for the duration of the
as thle test boundary parameters are fairly steady for the duration of the test, the target
the test run will remain unchanged. However, any significant variation in a boundaty ca
cause a corresponding variation in the target part load. As far as is practical, thepart load
be canducted at a time when the boundary conditions are as stable as possibte'to avoid an
chaniges in the target part load for the duration of the test. Test runs wherein.steep step ch
in the uncontrollable boundary parameters during the test run shall be avoided.

art load for
ndition will
test should
y significant
anges occur

iest. As long

9.3 | Correction method for part loads

The g
How
cons
diffe
char
rate
for v
asal

Given the nature of part load testing,-correction curves can be generated in two differe

One
the g
metH

For (
ambi
with
and

traditional ambiént-temperature correction curve and the load correction curve, which i

with

10 ¢

reneral correction formulation outlined in 8.2.2 can be adopted to calculate partload p
bver, due to the practical limitations associated with ‘the conduct of part load f{

Fences between the targeted test load and the actual test load. The load fraction haj
hcteristic with respect to the ambient temperature when plotted against the corresp
fraction. Since part load testing requires an-adjustment to the measured output and
hriations in the load from the targeted loadyit is essential that this correction curve H
pivariate function of ambient temperature.

method is to generate the curves by holding a constant the IGVs for all the correction ¢
ther method is to hold a constant part load fraction while generating the correction
ods yield similar results.

ombined cycle part loads controlled by means of gas turbine inlet guide vanes moc
ent temperature correction and the load correction can be plotted in a single chart, as
the inlet guide,vanes angle. This method simplifies the process of creating correg
the process ofiapplying the correction terms. Alternatively, two separate correction

ambienttemperature) can be used to arrive at the same result.

Calculation of results for comparative test

erformance.
est, special

deration needs to be given for adjusting the test measured output and heat rate (or effficiency) for

a bivariate
onding heat
or heat rate
e generated

nt manners.
urves, while
urves. Both

Jlulation, the
a trivariate
tion curves
curves (the
b a bivariate

10.1 General

The main objective of a comparative test is to measure the change in performance of the combined
cycle power plant (or a combined cycle package) due to degradation or plant/components upgrades or
modifications.

10.2 Comparative performance test uncertainty
For comparative performance testing a limit for the uncertainty of the test result should be defined.

It is recommended that the uncertainty of the comparative performance test result, expressed as the
uncertainty of the difference, should be no greater than 10 % of the expected change in performance
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(the parties can also assess a different threshold value due to the complexity of testing and/or the entity
of the change in performance). Both pre- and post-test uncertainty calculations are required.

For comparative performance tests, the uncertainty is more complex than for absolute performance
tests since the target result is the difference in performance rather than the absolute level. The
comparative test uncertainty is strongly affected by whether or not the same instrumentation is used
for both before and after tests, and by the sensitivities of results. As such, due consideration should
be given to how the sensitivities are established and what instrumentation is chosen for the testing
programme. Thus, the uncertainty values can have considerable variation.

with
psted
in an
htion

During the prepa
an uncertaipty = Fow 3 . & 3 5 - 6 e 5
uncertainty|may be a value as large or larger than the performance benefit to be verified resulting
inconclusivg test. In addition, the parties should realize that a cost/benefit analysis of the madific
and its comparative test should determine the scope, cost and required accuracy of the test.

ration phase, the parties should agree beforehand whether a test can be designed

a v

A sample of the evaluation of the uncertainty calculation is reported in Annex B.
10.3 Preparation for comparative test

10.3.1 Instrumentation

Typically, a
will result 1§
it is deemed
recalibrated
post-tests,
the same st

Agreement

grade instriimentation, and/or calibrated to known standards or not) that will be used for the

Permanentl
for reduced
of systemat

tests, providled also that the systemati¢;errors are known to remain constant in both pre- and

tests. In or
instrumentd
comparativg
prior to the

In some ing
conditions 1
itmay be ne
of instrume
Care shall b

romparative test conducted using the same test instrumentation for the pre- and post{
n comparative test results with lower uncertainty. By using the same instruments

that the systematic error for instruments used fox'both tests, if not affected by dr
, will approach zero for most cases. The same instriamentation should be used for pre
ut the use of different sets of instrumentation may be used provided they are calibrat
indards.

shall be reached on the type of instrumentation (e.g. existing station instrumentation|

 installed plant instrumentation:can be used for a comparative test due to the potg
effect of systematic error in the incertainty of performance differences. The reduced ¢
c error is achieved by using,the same instruments in both the pre- and post-modific

ler to ensure that that systematic errors associated with permanently installed
ition stay constant between the pre- and post-tests, the plant instrumentation use
e testing shall be calibrated before the pre-test and field verified using calibrated stang

truments systematic errors may not remain constant. Drift and sensitivity to am
hay be reasons for changing systematic error. To overcome this change in systematic g
Cessary-to‘upgrade some instruments prior to pre-test. Re-calibration or other mainter

post-tests. If anydrift is observed, then the associated uncertainty should be captured,

tests
tion,
ft or
- and
ed to

test
test.
ntial
ffect
htion
post-
plant
d for
ards

bient
ITor,
ance

hts during the outage would be a cause for systematic error to change and should be av

e taken with instruments that will be removed during the outage that they be replaced and

qlided.

: - A DL PR | o 4=l i b
used in the samemammer-imwhich TITCYy " WETT USTU 11T TIE pIre-test.

In particular, flow elements used to measure fuel input should not be cleaned or replaced during the
outage. Any maintenance operation should be done before the pre-modification test if the target of the
test is to measure the change in performance due to upgrades of modifications.

10.3.2 Preliminary activities and plant settings

It is common to do restorative action in multiple parts of the combined cycle power plants while it is in
an outage period. Examples of restorative action include special cleaning of the gas turbine compressor
and replacement of inlet filters or damaged gas parts, washing and checks on air cooled condenser fan,
cleaning of bundles of surface condenser, and checks for leakages in boiler and vacuum system. The
parties need to recognize the value of this additional restorative work, if out of the boundary of the
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