IEC TS 62862-2-1:2021-02(en)

IEC IEC TS 62862-2-1

o
®

TECHNICAL
SPECIFICATION

Edition 1.0 2021-02

N
s
0
’
I
O
SV
<2
O
NG
. ®)

Solar thermal electric plants — (<
Pant 2-1: Thermal energy storage systems Q@iaracterization of active, sensible
sy

tems for direct and indirect configur;gg‘bns
<



https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2021 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or
your local IEC member National Committee for further information.

IEC Central Office Tel.: +41 22 919 02 11

3, rue de Varembé info@iec.ch
CH-1211 Geneva 20 www.iec.ch
Switzerland
Abouf the IEC
The Ipternational Electrotechnical Commission (IEC) is the leading global organization that prepares and, ‘puljlishes
Internptional Standards for all electrical, electronic and related technologies.
About IEC publications

The t4

latest jedition, a corrigendum or an amendment might have been published.

IEC online collection - oc.iecich

Discover our powerful searchi engine and read freely
publications previews. With a subscription you will
have access to up to date content tailored to your needs.

IEC puiblications search - webstore.iec.ch/advsearchform
The apvanced search enables to find IEC publications by a
variety of criteria (reference number, text, technical
comm|ttee, ...). It also gives information on projects, replaced
and withdrawn publications.

Electropedia - www:€electropedia.org

chnical content of IEC publications is kept under constant review by the IEC. Please make-sure’that you haye the

all the
hlways

IEC Just Published - webstore.iec.ch/justpublished The world's leading online dictionary on electrotechrjology,

Stay yp to date on all new IEC publications. Just Published  containing mere than 22 000 terminological entries in English

detaild all new publlc_:atlons released. Available online and  gnd French, with equivalent terms in 18 additional langfiages.

once g month by email. Also krmown as the International Electrotechnical Vocdbulary
(IEV) online.

IEC Chistomer Service Centre - webstore.iec.ch/csc

If youlwish to give us your feedback on this publication or

need f
Centrg

urther assistance, please contact the Customer Service
: sales@iec.ch.



mailto:info@iec.ch
https://www.iec.ch/
https://webstore.iec.ch/advsearchform
https://webstore.iec.ch/justpublished
https://webstore.iec.ch/csc
mailto:sales@iec.ch
https://oc.iec.ch/
http://www.electropedia.org/
https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

-
S

IEC TS 62862-2-1

Edition 1.0 2021-02

ECHNICAL
PECIFICATION

“col@ur
inside

Sol
Par

ar thermal electric plants —
t 2-1: Thermal energy storage systems </Characterization of active, sen

systems for direct and indirect configurations

Sible

INTERNATIONAL

ELE

CTROTECHNICAL

COMMISSION

ICS 27.160

ISBN 978-2-8322-9320-1

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission



https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

-2- IEC TS 62862-2-1:2021 © IEC 2021

CONTENTS

O T T 1 I PP 5
LN I 2 1 1 L O 1 PN 7
1 ST e o] o 1Y OO PRPRN 8
2 NOrMative referENCES .. o 8
3 Terms and definitioNs ... 8
4 Symbols and abbreviated termMS .. ... 9
5 Thermal energy starage (TES) systems .10
5{1 Classification of TES SYyStemS . ..o O3 ...10
52 TES systems covered by this document ..o ...10
5J3 TES system limits ..o N ...10
54 KeY COMPONENTS ..ottt e ...10
6 Instrumentation and measurement methods............coooiviiii ... 11
6|1 GeNErAl. .. e ... 11
62 Flow rate measurements..........c.cooviiiiiiiiiniiini G e ... 11
643 Temperature measurements ... e e .. 11
6.3.1 Heat transfer fluid temperatures ...t ... 11
6.3.2 Wall temperatures ... ... e ... 12
644 Level measurements ... e e ... 12
65 Meteorological signal measurements ... ;8 e ... 12
6.5.1 Wind speed and direction ... ... i i .12
6.5.2 Ambient temperature ... ... 12
616 Data acquUIsSition ... T e ...13
7 |General requiremMentsSoN fESES ... .. i et ...13
71 GENEIAL. . A e ... 13
7)2 Test ProCedUIre. .. ..o s e ...13
7.2.1 LT =Y 1Y - | v PP PSP ... 13
7.2.2 Items to be included in the test procedure .........coooiiiiiiiii i, ... 14
7.2.3 Items to he'agreed between the parties ..o ... 14
713 Definition ofthe test included in this document ... ...15
7.3.1 GENEIAL .. e ...15
7.3.2 Test to determine the thermal efficiency of the storage system................... ...15
7.3.3 Test to determine the heat capacity of the storage system.......................... ...15
7.3.4 Test to determine the thermal losses of the storage system........................ ...16
7.3¢5 Test to determine the global losses of the storage system .......................... ...16
736 TCDt tU thCIIII;IIU thU VVd“ tUIIIpUIatUIU .......................................................... 16
7.4 TeSt DOUNAAIIES .. e 17
8  Storage system characterization (storage thermal performance and capacity) ............... 18

8.1 Thermal efficiency and storage capacity (storage thermal performance and
oz T o F= o1 | 4V I PSPPI 18
8.1.1 Test MethOdOIOgY ...uiieii e 18
8.1.2 Calculation ProCeAUIe .. ... e 19
8.2 Thermal losses of the storage system ..o 23
8.2.1 Test MethOdOIOgY ...uiieii e 23
8.2.2 Calculation ProCeAUIe .. .. .. e 23
8.3 Global energy losses of the storage system ...........coooiiiiiiiiii 24

8.3.1 GNBIAL e 24


https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

IEC TS 62862-2-1:2021 © |IEC 2021 -3-

8.3.2 Test MethOdOIOgY ... e 24
8.3.3 Calculation ProCeAUIe .. .. .. e 25
9 Verification ProCeAUIE. ... .o 25
TO eSSt re POt (FESUITS) et e 27
Annex A (informative) Thermal energy storage system types .........ccooviiiiiiiiiiiiiici e 28
A1 Thermal energy sStorage MOAES ... .o 28
A.1A1 LT o= = | P 28
A.1.2 Sensible heat storage ..o 28
1.3 Latent heat storage .28
A.1.4 Thermochemical energy storage .........ooveiiiiiiiiiii e N ...29
Al2 TES CONfiguUration .....couii e e ...29
Al3 Circulation of the storage medium...........ccoooiiiiiiiin Bl ...29
Anngx B (informative) Description of the main components of the active direct/indirect
TES using molten salts ...t ... 31
B|1 Storage media ..o R ... 31
B|2 Tanks and foundation..........ccoooiiiiiii S ... 31
B.2.1 TaNKS o LT ... 31
B.2.2 Foundations.......ccoooiiiiiiie ...32
B.2.3 INSUIATION ... e Y ... 32
B(3 Materials.... ..o A ...32
Bl4 PPNt N .33
B(5 P UMIPS e e .33
B|6 Heat @XChanger ..o e ettt e e e ...33
B|7 Safety and control system ..o @i ...34
B.7.1 GENEIAl .o e ...34
B.7.2 HTF and MSF leak detection system.........cccoeiiiiiiiiii e, ...34
B.7.3 Instrumentation .. ... . ...34
B.7.4 Freeze protection SyStem .. ..o ...34
B.7.5 Molten salt Valves ... ... 36
B.7.6 Blanketing SYStem ... ... 36
B.7.7 WeldingeCONtrol SYStem .. ..o ...36
B|8 MEltiNg Sy S O .o ...36
Anngx C (normative)” Data adquisition and treatment ...............coooiiiiiiii i, ...38
Ci1 Flowesignal measuremMeNnt ... ... ...38
Ci2 Temperature signals measurement ... ... ... 41
Anngx D\(informative) Documentation to be provided by the TES
g =Yl )= (o BT =T AT 0 o] ] 1= ...44
Annex E (Normative) Test e POt ... 46
710 [T Yo = o1 2 V78 48
Figure 1 — Agreed duration between two charges..........ooiiiiiii i 16
Figure 2 — General typical diagram of the system and test boundaries for indirect TES
LS 210=] 1 N 17
Figure 3 — General typical diagram of the system and test boundaries for direct TES
Sy S BIMIS e e 18
Figure 4 — Examples of criteria for comparison of the measurement (M) and the
FeferEnCe Value (RV ) ..o et 27


https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

-4 - IEC TS 62862-2-1:2021 © IEC 2021

Table 1 — List of symbols @and UNitS .......ccoiiiii e 9
Table 2 — List of subscripts, superscripts and abbreviated terms..................cooin. 9
Table 3 — Levels of confidence and associated coverage factors (Gaussian

QIS I DULION ) e e 26
Table C.1 — Critical range factor,f(nq), depending on the number of sensors, ng

E= 1 2= 11 = o] =S 39
Table C.2 — Outline of the steps to be followed to calculate the representative flow rate
(volumetric) for each time interval recorded ........ .o 40
Table C.3 — Outline of steps to be followed to calculate the representative inlet heat

trangfer fluid temperature for each time interval recorded ............ccoooiiiiiiiii i .43



https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

IEC TS 62862-2-1:2021 © |IEC 2021 -5-

1)

2)

3)

4)

5)

6)

7)

8)

9)

IEC TS 62862-2-1 has been prepared by IEC technical committee 117: Solar thermal elq
plan{s.Mt/is a Technical Specification.

INTERNATIONAL ELECTROTECHNICAL COMMISSION

SOLAR THERMAL ELECTRIC PLANTS -

Part 2-1: Thermal energy storage systems —
Characterization of active, sensible systems for
direct and indirect configurations

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
all national electrotechnical committees (IEC National Committees). The object of IEC is to premote interng
cd-operation on all questions concerning standardization in the electrical and electronic fields” To this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
Pdyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC-Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dea
may participate in this preparatory work. International, governmental and non-goverimental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with, the) International Organizati
Standardization (ISO) in accordance with conditions determined by agreemenht\between the two organizati

THe formal decisions or agreements of IEC on technical matters express; as/nearly as possible, an interng
cdnsensus of opinion on the relevant subjects since each technical €emmittee has representation frg
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N4
Committees in that sense. While all reasonable efforts are made to ensure that the technical content d
Pyblications is accurate, IEC cannot be held responsibl€ fof the way in which they are used or fo
misinterpretation by any end user.

In] order to promote international uniformity, IEC National Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in their(hational and regional publications. Any divergence be
anly |IEC Publication and the corresponding national or regional publication shall be clearly indicated in the

IE[C itself does not provide any attestation of‘conformity. Independent certification bodies provide conf
agsessment services and, in some areas,*decess to |IEC marks of conformity. IEC is not responsible fq
sgrvices carried out by independent certification bodies.

All users should ensure that they have‘the latest edition of this publication.
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members of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
expenses arising out of the -publication, use of, or reliance upon, this IEC Publication or any othe
Pyblications.

N¢ liability shall attach to IEC or_ifs‘directors, employees, servants or agents including individual experjs and

Attention is drawn to the Normative references cited in this publication. Use of the referenced publicati
indispensable for the*correct application of this publication.

Attention is drawnsto the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC ghall not be held responsible for identifying any or all such patent rights.
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The text of this Technical Specification is based on the following documents:

Draft TS Report on voting
117/119/DTS 117/127/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 62862 series, published under the general title Solar thermal electric
plants, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this date, the document will be

—

pconfirmed,
e Withdrawn,

—

bplaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates that
contains colours which are considered to be useful for the‘correct understanding of its
contents. Users should therefore print this document using a colour printer.

t
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INTRODUCTION

IEC TC 117 prepares International Standards (and other types of documents) for systems of
solar thermal electric (STE) plants for the conversion of solar thermal energy into electrical
energy and for all the elements (including all sub-systems and components) in the entire STE
energy system. These documents would cover all current different types of systems in the STE
field, as follows:

e Parabolic trough

e Solar tower

e Linear fresnel collectors

e Harabolic dish

e Any other type of system using thermal storage that is not connected to the grid-
The [documents define terminology, design and installation requirements; performpnce

measgurement techniques and test methods, safety requirements, and "powenquality” issugs for
eachl of the above systems.

In addition to those systems, there are several major components-that require standardizgtion,
such| as the storage media (oil, molten salt, ceramic, concrete, €tec.).
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1

This|document defines the requirements and the test methods for the charactefizatig
thermal energy storage (TES) systems.

This| document contains the information necessary for determining thecperformance
funcfional characteristics of active direct and indirect thermal energy storagée)systems basgq

sen

or tower central receiver technology with liquid storage media.

This|document includes characterization procedures for testing(energy storage system ch

and
the
and

2

The

consfitutes requirements of this document. For dated references, only the edition cited apy

For

amendments) applies.

IEC

IEC

IEC

sensjors

ISO
Inte

ISO

3

Use in practice of accuracy values
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SOLAR THERMAL ELECTRIC PLANTS -
Part 2-1: Thermal energy storage systems —

Characterization of active, sensible systems for
direct and indirect configurations

anpn

sible heat in solar thermal power plants using parabolic-trough colléctor, Fresnel coll

Hischarge, as well as reporting the results. Test performance requirements are given
instrumentation necessary for them, as well as data aequisition and processing met
methods for calculating the results and their uncertainties.

Normative references

ollowing documents are referred to in the\text in such a way that some or all of their co

undated references, the latest, edition of the referenced document (including

'S 62862-1-1:2018, Solar thermal electric plants — Part 1-1: Terminology
50584-1:2013, Thermocouples — Part 1: EMF specifications and tolerances

50751:2008, Industrial platinum resistance thermometers and platinum temper

mMmediate*measures of the precision of a standard measurement method

n of

and
don
bctor

arge
and
hods

htent
lies.
any

hture

6725-3,(Accuracy (trueness and precision) of measurement methods and results — Part 3:

A\

Terms and definitions

art 6:

For the purposes of this document, the terms and definitions given in IEC TS 62862-1-1 apply.

ISO and IEC maintain terminological databases for use in standardization at the following

add

resses:

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

ISO Online browsing platform: available at http://www.iso.org/obp
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4 Symbols and abbreviated terms

The symbols, units, subscripts, superscripts, and abbreviated terms shown in Table 1 and Table
2 are used in this document.

Table 1 — List of symbols and units

Name Symbol Units Observations
Confidence level %
Coverage factor FC - dimensionless
Critigal range factor f(n) - dimensionless
Enefgy E J or Wh
Masp flow rate m kg/s
Perfprmance n %
Powr P w
Storpge capacity o J or Wh
Storpge level %
Tempperature T °CorK
Timg t s
Uncértainty B The uni.ts are those of the variable to which|the
uficertainty refers
Veldcity v m/s
Volumetric flow rate VorQ md/s
Table 2 — List of subscripts) superscripts and abbreviated terms
Sgript Meaning
* Instantaneous value
AMH Ambient
C Charge
D Discharge
DCS Distributed control system
E Electrical
HTF Heat transfer fluid
i,j, k Numbering value
IN Inlet
ou Outlet
M, N Number of data recorded or representative
MSF Molten salt fluid
Q Flow meter number
RTD Resistance temperature detector
T Thermal
TES Thermal energy storage
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Thermal energy storage (TES) systems

Classification of TES systems

Thermal storage can be classified according to several different criteria:

For more details regarding the types of TES systems, refer to Annex A.

5.2

Thi
usi

Thermal energy storage mode: thermal energy supplied by the solar field may be stored as
sensible heat, latent heat, reaction heat or a combination of them.

Circulation of the storage medium: TES systems can be classified as active or passive.

System configuration: thermal energy storage systems may be direct or indirect.

TES systems covered by this document

s|document covers active sensible two-tank direct and indirect thermal storage systems
ng "molten salt"! as the storage media. The term "molten salt" shall be considered

synonymous with "solar salt" in any part of this document. Furthermoré) 'in the case of direct

sto

5.3

rgge, molten salts are also used as the HTF.

TES system limits

The poundary limits of the different TES systems covered in‘this document are described be¢low.

In the case of indirect systems:

a)
b)

In the case of direct systems:

c)
d)

Refer to 7.4 for the system boundaries diagrams.

5.4 | Key components

All
the

—

:I:e limit is the inlet at the HTF side of the heat.exchanger between the HTF and molten|salt.

the limit is the outlet at the HTF side of the heat exchanger between the HTF and mplten
splt.

—

t
t

e limit is the outlet side.of the TES: the outlet at the cold tank and the outlet at th¢ hot

Ee limit is the inlet side of the . JIES: the inlet at the cold tank and the inlet at the hot tgnk.
nk, when discharging the\TES.

the following-types of equipment, at a minimum, are considered as key components of the
rimal enetgy storage system:

srorage medium,

storage tanks,

piping,

heat exchangers (in the case of indirect storage systems),
electrical system,

control systems,

safety systems,

pumps and valves,

instrumentation: pressure gauges, thermocouples, flow meters, level gauges.

The description of "molten salt" is provided in Annex B.
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For more details regarding the components of a TES system, refer to Annex B.

The documentation that should be provided by the TES manufacturer/supplier is given in
Annex D.

6 |

6.1

nstrumentation and measurement methods

General

The following measurements in this Clause 6 shall be taken and recorded during testing.

6.2

The
belo

Duri
ens
and
shall

Whe
fluid

Flow rate measurements

flow meter to be used for the flow rate measurement should provide Type IB uncert

g instrument installation, special attention should be given to all‘the requirement
ring proper equipment functioning (e.g., respecting the length of straight sections upst

be defined by the supplier.

h the flow meter measures the volumetric flow rate in m3/sythe density of the heat tra

ainty

v 1 % in flow rate measurements within the heat transfer fluid working température rgnge.

5 for
eam

Hownstream from the flow meter, what direction the sensor should be facing, etc.), which

hsfer

which is a function of temperature, shall be calculated: For this, a temperature sendor is

instaflled as close as possible to the flow meter, but without preventing it from working properly.

The
syste

For
inlet
by th

Flow

m in time ¢ is measured in m3/s.

eliable measurement, at least two independent flow meters are required, located a
and outlet of the storage system. Furthermore, the minimal installation conditions req
e manufacturer should be respected.

rate measurement treatment shall be performed according to Clause C.1.

Temperature measurements
Heat transfer-fluid temperatures

nstantaneous temperatures of the heat transfer fluid are measured at time ¢, at a maxi

mea
may
sens|
the
inne

point, an analogical-digital conversion protocol is recommended.

ured atrthe closest point to the inlet or outlet of the test boundary. These tempera
be given-by any temperature measurement device, thermocouple or RTD, as long a
r part of the device is well within the fluid and is resistant to its contact, or, alternati
ensor is within the thermowell, and is also well within the fluid and is in contact wit

nstantaneous volumetric flow rate of the heat.transfer fluid ¥ or O which feeds the stdrage

t the
lired

mum

nce of 5 myfrom the inlet or outlet of the test boundary. If this is not possible, they are

ures
5 the
vely,
n the
ment

Instantaneous data shall be recorded by the data acquisition system for a period of less than
1 min. At least three independent sensors are required at the inlet and as many at the outlet,
so there are at least the required number of instantaneous data series detailed in Clause C.2.

The uncertainties considered in the measurement are those of the measurement sensor,
extension and compensating cables, and the data acquisition system device. In the case of
thermocouples, the uncertainties shall be of Class 1 in accordance with IEC 60584-1 and
Class A in accordance with IEC 60751 for RTDs.


https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

-12 - IEC TS 62862-2-1:2021 © |IEC 2021

6.3.2 Wall temperatures

Temperature measurements of the external wall of insulation of the hot and cold tank shall be
performed to monitor that the external surface temperature does not exceed 55 °C.

The instantaneous temperatures of the external wall are measured continuously at four
equidistant points around the tank circumference at least at two different elevations.

The lower elevation shall be at 1,5 m above the platform where the tank is erected. The higher
elevation corresponds to the centre of the band that comprises the % portion of the tank height.

Thede temperatures may be given by any temperature measurement device, thermocoup|e or
RTD

Instgntaneous data shall be recorded by the data acquisition system for a period ‘of less|than
1h.

The |uncertainties considered in the measurement are those of the‘measurement sensor,
extepsion and compensating cables, and the data acquisition system‘device, that is, Tyjpe B
uncertainties. The maximum Type B uncertainty allowed in transfep{flow temperature is +1,p °C.

6.4 Level measurements

The |nstantaneous level of the heat storage fluid in the hpt tank shall be measured continuojusly.
Thege levels may be given by any continuous level sensors, as long as the sensor part of the
devige is suitable as regards the fluid and the physiCal*characteristics of the fluid.

Any mmaximum deviation with respect to nominal values shall be agreed upon by the partied and
included in the test procedure. Instantanegus-data shall be recorded by the data acquigition
system for a period of less than 1 min. At Jeast two independent sensors are required in the hot
tank

The uncertainties considered in the“measurement are those of the measurement senson and
the device, that is, Type B uncertainties. The maximum Type B uncertainty allowed in |evel
measurement is £0,1 m.

6.5 | Meteorological signal measurements
6.5.1 Wind speed’and direction

Since wind spéed and direction affect storage system thermal losses, they shall be meagured
durirlg testing_to determine storage system overall energy and thermal losses. Wind speged is
measgured by anemometers located at a height no lower than 10 m from the ground, and ou}side
of the{range of disturbances caused by adjacent elements. These sensors shall have an
uncPrt;\infy of +0 5 m/s aorless |f there are several anemaometers_the measurement nearedt the

storage system shall be taken as valid for each record.

For each anemometer, 1 s records shall be used to calculate the mean wind speed during a
recording interval of no longer than 10 min.

These measured data records shall be included in the test report and shall be processed as
defined in the test procedure.

6.5.2 Ambient temperature

This measurement is only necessary in tests for calculating storage system overall energy and
thermal losses.
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Maximum Type B uncertainty associated with ambient temperature data recorded by the
acquisition system shall be +1 °C.

data

Ambient temperature shall be measured at a position near the storage system, with the sensor
protected from nearby heat sources, such as direct solar radiation. It should be especially

verified that the sensor position is not within the field of hot air currents caused by gas or va
emitted by nearby equipment.

The measured data recorded shall be included in the test report and shall be processe
defined in the test procedure.

pour

d as

6.6 | Data acquisition

All measured signals shall be (i) recorded by a computer controlled data acquisition'system
shalllbe connected to the DCS of the power plant and (ii) verified with visual readings.

In sgme extreme conditions where it is not possible to install a temporary Gemputer contr
datalacquisition system, data may be recorded manually in suitable form sheets with date
time

During the test period and when not specified otherwise:
1) the measurements automatically recorded on a computer.'shall be taken instantaneo
eaning at least every 30 s, and

2) any data collected in writing shall be recorded on data sheets not less than six (6) time
hjour, except for flow measurements, which shallbe carried out and recorded not less
twelve (12) times per hour. Ambient and wall temperatures should be measured once ¢
hour.

The fata collection system shall be designed-to:

a) gomprise multiple instrument outputs;

e) gather all the necessary data sifnultaneously, meaning within a maximum interval of 5
f) run any necessary calculations with data collected at the same time, and

g) store data and simulatioh_results.

At all representative operating conditions during each test run, all the DCS screens (sho

pressures, temperatures, flows, power, operating status, etc.) shall be printed for inclusi
the test report appendices.

Data|collectéd by temporary test instruments shall be recorded in a dedicated collection sys

All tgst{data (raw and processed data) shall be available.

that

blled
and

usly,

5 per
than
very

wing
DN in

tem.

7 General requirements on tests

7.1 General

Some general requirements for thermal energy storage system characterization testing are

defined.

7.2 Test procedure
7.21 General

A detailed document about the test plan called the test procedure shall be prepared

and

approved by the parties involved before testing. This basic document shall include all the details
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for preparing and performing the tests, as well as calculating and presenting the results. The
document shall include two groups of points agreed by the parties: those points which are
required and those which are optional.

7.2.2 Items to be included in the test procedure
The test procedure shall include at least the following:

1) Description of the thermal energy storage system, operating modes, nominal heat transfer
fluid conditions during storage tank charge and discharge, nominal storage capacity,
nominal cold tank temperature, nominal hot tank temperature, storage hours, thermal

performance and futtchrargeanddischarge times:

elsvels

2) Definition of the 0 % and 100 % storage level indicating the hot tank and cold tahk. |
and temperatures.

3) Thermal energy storage system boundary, identifying measurement points,

4) Hxhaustive list of measurement instruments and equipment, describing coding, calibrdtion,
Ipcation, amount, type, uncertainty and main technical data. The instruuméntation to be psed
r testing shall comply with specifications in Clause 6. All the méasurement equipment
necessary, both permanent instruments installed in the plant and anytemporary instruments
shall be checked, inspected and adjusted before beginning testing.

5) (alibration certificates for the instruments listed.

6) Heat transfer fluid and storage medium properties as a function of the working temperature.
7) Hurpose of testing, indicating how long tests are supposed to take.

8) Definition of the reference test conditions for the\site shall include ambient temperajture,

relative humidity, wind speed, elevation, atmaspheric pressure, etc. The values of these
reference test conditions shall be the same as. the design conditions which may be corrgcted
ith the adequate provided correction curves:

asic test plans: the test conditions shall at no time exceed the maximum limitatiops of
uipment involved as stated by the_supplier, or normal plant operating procedures.

10) Oefinition of any acceptable maximum deviations from values given in the test plan.
11)0ata recording and processing'shall be in accordance with specifications in Clause 6 The
rocedure to be followed .im case of discrepancies in data recorded for a same physical
quantity
12) Gonfidence level, and therefore, coverage factor, for calculating expanded uncertainty of
different characteristic parameters.
13) Wind speed and.direction and ambient temperature data processing.
14) Tlest result eyvaluation method. Parameters to be verified, along with their guaranteed values
nd/or system reference, and criteria for comparison, if applicable.
15) Oefinition of correction factors applicable to the results when there are deviations betyeen

nominal values and those measured during testing.

7.2.3 Items to be agreed between the parties

If the parties involved deem it so advisable, they may exclude some of the following
recommendations from the test procedure:

1) Reference to plant operating methods, including primary and auxiliary equipment which
could affect the test results.

2) Sampling, preparation and analysis methods for heat transfer fluid and storage medium
and/or substances related to the non-solar energy supply, if any, indicating how and with
what frequency their properties are measured or calculated.

3) Identification of the laboratory that analyses the heat transfer fluid and storage medium
and/or substances related to the non-solar energy supply, if any.
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4) Description of activities to be performed during preparation of the test, such as verification
of measurement equipment, training of personnel taking part in the test or any preliminary
testing.

5) Detailed description of activities to be performed during testing, such as checking conditions
for starting and ending the test, operating method, adjustments permitted before and after
the test and data acquisition.

6) Data acceptance and rejection criteria. If the data acquisition system should fail and there
are gaps in the data, it shall be agreed how to complete the data or what time interval without
data is considered not to affect the final result.

7) Procedure for data distribution. The measured data shall be stored in files that shall be

made available to the interested parties. Processing and calculations derived from these
ata shall be performed in different files from the original measurements, and a final r¢port
n results shall be written giving the explicit results of the tests.

o

8) 9Ypecific reference to the simulation model used to find the guarantee values anf its

escription.

egradation.

o
S
d
9) Hrocedure for determining the effect of thermal energy storage. (system compgnent
d
Tlest to determine overall thermal energy storage system losses;

C

11) Qther tests not described in this document.

7.3 Definition of the test included in this document
7.3.1 General

A preliminary test should be performed to check that the plant is in condition to start tegting,
that the measurement equipment and data acquisition systems are working properly, thaft the
expelcted uncertainty in the result is acceptableyand that the worksheet and model show the
algorithms described in the procedure. It shedld be a short test, for example two hours |ong,
befofe starting storage system testing.

Caliljration reports and working conditions of all the instrumentation used shall be adeqpate.
Aften testing, only of those instruments suspected of malfunctioning should be verified for
adequate working condition and>¢alibration reports.

Besifles the following types of tests that shall be performed, the wall temperature as well ap the
status of storage for the. TES system shall be monitored.

7.3.2 Test to determine the thermal efficiency of the storage system

This [test consists of charging the thermal energy storage system from a 0 % initial state to
100 Yo and™discharging it immediately afterwards to 0 %, recording the variables given in
Claupe 6 for determining thermal performance of the thermal energy storage system. During
both|charging and discharging, the measurements shall be very near nominal conditions| Any
maXI IIUIII dUVIGtIUII thh IUOPUL;L tU ||um|||a= VGIUUO oha” bG aylccd upun Uy thc FGItIUO I] the
test procedure. The entire test shall be performed without any external energy supply, except
for what is necessary to ensure safe functioning of the storage system.

7.3.3 Test to determine the heat capacity of the storage system

The variables recorded and described in Clause 6 may be used to determine the storage system
capacity, or a similar test may be done, that is, starting out with the storage system fully charged
(100 %) it is fully discharged immediately afterwards, recording the variables given in Clause 6.
During discharging, the measurements shall be very near nominal conditions. Any maximum
deviation with respect to nominal values shall be agreed upon by the parties in the test
procedure. The entire test shall be performed without any external energy supply, except for
what is necessary to ensure safe functioning of the storage system.


https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4

- 16 - IEC TS 62862-2-1:2021 © |IEC 2021

7.3.4 Test to determine the thermal losses of the storage system

Storage system thermal losses shall be determined by the difference between the energy
discharged by the storage system immediately after having reached full charge of 100 % and
the energy discharged by it after the agreed test duration between charge and discharge defined
in the test procedure. In this test, two scenarios related to the same operating mode, the storage
system discharge mode, are compared.

The agreed duration between the two charges should not exceed 25 h and the entire test shall
be done without any external energy supply, except for what is necessary to ensure safe
functioning of the storage system. See Figure 1 for the agreed duration between two charges.

A
Agreed duration (= 24 h)

Stored energy (E)

Duration between 2 charges (< 25%) timg (7)

- -
=} |

! IEC

Figure 1 — Agreed.duration between two charges

7.3.9 Test to determine the global losses of the storage system

The pverall energy loss from the-storage system shall be determined by the difference between
the gnergy transferred to the.system during full charge (100 %) and the total energy it deliyers,
when the duration defined in the test procedure has passed. In this test, two scenarios related
to different storage system operating modes, the charge and discharge modes, are compared.
Thede scenarios may—be the scenarios described in 7.2.3 or any other scenarios agreed
between the parties.

The pntire test/shall be done without any external energy supply, except for what is necegsary
to ensure-safe functioning of the storage system.

7.3.6—TFesttodetermine-the-wal-temperature

The wall temperature shall be determined to ensure the safety of the operators and to verify
that the thermal losses are minimized.

Temperature measurements of the external wall of the hot and cold tank shall be performed as
detailed in 6.3.2.

The wall temperature may be:

e monitored continuously and recorded in the data acquisition system, and/or

e measured at least twice a year (one test every 6 months).
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7.4 Test boundaries

Figure 2 shows a general typical diagram of the system and test boundaries for indirect TES
systems.

Hot pumps <>

—_—

Hot tank

N
@_ \(\C@d tank
\A\

EC

Key
1 Tgmperature sensor to measure the external temperature of the cold tank wall
2 Tgmperature sensort sure the external temperature of the hot tank wall

3 Tgmperature sen rCe)measure the inlet/outlet temperatures
Flpwmeter to @r’e the flow in charge/discharge mode to be located in the cold or hot side

4 Lgvel sens measure the volume into the hot tank
Tgmpera ensor to measure the temperature in the hot tank

5 Arn%r/(jbmperature sensor

6 Anemodmeter

Figure 2 — General typical diagram of the system and test boundaries
for indirect TES systems

Figure 3 shows a general typical diagram of the system and test boundaries for direct TES
systems.
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mperature sensor to measure the external temperature of the cold tank wall
mperature sensor to measure.theexternal temperature of the hot tank wall

mperature sensor to measure-the inlet temperature
bwmeter to measure the¢flow in charge mode

mperature sensor to'megasure the outlet temperature
bwmeter to measufe thee flow in discharge mode

vel sensor to measure the volume into the hot tank
mperature sensor to measure the temperature in the hot tank

hbient temperature sensor

emometer

EFigure 3 = G
for direct TES systems

EC

8 Storage system characterization (storage thermal performance and capacity)

8.1

8.1.1

Thermal efficiency and storage capacity (storage thermal performance and

capacity)

Test methodology

The test for determining storage system thermal performance and effective capacity requires
100 % charge and immediately afterward discharge down to 0 %. During testing there shall not
be any external thermal energy supply (trace heating, heating elements, boilers, etc.), except
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what is necessary to ensure safe functioning of the storage system. The test consists of several
stages which are described below.

1) Starting out from the fully discharged (0 % storage) storage system, it is fully charged
(100 % storage), and the nominal temperature and volume associated with the hot tank are
reached at the end of charging. Any maximum deviation with respect to the nominal values
shall be agreed by the parties in the test procedure. Before charging, it is recommended
that the entire storage system be preheated to a temperature as close as possible to the
one specified in the operating procedures, and this situation shall be verified by measuring
the temperature at various points in the system. These various points shall be at least the
points described in 6.2.

2) The thermal energy supplied to the system during this full charge, E., is determined,

3)

mmediately afterwards, the storage system is fully discharged in an associated [time
Ifull discharge: Fecording the variables detailed in Clause 6.

4) Tlhe thermal energy supplied by the system during this full discharge (effective cappcity

D

xpressed in J, (¢|J)) is determined.

8.1.2 Calculation procedure

T’?m(s’?m)} and {Qk(sq,i)} or {mk (sm,k )} found according

to the instructions in Clause 7, and from the functions for the_physical properties (specific heat,
¢ (
can be found. The data for cp(T) and p(T) and their_Corresponding uncertainties shall be fpund

direqtly from existing analysis of fluid samples<supplied by a laboratory recognised by [both
parties. The power supplied to the storage system during charge {Pkc (SP,,( )} or by the stgrage

Fron} the series of results {Tlén(s}cn», {

~

)(scp(f)) , and density, p(T)(Sp(T)) ) the series of results associated with power, {Pk (sAx )}

systém during discharge, {PkD(sP’k)}, can be calculated using the following procedure

(caldulation of associated uncertainties is based on ISO/IEC Guide 98-3):

o If volumetric flow meters are sed, {ch(sp,k)}, {q,E’ (Sp,k)}3

For indirect TES, a sole yolumetric flowmeter, q, is used for charge and discharge:

P =P =qup (1, ) rerf? )= {70

(1)

The fluid_enthalpies at the inlet (h(T,in)) and outlet (h(TkOUt)) are determined according t¢ the

procediré described in Annex E, 7.1.2. If the fluid enthalpies are unknown, the accofding
powers at the inlet and outflet can be determined using the specific heat capacity of the fluid
according to:

()

e =R = qkp(Tq,k)Cp (Tk)‘T,i” -7

If the fluid enthalpies are unknown, the uncertainty of the specific heat capacity shall be
considered appropriately.

For direct TES:

PE = af (T )|PTi) = (T mom) (3)
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D D |
PP =R (T, T2y = (T rom)

2021

(4)

The salt enthalpies at the inlet (A(T}")) and outlet (h(TkOUt)) are determined according to the

procedure described in Annex E, 7.1.4. If the salt enthalpies are unknown, the relevant powers
at the inlet and outlet can be determined using the specific heat capacity of the salt according

®)

(6)

|l be

(7)

(8)

b the
ding
fluid

©)

to:
RS = C[/?P(Tq,k)cp (Tk)‘T,i” -7 nom‘
PkD _ QII?P(Tq,k)Cp (Tk) Tkout _chold nom
If the salt enthalpies are unknown, the uncertainty of the specific heatccapacity sha
consjdered appropriately, where Tq,k is the representative temperature near\thé flow meterg and
T, is|the average of T"and T;?m, that is T =E(T,ln +T,?m);
2 2 4\2 2
2 in out
_ Sq,k SP(Tc,k) Scp(Tk) (Sk) * (Sk )
spi =F + + - 5
qk p(T.) cp (76) ‘T,;n —out
e If mass flow meters are used, {mg(spvk)}, {m? (sP,k)}: for indirect TES, a sole mass
flowmeter, m, is used for charge and discharge:
PkC =PkD =mk‘h(T]‘i,n)—h(TkOUt)
The fluid enthalpies at the inlgt (A(T;")) and outlet (h(TkOUt)) are determined according t
procedure described inAnnex E, 7.1.2. If the fluid enthalpies are unknown, the acco
powgrs at the inlet and outlet can be determined using the specific heat capacity of the
accofding to:
PC =FP =myc, (T -1
For direct TES:

PS=m{

A (T]in ) B h(chold nom )‘
PP =mR BT~ (7 mom)

=y ) - {1

(10)

(11)

(12)
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The salt enthalpies are determined according to the procedure described in Annex E, 7.1.4. If
the salt enthalpies are unknown, the according powers at the inlet and outlet can be determined
using the specific heat capacity of the salt according to:

B =m§ e, (7 )|rin - 782 rem (13)
PkD _ m?cp (Tk ) TkOUt _chold nom (14)
P =mye, (T[T -7 (15)

If the salt enthalpies are unknown, the uncertainty of the specific heat capacity shall be
consjdered appropriately.

T, is|the average of 7;" and TkOUt, that is, T =E(T,\in +Tk°m) ;

. \2 2
sp = b (Sm’k T J{ Sep(T) T + (S}cn) " (SJ?Ut) 46

: 2
my ‘Tlln _ Tkout

The tharge and discharge power curves can be¢plotted using the corresponding Formula (1) to
Formula (11) and from these curves, charge and discharge characteristics and response times
can be identified.

Basgd on the powers calculated in Formula (1) to Formula (11) and including storage syptem
full dharge, 7ty charge: @nd discharge, /g gischarge: times, the storage system full charge and

discharge powers, P and Pp, respectively, can be determined, defined as the average ppwer
during full charge or dischargejrespectively.

If there are representative numbers M- and Mp of measurement points for the charging and

h h disch disch
discharging, powers {Pkc arge (S;,?rge )} and {Pk senarge (SPI;C arge)}, it may be assumed that

1 Me h 1 Me h 1 il charge 2
By =———— > PN =" pIN9® with Sp, =—— > (S ) (17)
© Il charge 4 k M(" 4 k ¢ MC \‘ 4 PP’k

1 el discharge 1 & discharge |, . 1 & discharge 2
By=———— Y K M=——3F with s, = — Z(Sppk ) (18)
full discharge 1 D Mp \

The powers calculated by Formula (1) to Formula (11) make it possible to know the effective
storage capacity, ¢, defined as thermal energy, in MW;h, which the storage system can supply
in full discharge from a 100 % storage status.

disch disch
If during discharge, there are Mp representative full discharge powers, {Pk 5 arge(spljcc arge )} it

may be assumed that:
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MD . MD )
0= Zpkdlscharge At = Atzpkdlscharge (19)
1 1

and

Mp 2
Sy =Ar |3 spischerce (20)
1

assul'ning a negligible error in the time record. Thus, the effective capacity is found in\J, (/)|J).
If it s desired to express it in MW;h, (¢|thh), as appears in its definition, ,the’following

trandformation shall be made:

1076

(leWth = m‘/’b (21)

Likewise, since the uncertainty shall be in units coherent with,the variable it characterizgs, it
would have to be:

1076
s =— L (22)
?IMwih - 3 60Q0% “1J

The storage system's thermal performance,#;/is defined as the relationship between energy
gaingéd by the heat transfer fluid from the storage system during full discharge and the erlergy
delivered to it by the heat transfer fluid during full charge, E;, when charge and dischargI are

consjecutive processes. The thermal -energy transferred to the system during this full charge,
Ec, ip calculated by:

Mc Mc
Ec = Zpkcharge Af = AtZP,fharge (23)
1 1

and

Mc
charge 2
Sgo = | [soharee ] (24)
1

v \J U U
assuming a negligible error in the time record.

The storage system's thermal performance, 7, can then be calculated as:

?
=t (25)
Ec
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with

SE 2
+ [—C] (26)

The associated correction factors, defined in the test procedure, may be applied to these
variables, thermal capacity and its uncertainty and thermal performance and its uncertainty,
when deviations from nominal are observed in the test conditions. The maximum acceptable
deviations in the tests are also defined in the test procedure.

8.2 | Thermal losses of the storage system
8.2.1 Test methodology

Thermal losses for the overall thermal storage system shall be evaluated-,'During testing fhere
shallf not be any external thermal energy supply (trace heating, heat glements, boilers, ¢tc.),
except for what is necessary to ensure safe functioning of the storage system. The test confsists
of sgveral stages which are described below:
1) $tarting out with the storage system fully charged (100/%-storage) at nominal hot|tank
emperature and volume. Any maximum deviation from nominal shall be agreed upon by the
arties in the test procedure. The storage system is fully discharged in an associated|time
ull discharge: fecording the variables as per Clause-6¢

= O = (D

2) Tlhe thermal energy supplied by the system during this full discharge (nominal capjacity
expressed in J, (E|;)|J )) is determined.

3) Tlhe storage system is again fully chargedto 100 %, reaching the nominal temperaturq and
plume associated with the hot tank atithe end of charging. Any possible maximum deviation

om nominal shall be agreed upon.by the parties in the test procedure.

br minimum time, ¢, of 24 h,.acquiring a storage status 4 of less than 100 %.

5) When time ¢ has passed,itiis fully discharged from storage status 4 with associated|time

14—0 %

"
Vv

f

4) When fully charged, the storage~system is maintained without any external energy supply
f

Vi

thischarge » recording the variables as per Clause 6.

6) The thermal enerdy supplied to the system during discharge from storage status 4 (cappacity
flom status 4, EDA) is determined.

8.2.2 Calculation procedure

Whefe Mp,and Mp a are the numbers of representative power data in the full charge process
from|starage status 4, respectively, we have that

M, M,

E | _ Zl:ipdischargem _ AtzDPdischarge (27)

Dly ~ k - k
1 1

and

Mp 2
SED L= Ar Z(S;:i);’skcharge) (28)
7 .
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Mp A Mp A
= disch A = disch A
EDA U: z Pk ischarge_ A4y, _ A; Z Pk ischarge (29)
1 1
S — At MiA SdischargeiA 2 30
Fpp U= B (30)
1

Ethermal_losses :ED|J - EDA b (31)

s = S5 b )P +(Sgy, L
wher Ethermal_losses ED‘L' Epp b (32)
The pssociated correction factors, previously defined in theitest procedure, may be appli¢d to

both|thermal losses and their uncertainty, when deviations from nominal are observed in the

test
test

8.3
8.3.

This|test should be performed only if itihas been so agreed in the test procedure.

8.3.

Dur
boil
ove

beloy:

1)

2)
3)

4)

5)

conditions. The maximum deviations in these test'\conditions shall also be defined in the
brocedure.

Global energy losses of the storage system

1 General

2 Test methodology

img testing there shall be\no external thermal energy supply (heat tracing, heating elemegnts,
€rs, etc.), except what is necessary to ensure safe functioning of the storage system| The
rall thermal storage\system energy loss test consists of several steps which are descfibed

tarting out)from the fully discharged storage system (0 % storage), the storage system is
illy charged to nominal hot tank temperature and status, with an associated time 7 cyarge-

ny maximum deviation from nominal shall be agreed by the parties in the test procedure,
recording the variables as per Clause 6. Before charging, it is recommended that the whole
gtorage system be preheated to a temperature as close as possible to the one specifigd by
the operating procedures, and this situation shall be verified by measuring the temperature
at several different points in the system, as specified in Clause 6.

I —=h (N

Thermal energy transferred to the system during this full charge period, E¢, is determined.

When fully charged, the storage system is maintained, with no external energy supply, for
a minimum time ¢ of 24 h, acquiring a storage status 4 of less than 100 %.

The system is fully discharged from storage status 4 down to 0 % with an associated time

taqis%ﬂ;f"ge recording the variables as per Clause 6 with no external energy supply.

The thermal energy supplied by the system during the period of discharge from status 4
(capacity from status 4, EDA) is determined.
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8.3.3 Calculation procedure

Where Mc and Mp p are the numbers of representative power data in full charge and full
discharge from storage status 4, respectively, we have that

Mc Mc
Eg = P9 Ar=nry peharee (33)
1 1

and
S, = At Af Scharge 2
o = ) (34)
1
oA disch A oA disch A
_ ischarge _ _ ischarge”
Ep, b= D B A=At Y P (35)
1 1
and
O esharge_ 412
_ ischarge
SNCODX e (%)
1
The pverall storage system losses can be:calculated by
Eoverall_losses =Ec — EDA b (37)
wherte
2 2
SEoveraII_Ioss - (SEC) +(SEDA J) (38)
The pssotiated correction factors, previously defined in the test procedure, may be appli¢d to
both|overall energy losses and their uncertainty, when deviations from nominal are observged in
the testconditions—The maximum -deviationsinthesetest conditionsarealso-defined-in-the test

procedure.

9 Verification procedure

The implicit purpose of thermal storage system feature quantification tests is to compare the
values found in testing with the guarantee or reference values given in the test procedure. For
this, it should be taken into account that both the values found in the tests and the reference
values are subject to uncertainty, so treatment of uncertainties in the verification procedure is
critical.

The expanded uncertainty (Ax) provides an interval about the measurement, x, which contains
most of the distribution of values which could reasonably be attributed to the measuring. It is
calculated by multiplying the combined standard uncertainty of the variable measured, s, by a
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coverage factor, FC, whose value is based on the probability or level of confidence required for
the interval in accordance with Table 3 of this document and with ISO/IEC Guide 98-3:2008.
The level of confidence, and therefore, the coverage factor, shall be agreed upon by the parties
for verification of the features. The verification procedure shall consist of comparing the
reference and/or guarantee value with the one found during testing, taking its corresponding
uncertainties into account. The criterion for comparison shall be defined in the test procedure.

See Table 3 for levels of confidence and associated coverage factors.

Table 3 — Levels of confidence and associated coverage factors
(Gaussian distribution)

Level of confidence Coverage factor
% FC
68,27 1
90 1,645
95 1,960
95,45 2
99 2,576
99,73 3

Since this point is considered critical, the following caneepts shall be defined clearly in thg test
procedure:

» (ombined standard uncertainty associated with the reference value (s, ges). The refergnce
vilue, xges, shall be found preferentially from the simulation model, and may be used ap the

feature guarantee value, and if it is provided, the procedure followed to arrive at that yalue
should be explained.

. vel of confidence and coverage factor (FC) to be applied to determine the expapded
uncertainty (Ax) of the valuevfound in testing, x, based on the combined standard
uncertainty, by Ax = FC-s,. Ifjit' is decided to include the expanded uncertainty of the value

reference (Axggy), it shajl be found the same way.

Two |possible comparisons are given below as examples:

Casg a): It is agreed that the minimum representative measurement, x, according tp its
uncertainty bapd:or expanded uncertainty, Ax, is above the reference value, xros Wwith its

uncertainty band, Axges (Figure 4 a):

(‘ A ) (‘H§T 'Avr(§f) (39)
where Ax = FC,s, and AxRet = FCo . Sx_Ref
where
FC, is the coverage factor agreed for variable x,

FC.ret is the coverage factor agreed for reference value xggy,
s is the combined standard uncertainty of variable x,

sy Ref IS the combined standard uncertainty of the reference value xgef.
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Case b): It is agreed that the representative value of the measurement, considering its
uncertainty band, is within the uncertainty band of the reference value (Figure 4 b):

(x +Ax) > (XRef — AXRef ) (40)
See example criteria in Figure 4.
X-Ax X+ Ax X—-Ax X+ Ax
I l [ | |
Y )
Xref Xref
[ [ [ [ | [

ref| AXref Xref * AXref ref ref Xref * AXref
e P e e e A e 'S

Value Valle

(a)

As e

10 Test report (results)

Figure 4 — Examples of criteria for comparison of
the measurement (M) and the reference/value (RV)

IEC

(b)

plained above, the criterion for comparison of features should be set in the test procedure.

The test report, which is written at test completion, shall contain, as a conclusion, the results

of tepts and their analysis.

The final report including the test results shall include detailed information as follows:

imtroduction,

description of the tests done,
e ipstrumentation methodology,

° easurements,

conclusian)

reference documents,

datasheet of each test.

cplculations and results analysis,

The contents of the report shall be structured in accordance with Annex E.
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Annex A
(informative)

Thermal energy storage system types

A.1  Thermal energy storage modes

A.1.1 General

etHation.

Ther ||al CTICTgYy \Jt\JIUH\J a1 e—€

Thermal energy supplied by the solar field may be stored as sensible heat, latent heat,)reaption
heat|or a combination of them.

. torage as sensible heat involves a change of temperature in the storage médium and can

e carried out using solid or liquid media or a combination of both (dualrmédium).

(X ¢s]

o
C

Jtorage as latent heat, also called phase-change, involves a state_change in the stgrage
medium and can be carried out using any phase transition; solid/solid, solid/liquid,
liguid/liquid, liquid/vapour or solid/vapour.

e Jtorage as reaction heat involves a change in the composition of the storage medium due
t¢ a chemical reaction.

TES|systems are classified as:

n

ensible heat storage,

. tent heat storage, and

o thermochemical energy storage.
AA1. Sensible heat storage

Sengible heat storage systems achieve storage by raising the temperature of a medium;
thergfore, the sensible storage.materials undergo no change in phase over the temperature
rangg of the storage process.;Sensible heat storage in a material depends strongly on its|heat
capacity, which determines the'energy density and the thermal diffusivity, which determineg the
rate pt which that heat can be released and extracted.

The pmount of energystored is given by the following equation:

Q=meAT (41)

where

Q id the energy stored:;

m is the mass of the storage medium,;
Co is the specific heat of the material; and

AT is the temperature change during the process.

All of the TES systems currently installed in utility-scale solar thermal electric plants store
energy using sensible heat.

A.1.3 Latent heat storage

The latent heat storage systems utilize materials that change phase at a temperature that falls
within the upper and lower limit of the solar field. In doing so, they exploit the latent heat, or
enthalpy, associated with phase transition. Phase change phenomena vary from solid-solid,
liquid-vapour and solid-liquid transitions, however the latter is typically used owing to its low
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volumetric expansion compared to the liquid-gas transition and owing to its high latent heat
compared to the solid-solid transition.

The energy stored in mass m for a solid-liquid transition in a phase change material (PCM) is

O=m[ P (Ty=Tg)+h+ 71 (= Tp)] (42)
where
Crs s the average specific heat in the solid phase;
Cr is the average specific heat in the liquid phase;
h is the enthalpy of phase change;
T is the melting temperature;

is the temperature of the solid; and

T is the temperature of the liquid.

A.1.4 Thermochemical energy storage

The [thermochemical storage systems rely on heat from thé ‘solar field to drive revergible
chenical reactions, thus the storage medium shall have the ability to completely dissocidte in
the temperature range of the solar field. In this storage ¢oncept, the reaction in the forvard
direqgtion is endothermic while the reverse reaction is exathermic. The amount of heat storgd in
a chémical reaction depends on the heat of reaction-and the extent of conversion given by:

O=a mAH (43)

where

a is the fraction reacted; and

r

AH | is the heat of reaction per unit-mass, m.
A.2 | TES configuration

Thermal energy storage technologies are also classified in terms of applied process and logding
method meant to direct'thermal storage and indirect thermal storage.

o [Direct: whenthe heat transfer fluid circulating through the solar field and other plant sysfems
i$ also used-as the storage medium.

edsolar field and other plant systems.

. I;I:direct: when the storage medium is different from the heat transfer fluid circulating thrpugh
t

A.3 Circulation of the storage medium

Solar thermal power plant storage systems may be classified by circulation of the storage
medium:

o Active systems: when the storage medium is circulated through the storage system.

e Passive systems: when the storage medium does not circulate.

When the storage medium is a fluid and is able to flow between the tanks, the systems are
referred to as active type systems. If the storage medium is also used as the heat transfer fluid,

the system is referred to as a direct-active system. An additional heat exchanger is needed
when the storage fluid and heat transfer fluid are different and the unit is referred to as an
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indirect-active type. In cases where the storage medium is solid, the HTF passes through the
storage material only for charging and discharging. Such a system is called a passive type.

In an active storage system, the storage material itself circulates between the heat exchangers
for energy transfer. The employed heat exchangers can also be solar receivers or steam
generators.

In passive storage systems, the HTF carries energy received from the energy source to the
storage medium during charging and receives energy from the storage system when
discharging (these systems are also called regenerators). The arrangement for the HTF to flow
through the storage medium is a major parameter that dictates heat transfer in the unit. When
the heat transfer fluid is a liquid and the heat capacity of the solid in the storage system.i$ not
negligible, the system is called a dual storage system. Passive storage systems may, utilize
solids such as rocks, sand or concrete for sensible heat storage materials, or phasge change
matdrials for storing thermal energy.
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B.1

Annex B
(informative)

Description of the main components of
the active direct/indirect TES using molten salts

Storage media

At the time of publication of this document, the molten salts are usually a mixture of KNOs and

NaN

The
by w

The

D3 close to the eutectic point and have a purity higher than 99 %.

nominal composition of the molten salt is approximately 60 % by weight NaNQ3 ‘and
eight KNOs in order to minimize the mixture solidification temperature.

imits for the nitrate salt concentration are around:

¢ NaNOs: minimum 59 % by weight; maximum 61 % by weight;

e HKNaOs: minimum 39 % by weight; maximum 41 % by weight.

The

maximum contamination from all sources shall be:

hloride ion from all sources: 0,21 % (by weight);
itrite: 1 % (by weight);

d
N

e (arbonate: 0,1 % (by weight);
qQ

ulfate: 0,75 % (by weight);

ydroxyl alkalinity: 0,2 % (by weight);
erchlorate: 0,25 % (by weight);
agnesium: 0,05 % (by weight).

maximum molten salt temperature in any working condition, including in any tran

condlition or any ambient condition, shall be such as to avoid any degradation or evaporati

the n

holten salt or damage to.the molten salt system components.

The
con
crys

B.2

minimum moltef ‘salt temperature in any working condition, including any tran
ition or any fambient condition, shall be 10 K above the starting of molten
llization/saelidification.

Tanks and foundation

B.2.

Tanks

10 %

sient
bn of

sient
salt

Design shall, at a minimum, follow typical design standards, such as APl or EN 14015. Tanks

shall

be dimensioned to minimize heat loss surface.

Tanks shall be insulated on all sides. Special care shall be taken with insulation to the ground
as part of the foundation design. No heat exchange and losses may appear to ground water or
aquifers below the tank.

MSF tanks shall be provided with a suitable heating system. This system shall keep the
temperatures in the tanks at a suitable protection level against solidification. If necessary, a
mixer should be provided in each tank. Auxiliary heater or heater systems shall be designed to
provide heat for the protection of the MSF system against solidification. Efficiency of any

auxil

iary heater shall be superior to 80 %.
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MSF tanks shall be located in a proper containment area. The containment area can be a basin
or with dams and shall be able to collect the full amount of MSF in case of leakage.

Tanks shall be provided to sustain the dead load of the tank in conjunction with the filling and
emptying and store loads associated with tank contents.

Bolted tanks shall not be used as process tanks. All tanks are designed and installed based on
local and international codes and standards for pressure and servicing requirements.

Tank sizes shall include the necessary volume to ensure that there is adequate net positive

Biirana liio it ot

t: n—haoad-raciiierad by, aecaelatad n Atevr—alagran Q
Suctiprh—reaa ICUuUmCU— oy e asSSUCTatCU PuUtiTp S PTa S o ST o oy — o arartc Qo as

recommended by the pump manufacturer.

TanK manholes shall have a minimum of 600 mm diameter.

The hot tank, in the case of indirect storage, shall have a slight nitrogen pressure to ensurg the
blanketing in the system.

B.2.2 Foundations

The [foundations of the molten salt storage tanks and overflow,tank shall be designed| and
conjtructed taking into account the high temperatures, high {oad and changes in load and soil
condjtions.

The foundation of the molten salt storage tanks shall-take into account the maximum allowable
temperature of the foundation materials.

B.2.3 Insulation

Thermal insulation shall be provided as appropriate to conserve energy, provide protectipn to
perspnnel, provide freeze protection,:pfevent condensation, and attenuate noise. Insulation
matgrials to be used in points of potential HTF leaks shall be properly selected.

Insulation design and materials §hall be in accordance with internationally recognized standards
and $hall contain neither sulphur compounds nor asbestos.

Insulation and lagging-shall be provided with an adequate inspection window for thickhess
measgurement, particularly at pipe bends or tanks.

For gafety reasons and in order to avoid injury to persons, other protection measures mgy be
taken in areas ) where contact with lagging is possible.

ging
m/s

The required thickness of insulation shall be such that the surface temperature of the
bi :nt ir $ aratura ~f 2N O it ||r:d

o o a n
oo TP CTataTrC-oOToU— o it ot

Shall nat avenand EE O vwhan manciirand 1n ~n A
tret-exeeed-55—-Cwhenmeasdredranam
wind speed.

B.3 Materials

As the corrosion values depend on the fluid type, and on operating conditions (mainly
temperature), and on base material grades, the corrosion allowances shall be defined on a case
by case basis, applicable to all piping, tanks, pressure vessels and all other surfaces in contact
with MSF.

The TES system shall not be designed with materials that are incompatible with molten salt
systems, for example graphite seals.
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B.4

Piping

The MSF piping shall be able to be fully drained by gravity. Molten salt shall not be accumulated
at any low point in the piping installation.

The piping slope shall be maintained under all thermal expansions and conditions to allow for
gravity draining.

Piping connections shall be welded. Flanged connections shall be with ring type joint type.

All fl

Butt weld fittings shall be used for all Nominal Pipe Sizes (NPS), even for 5,08 cm) (2 in
lowef nominal diameters. Socket welded connections shall not be used.

Salt jnterconnecting piping shall be fully heat traced and insulated. All pipinglsystems shg
propgrly sloped to be drained if necessary.

B.5| Pumps

The pumps shall be of the vertical type with an extended shaftwhich is mounted on a plat
abovie the tank. The pumps' structural support shall take,into account the transmissig
vibrations.

The ptructural support frame shall allow the operator'access for any maintenance activity.

=
e H
=
=

e R
e H

able to drain molten salts-into the tanks.

hnge gaskets/rings used for molten salt flow shall be MSF compatible.

minimum, the pumps shall comply with th€ following requirements:

umps shall be self-draining, if applicable.
umps shall be grease or oil lubricated and have a replaceable thrust bearing.
umps shall be submerged and*have salt lubricated radial bearings.

umps shall be provided-with a seal system in order to avoid leaks; seal systems sh3

edundancy requiréments shall be analysed on a case by case basis.

umps shall péssess adequate allowances for relative thermal growth among sh

characteristics.

cpndition to be maintained and prevent the salt from freezing.

pellers and bowls. Pumps shall have axial adjustments and possess good heat dissip

ump discharge heads shall be electric heat traced (EHT) and insulated to allow the the

and

Il be

form
n of

Il be

afts,
ation

rmal

umps shall take in to account the transmission of vibration to the pipes.

e Pumps shall be equipped with temperature and vibration sensors.

e Pump shaft height shall be in accordance with the total tank height and the minimum volume
to be contained in the molten salt tanks.

e The outlet of the molten salt pumps shall have a drain line to allow the complete drainage

0

B.6

f the outlet lines.

Heat exchanger

The HTF/MSF heat exchangers shall be designed, constructed and tested in accordance with
internationally recognized standards such as the ASME Boiler and pressure vessel code,
Section Ill and VIII, TEMA and HEI standards. The HTF/MSF heat exchangers shall be placed

over

a retention basin.
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The support frame shall allow for the thermal expansion of the components minimizing the
forces and moments over the HTF/MSF heat exchanger.

The HTF/MSF heat exchangers' design shall take into account the thermal stress due to a quick
change of the temperature during start-up.

The heat exchanger shall be insulated to minimize heat loss and to avoid draining during short
stand-still periods.

B.7 Safety and control system

B.7.1 General

The [TES system shall include, at a minimum, the following safety systems: blanketing sygtem
for tgnks, blanketing system for heat exchangers (for indirect systems), leak detection (inclyding
leaking of HTF into MSF), firefighting system (if required by international fifefighting codés or
locallauthorities), freeze protection system, instrumentation, thermal insulation.

B.7.2 HTF and MSF leak detection system

The HTF and MSF leak detection system, in the case of indirect TES, shall have the following
funciions:

o detect a leak as soon as it occurs;
e i the case of indirect TES, separate the HTF present in the MSF circuit;

e i the case of indirect TES, the HTF and MSF)leak detection system shall consist of two

The tanks shall be equipped with a suitable setting of temperature controls and indicatofrs at

B.7. Freeze protection system

B.7.4.1 General

. son,
it is important to provide the TES with a freeze protection system to keep the salt temperature
above the melting temperature.

For this purpose, the following levels of protection may be applied:

e recirculation of salts.

e electrical heat tracing system: all piping, drainage tank and heat exchanger components
shall be electrically traced.

e electric heaters submerged in the dead space at the bottom of the hot and cold salt tank.
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B.7.4.2 Recirculation of salts from/to the same tank

The main purpose of the recirculation system is the homogenization of the temperature of the
salts. The recirculation system enables the salts to be recirculated from a tank to the same tank
or through the heat exchangers, during the storage waiting hours.

The recirculation system enables the compensation of heat losses through the circulating in the
heat exchangers of a small amount of HTF if it is available (recirculation through heat
exchangers) or, if not, the compensation of heat loss is achieved by means of the electric
heaters of the tanks (recirculation over tanks).

B.7.4.3 Recirculation through exchangers

This|option is provided mainly to avoid a salt solidification in heat exchangerscand in the
interconnecting pipes. This entails recirculation using cold pumps through exehanhgers| and
return to the cold salt tank to compensate for heat losses of the lines. It is necessary to circplate
the gmount of HTF required in an adequate temperature, i.e., a temperature that’is high enpugh
to prevent the salt from freezing. Recirculation may be carried out throughth@ exchangers when
the dperator deems it necessary, by activating this option in normal mode;

B.7.4.4 Recirculation over tanks

This| option is provided to protect the lower layers of thestank from freezing and 3gvoid
stratlfication of the molten salts inside the tank, so that a homogenous temperature in the whole
tank|is kept. This entails recirculation over tanks using-one (1) or two (2) pumps at minimum
revolutions without passing through the exchangers. The.molten salts leave the tank and r¢turn
to the same tank. Recirculation over tanks may be €arried out both in the cold salt tank apd in
the hot salt tank. Recirculation may be carried out over the tanks when the operator deems it
necegssary by activating this option in normal mode.

B.7.4.5 Electrical heat tracing system

The heat exchangers, the drainage tank; the salt pumps, valves and the piping of the TES have
elecfric heat tracing to prevent the(alts from freezing. This tracing is activated automatically
when the surface temperature sensors of the equipment detect a temperature below the yalue
at which the risk of freezing.is’high; alternatively, the tracing is activated manually by the
operptor.

The temperature on thevsurface of materials/equipment should be monitored continuoudly in
each| section, with a [ow temperature alarm. If required, the system shall be connected t9 the
emergency services-network that receives auxiliary power from an emergency diesel genernator.
This [electric heat'tracing system will essentially consist of an electrical resistor inserted into a
metgl sheath, )temperature sensors and controllers. The system will be integrated intg the
distributedscontrol system of the plant.

B.7.4.6— Electric heaters

To prevent the salts from freezing during long plant shutdown periods, each tank (the cold salts
storage tank and the hot salts storage tank) shall be provided with heaters, typically electrical
ones, placed in the dead space at the bottom of the tank.

These electric heaters are to compensate the heat lost through the walls and the bottom of the
tank and shall be installed in sheaths so that they can be removed without emptying the tank.

If the temperature in the tank drops to a value at which the risk of freezing is high, the heaters
will be turned on according to the situation. In addition, they will be equipped with high
temperature shutdown and low liquid level.

The first phase of filling the tanks is the most critical. To activate the heaters, it is necessary
that they be covered with salts, because otherwise the sheathing of these resistors would
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quickly reach the trigger temperature (i.e., the temperature at which the resistor could be
damaged if there is not enough salt). A gas burner may be used to replace the thermal energy
dissipated into the system to prevent freezing of the salts below this level.

When the salts have arrived in the cold tank and they reach the appropriate level where the
electric heaters are located, the resistors at the bottom will be turned on to ensure the
permanence of the salts in molten state and to compensate the heat loss.

The tanks shall be equipped with immersion heaters located below the minimum salt level. The
redundant electric heaters make sure that the salt temperature is maintained above its freezing
poin

The immersion heaters extend radially within the interior of the tanks. The heaters are(cortgined
in dgdicated capped pipes, which are attached in the correct manner to the tanks. The heaters
can be extracted from the tanks' side walls in case replacement is needed.

B.7.% Molten salt valves

Bonnet extension is required with sufficient stand-off distance from thechigh temperature galt.

B.7.6¢ Blanketing system
In the case of indirect TES, the nitrogen atmosphere is necessary to ensure that no oxyggn is

present in the event that there is HTF in any of the tanks du€ 1o a rupture of one of the exchgnger
tubes.

A nitfogen supply will be provided for the following:main functions:

e maintain the salts storage tanks, hot and gold tanks, and the drainage tank inert.

]

itrogen supply to the heat exchanger system for inerting and pressurizing the line| and
acilitating the pumping of salts fromzthe cold tank.

—h

e availability of working fluid for level measuring instruments in the salt storage tanks.

n

alt drainage coming from the-exchangers and their corresponding lines

>

itrogen for hydrocarbon analysis, if required depending on the analysis method.
B.7.7 Welding of the control system

All welding shall bel\in accordance with the appropriate international standard.

All shop andfigld welding procedures shall be in accordance with the appropriate internatjonal
stanglard. Welders and operators of machine welding equipment for welding of pressure parts
shalllbe qualified in accordance with internationally recognized standards such as with the latest
editipn‘of-the ASME Boiler and Pressure Vessel Code, Section IX, "Welding, Brazing and Fuysing

15-£ - 1] H 1 N
Qualifications*-orequivatent:

The extent of weld inspection and the final weld quality shall comply with the applicable codes
and standards. Records of all welder qualifications, weld procedures, and weld inspection and
repair reports shall be maintained and made available on request.

Welders with all necessary training and qualification shall be employed in permanent positions
and remain on site for the maintenance of the plant.

B.8 Melting system

The salts are supplied in the solid form and then shall be melted before startup of the plant.
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The salts shall be dosed in the solid state in the appropriate mixture and with an adequate grain
size, in order to facilitate fusion and avoid downtime.

The melting unit is composed of solids handling equipment and a melting furnace.

The melting process shall be started once all equipment involved in the molten salt operation
is prepared and is without anomalies, including but not limited to the preheating of the cold salt
tank and the lines involved during the filling of the cold salt tank.

The transfer of the salts to the tank is carried out via vertical pump located in the melting
furngee—Fhe—¢h e et : aH-vary i 3

up of in the presence of anomalies in the process. These flow rate variations will entail a‘cgntrol
valvgé modulation which shall ensure a consistent average level in the tank. This_average is
defined in order for there to be a volume available for the return of the salt contained.in thg line

d aree—rate—o c 8 6 otd—+a ary—durig tart-

beginning of the fusion, the whole amount of the salts shall be introduced to the colq salt

inimum level for the start-up of the pumps: For the start-up of the pumps, a minimum salt
I¢vel shall be reached. Once this level is reached, the recirculation of the salts may be

ubmergence of the electric heaters: To activate the heaters, it is necessary that thgqy be
cpvered with salts, because otherwise the sheathing of-these resistors would quickly reach
the trigger temperature (i.e., the temperature at which the resistor could be damaged if {here
$ not enough salt). The temperature probes of the heaters shall thus be operational.

e Husion and filling completion: Once the inventory of salts is melted, the fusion and|tank
illing process can be considered complete;

—h
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Annex C
(normative)

Data acquisition and treatment

Flow signal measurement

To measure the flow, at least two independent flow meters are required, located before and/or

after

the storage system, maintaining minimal installation conditions required by

the

man

Ther

*
{q1 i

The
is, T
Mea

(N2
shall

wher
for i

sincq
first

ISO
at es

men

debtulb‘l fUI lb'“dll)ic |||cabmc|||c||t.

efore, at least the two following experimental instantaneous data series shall\be |
* * *

Sq1)} and {q2,j(sq2)}-

Lincertainties considered here, s;1,s22, are the device and the data-acquisition system

pe B uncertainties.

suring for at least 10 minutes means that a minimum of 10 data points shall be recorg
10). Thus knowing that there are ng flow meters (nq > 2),'at least the following data s

be recorded: {qtk(sqtk)} and {qz’k (sqz,k)}

e,

N *

N
1 . 1 * 2 2
= 1in, q; k =_Z‘]i,j and  Sgik =, |7 Z(qi,j_ql',k) +(Sqi,j)
N = N -1 =

it considers both the expgerimental standard deviation (dispersion around the mean
erm in the root) and Type.B variance (second term in the root).

b725-3 and ISO 57#25-6 are applied for a single representative volumetric flow rate
ch recording time~and thereby have the resulting series {qk (sq’k)} based on the aHb

ioned data series.

ept?

that

ed3,
Bries

alue
ove-

2 one way recommended by ISO/IEC GUIDE 98-3:2008 for expressing a measurement and its uncertainty is to
place the measurement (followed in parentheses by the numerical value of the combined standard uncertainty)
expressed in the corresponding units. This way, the symbol "+", which is usually associated with a confidence
interval, is avoided.

3

has a distribution similar to that of the unmeaned values.

According to the central limit theorem, 10 is the minimum number to be averaged so that the resulting average
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For the flow, the mean, g, , is calculated by

P 1 g
G =—D dik (44)
Mg i=1

The standard uncertainty (estimate of standard deviation), Sg.k is calculated by

——

7
Sq.k :\/ q (Sqi,k )2 (45)
=1

1

The gritical range factor,f(nq) 4. is given by the number of sensors, ng, as per Table C.1.

Table C.1 - Critical range factor, f(n,), depending

on the number of sensors, n,, available
ng 2 3 4 5 6
flng) 2,8 3,3 3,6 3,9 4,0

In the case of flow rate measurements, n = ny > 2:

max({qi’k}i_mnq j—min[{qi,k}i_%jg f(nq)xsq’k then, ¢, =q; ;

L]
—_

°
—_

max({q’?k}i_mnq j—min[{qi’k }i:1:nq j > f(nq)xsq’k then qr =median(q; ) -
Table C.2 shows an example-of-how flow rate (volumetric) measurements would be treated.

Althqugh it is less usual,‘the heat transfer fluid flow may be measured by a mass flow mefer in
kg/s|In this case, at |lgast two devices are required to measure the flow rate, and the procedure

for cplculating a single representative mass flow rate data series {mk (sm’k )} is similar tg that

described aboye for the volumetric flow rate.

4 The critical range factor, f(n), defines a confidence level of 95 % of the distribution, corresponding to a sample
size with n data, assuming normal distribution.


https://iecnorm.com/api/?name=80ac7a7021aecbd517e705ce51c3bda4
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