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EXECUTIVE SUMMARY

Objectives and scope

Dynamic testing has grown into a sound method for performance characterization of solar energy -
components and systems. The power of dynamic data processing was demonstrated before for solar
domestic hot water systems. Now, further experience has been gained for solar collectors and heat
stores, both small and large in size, for outdoor laboratory tests and in situ measurements. Data
processing been evaluated and test procedures for reliable and accurate performance characterization,
including prediction, have been designed. This report describes experiences of the participants in the
Subtask on Dynamic Component and System Testing (DCST) within Task 14 of the Intemational
Energy Agency’s Solar Heating and Cooling Programme.

Work was carried out in three Groups:

L. on Dynamic Collector Testing (DCT);
1L on Dynamic System Testing {DST) of solar domestic hot water (DHW) systems;
II. (a) on Component Testing and System Simulation (CTSS) of small solar heating systems and

(b) on in situ testing of large solar heating systems.
The work of these Groups constitutes the scientific basis for the present status in ISO and CEN

standardization on solar energy components and systems.

General features of dynamic testing and measuring

Dynamic fitting is the inversion of dynamic simulation: simulation yields the component or system
output using given model parameters, whereas dynamic fitting provides the model parameters from the

measured component or system output.

The several dynamic fitting procedures, investigated by the DCST participants, all feature a black box
approach in which a so-called parameter identification techmique is combined with an appropriate
mathematical model of the solar energy component or system. Measured output behaviour of the
component or system is compared with the corresponding calculated quantity from the model. The
calculated output depends on the model parameters. In an iterative optimization procedure, the
deviation between calculated and measured output is minimized through adaptation of the parameter
values. After dynamic fitting, the same mathematical model is commonly used for long term
performance calculations for reference meteorological and load conditions.

Since no stationary test conditions have to be obtained, the measuring procedure, especially outdoor,
can be shorter and less expensive. Since effects for the all day performance are taken into account,
characterization can be more complete as well. Moreover, identical modelis for parameter identification
and simulation give more accurate long term performance predictions compared to model calculations
based on specifications determined from stationary tests. However, accurate and reliable characteriz-

ation requires variability of component or system input sufficiently tuned into the mode! parameters.
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Activities, results and recommendations of Group I on dynamic collector testing

Work in Group I involved jnvestigation of various solar coliector models and parameter identification
techniques as well as design of a dynamic collector test procedure for outdoor laboratory testing. Main
goal of the work was to investigate the extension of the present stationary ISO test standard to non-
stationary testing using normal meteorological and operating conditions. Second order collector
properties can be taken into account in this way so that a much wider range of collector types can be

characterized accurately.

Three collector models were developed and evaluated. For one model, correction terms for diffuse
irradiation, wind velocity, sky temperature, wind dependency of the zero loss collector efficiency, and
possible piping heat loss were added to the terms of the stationary ISO standard, which already
includes zero loss efficiency, temperature dependent heat loss coefficient, incident angle dependency
of the zero loss efficiency and effective heat capacity of the collector. Local heat loss and thermal
capacity have been incorporated in the other two models so that low flow coilectors can be
characterized more accurately. For parameter identification, both the Marquardt-Levenberg solution
method has been used and a special version of the multiple linear regression method.

The test procedure includes steps up and down in collector inlet temperature together with requirements
on solar irradiation and wind velocity. In order to fulfil the requirement of backwards compatibility
to stationary testing, however, the most advanced possibility with rapidly varying inlet temperature has
been left out so that both stationary and dynamic properties can be derived from the same test. As no
continuous good weather is needed, the dynamic collector test takes only about two weeks for the
average mid-European climate, which is half the time of the fuli stationary test. In spite of the shorter
testing time, a much more complete and realistic characterization of the collector is derived.

Experimental results from dynamic collector testing show that different models and parameter
identification methods show very small differences for routine testing. However, standard ISO testing
has been combined now with determination of incident angle modifier and heat capacity in one single,
shorter test. Moreover, a much wider range of collectors, from unglazed swimming pool collectors to
concentrating collectors for high temperature applications, can be handled correctly by dynamic testing
in comparison to the stationary methods needed for these varieties. Scientific work on the dynamic
collector test method has finished and the method has partly been validated. Further thorough validation
of the DCT method is stili needed for standardization purposes.

Activities, results and recommendations of Group Il on dynamic testing of solar DHW systems

Activities of Group Il focused on the development and evaluation of an outdoor laboratory test
procedure for small solar DHW systems including further assessment of data processing using the so-
called model P. This general model contains four parameters for main characterization of solar collector
and heat store, and five more parameters describe system behaviour in more detail. The procedure
forces the solar DHW system to be tested in its most important system states in order to obtain accurate
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parameters and annual performance prediction.

Tests were carried out for solar DHW systems with spectral selective flat plate collectors, forced
circulation in the collector loop and an electric element for auxiliary heating. The tests revealed
accurate and reproducible results, both in identified parameters and annual performance calculations.
Further investigations on solar pre-heat and solar plus supplementary systems were performed based
on simulated test data. Results confirmed the power of the DST method for a wide range of factory-
made systems. Preliminary boundaries of the method were determined to be the temperature
dependency of the heat loss coefficient and incident angle dependency of the zero loss efficiency of

the collector.

Main recommendations for standardization activities are further determination of the application range

for the DST method as well as additional experimental validation.

Activities, results and recommendations of Group IIl on component ltesting and system simulation

Participants in Group III contributed to CTSS with scientific developments and investigations on heat
store testing, development of a test concept to translate component testing into performance predictions
for the whole system and experimental validation of the reliability and accuracy of the whole method.

Two heat store models, i.e. a multi-port and a plug flow model, have been developed and evaluated
for data processing and simulation. A special indoor test procedure has been created for inducing
physical effects for accurate determination of heat store characteristics from measurements of flow rates
and inlet and outlet temperatures for thermal charge and discharge. Parameters inciude effective heat
capacity, heat loss rate, heat transfer rate of heat exchangers, possible auxiliary volume, thermal
stratification and vertical thermal conduction. The method, applied on twelve heat stores, yielded

reliable and reproducible resuits.

The CTSS procedure supports thermal performance characterization of custom-built solar energy
systems, and consists of four steps, (1) dynamic testing of the solar collector, heat store and controller
components, (2) check of the whole system by inspection of the various components including
interconnections and documentation, (3) modelling of the whole system for the relevant system
configuration, and if no validated system model is available, then (4) validation by a whole system test.
Component testing followed by system simulation features flexibility, both in exchanging components
and in application in a large range of custom built system types, including systems for.combined hot
water and space heating. The CTSS method was successfully performed in practice for eleven quite
different solar DHW systems. Success was also confirmed by comparison with results from DST tests

on these systems.

Standardization requires further validation of the heat store test method for other store designs,
refinement of the CTSS procedure to strict guidelines and extension of the scope to other system

configurations such as for combined solar DHW and space heating.
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Activities, results and recommendations of Group III on in situ measuring

Group IIb focused on in situ testing for commissioning of new large scale solar water heating plants
and continuous monitoring of plants in operation. The goal of the work was to apply and further
develop dynamic procedures for on site testing of these systems. The method used parallels the CTSS
method. The main difference is that all measured data are acquired during regular operation of the
plant. Participants carried out a number of studies, mainly concentrating on the collector array. They
all used data sequences of several months or longer and cross-predicted the long term performance with
models fitted to monthly sequences or shorter. The time resolution of the data varied from a few
minutes, which was used in most studies, to one hour, and even one day. The latter was used together
with a simple regression model. One single study covered the complete procedure and predicted the

yearly gain of the solar heating system.

The precision achieved in the cross-predictions of the collector array output agrees well in all of the
studies. The extreme figures are + 3% and + 7%. This agreement is remarkable considering the large
variation both with respect to models and measurements. The single study on a complete system
indicates that an inaccuracy only slightly larger is possible for a complete system test. The group
concludes that an in situ performance test based on the dynamic testing technique is feasible, and that
an overall inaccuracy better than + 6% is within reach for the predicted long term solar collector

output,

The group recommends that the work be continued with the objective to develop an in situ test
procedure for large custom built solar heating systems based on the dynamic testing technique. The
cost of applying the test on a routine basis should be a major consideration.

Overview of the DCST Subtask Final Report

The results of the participants activities have been presented in two Volumes of the DCST Subtask
Final Report "Dynamic Testing of Active Solar Heating Systems". Both Volumes contain a note on
the IEA and the DCST Group followed by summaries of the coordinated work. Further Annexes in
both Volumes present a collection of papers of the DCST Subtask participants embodying the findings
of dynamic testing and measuring of solar energy components and systems in more detail. Report
summaries, prepared by the coordinators of the various Groups, describe the general experience of the
DCST Subtask. Participants are responsible for the contents of the papers in the Annexes. Although
references have been made to the participants contributions, summaries can be understood without

reading the papers.

Volume A describes the investigations, results and recommendations of Group 1 on dynamic collector
testing as well as Group III on CTSS for small solar heating systems and in situ measuring for large
systems. Experiences of the Group II participants on dynamic testing of solar DHW systems have been

presented in Volume B.



INTRODUCTION TO THE INTERNATIONAL ENERGY AGENCY
AND THE DYNAMIC COMPONENT AND SYSTEM TESTING GROUP

The International Energy Agency

The International Energy Agency (IEA), located in Paris, was founded in 1974 as an autonomous body
within the framework of the Organization for Economic Cooperation and Development (OECD) to
coordinate the energy policies of its members. The 23 member countries seek to create the conditions
in which the energy sectors of their economies can make the fullest possible contribution to sustainable

economic development and the well-being of their people and the environment.

The policy goals of the IEA include diversity, efficiency and flexibility within the energy sector, the
ability to respond promptly and flexibly to energy emergencies, the environmentally sustainable
provision and use of energy, more environmentally-acceptable energy sources, improved energy
efficiency, research, development and market deployment of new and improved energy technologies,

and cooperation among all energy market participants.

These goals are addressed in part through a program of collaboration in research, development and
demonstration of new energy technologies consisting of about 40 Implementing Agreements. The IEA’s
R&D activities are headed by the Committee on Energy Research and Technology (CERT) which is
supported by a small Secretariat staff in Paris. In addition, four Working Parties (in Conservation,
Fossil Fuels, Renewable Energy and Fusion) are charged with monitoring the various collaborative
agreements, identifying new areas for cooperation and advising the CERT on policy matters.

The Solar Heating and Cooling Programme

The Solar Heating and Cooling Programme was one of the first IEA collaborative R&DD agreements
to be established. Since 1977, its participants have been conducting a variety of joint projects in active
and passive solar and photovoltaic technologies, primarily for building applications. The present twenty

members are:

- Australia France Norway
Austria Germany Spain
Belgium Greece Sweden
Canada Italy Switzerland
Denmark Japan Turkey
European Commission The Netherlands United Kingdom
Finland New Zealand United States

The overall Programme is monitored by an Executive Committee consisting of one representative from
each of the member countries. The leadership and management of the individual research projects, or
Tasks, are the responsibility of Operating Agents. A total of 22 Tasks have been undertaken since the
beginning of the Solar Heating and Cooling Programme of which the first 14 have been completed so
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far. These tasks and their respective Operating Agents are:

Task 1 : Investigation of the Performance of Solar Heating and Cooling Systems - Denmark
Task 2 : Coordination of Research and Development on Solar Heating and Cooling - Japan
Task 3 : Performance Testing of Solar Collectors - Germany/United Kingdom

Task 4 : Development of an Insolation Handbook and Instrumentation Package - United States
Task 5 : Use of Existing Meteorological Information for Solar Energy Application - Sweden
Task 6 : Solar Systems Using Evacuated Collectors - United States

Task 7 : Central Solar Heating Plants with Seasonal Storage - Sweden

Task 8 : Passive and Hybrid Solar Low Energy Buildings - United States

Task 9 : Solar Radiation and Pyranometry Studies - Canada/Germany

Task 10 : Material Research and Development - Japan

Task 11 : Passive and Hybrid Solar Commercial Buildings - Switzerland

Task 12 : Building Energy Analysis and Design Tools for Solar Applications - United States
Task 13 : Advanced Solar Low Energy Buildings - Norway

Task 14 : Advanced Active Solar Systems - Canada

Task 15 : Not initiated

Task 16 : Photovoltaics in Buildings - Germany

Task 17 : Measuring and Modelling Spectral Radiation - Germany

Task 18 : Advanced Glazing Materials - United Kingdom

Task 19 : Solar Air Systems - Switzerland

Task 20 : Solar Energy in Building Renovation - Sweden

Task 21 : Daylighting in Buildings - Denmark

Task 22 : Building Energy Analysis Tools - USA

Task 14 on Advanced Active Solar Systems

Task 14 was initiated to advance the State-of-the-Art in active solar energy systems. Many features
developed during the few years before the start of the Task, when used alone or in combination, had
the potential to significantly improve the performance of these systems. It was the objective of Task
14 to analyze, design, evaluate and, in some cases, construct and monitor a number of different systems

incorporating one or more of these features.

The work of the Task was divided into three Working Groups, based on the type of systems studicd,
and one Subtask dealing with dynamic testing. The goal of the Working Groups and the Subtask was
to facilitate interaction between participants with similar projects. Participants were able to identify and
address issues of common interest, exchange knowledge and experience and coordinate collaborative

activities.

Domestic Hot Water Systems - Working Group
The focus of this Working Group was the development of advanced DHW systems using the "low

flow" concept. Participating countries contributed expertise related to different system components. The
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collaborative work in the Task brought this expertise together to allow participants from each country
to design systems which show a significant cost/performance improvement (as high as 45%) over
systems on the market in their respective countries when the Task began.

Air Systems - Working Group

Task work concentrated on further development of a commercially available concept for the preheating
of ventilation air in industrial and commercial buildings. This concept is a specially designed cladding
system to capture the air heated by solar radiation on the south wall of a building. Four projects, two
in Canada, one in the USA and one in Germany, were constructed using a perforated version of the
wall. The German project adapted the concept to preheat combustion air for a district heating plant.
The practical work of these projects was complemented by theoretical work conducted at the University
of Waterloo in Canada and the National Renewable Energy Laboratory (NREL) in the United States.
Task work demonstrated that the cost/performance of the perforated wall is over 35% greater than

earlier versions of the design.

Large Systems - Working Group
The Task also examined large scale heating systems involving temperatures under 200°C. Five large

systems were studied. They were all very different but each represented important applications of active
solar systems. District heating, the subject of the Swedish project, can be used in most IEA member
countries to provide space and water heating for communities. The German project also involved
district heating but with no storage. A tulip bulb drying installation in The Netherlands explored the
staggered charging and discharging of long term storage, a strategy which may find many uses,
especially in agricultural applications. Solar desalination, the subject of the Spanish project, has wide
application in water starved areas of the world and could represent a major export opportunity for IEA
countries. Industrial process heat was represented by a project in Switzerland. Since virtually all large
systems are custom designed, cost/performance improvements for this Group was not a meaningful

measure of achievement. Documentation of lessons learned is the most important product of the work.

Dynamic Component and System Testing - Subtask

Attention of the DCST Subtask was directed to research and development of dynamic test and
measuring methods for characterization of solar energy components and systems on the level of long

term performance prediction from short term measuring periods.

Task 14 activities began in 1989 and were completed in 1995. The following countries participated in
this Task: Canada, Denmark, Germany, the Netherlands, Slovenia, Spain, Sweden, Switzerland and the
United States. Canada provided the Operating Agent.

Subrask on Dynamic Component and System Testing

The Subtask on Dynamic Component and System Testing (DCST) was added to Task 14 in 1993 and
provided a continuation and broadening of work completed earlier by the IEA Dynamic Systems
Testing Group {DSTG). The DSTG established that dynamic fitting (or parameter identification) was




10 DCST Subtask Final Report - Volume B

a suitable tool in processing laboratory tests and on site monitoring of solar DHW systems. Final
DSTG results also included preliminary versions of test and measuring procedures for solar DHW

systems.

In the DCST Subtask, work on definition of the dynamic laboratory test procedure for solar DHW
systems was continued, and finally led to a Committee Draft for international standardization.
Broadening of the work on dynamic fitting involved development of procedures for laboratory testing
of solar collectors and heat stores and the data processing tools to match as well as investigation of in

situ measurements from more locations. Work was carried out in three Groups:

L. Dynamic Collector Testing (DCT);
II. Dynamic System Testing (DST) of solar DHW systems;
II1. (a) Component Testing and System Simulation (CTSS) of small solar heating systems and

(b} In Situ Testing of large solar heating systems.

Participants in the DCST Subtask were:

Canada S.J. Harrison Queen’s University :
Department of Mechanical Engineering
Solar Calorimetry
KINGSTON Ontario K7L 3N6

Denmark J.E. Nielsen Danish Technological Institute
M. Bosanac Department for Energy Technology
Solar Energy Laboratory
P.O. Box 141
DK-2630 TAASTRUP
Germany K. Vanoli Institut fiir Solarenergieforschung Hameln-Emmerthal
R. Tepe Am Ohrberg 1
D-31860 EMMERTHAL
Germany W. Spirkl Universitit Miinchen
A. Brunotte Sektion Physik

Amalienstrafe 54/11
D-80799 MUNCHEN

Germany J. Spehr ZAE Bayem
P.O. Box 440254
D-80751 MUNCHEN

Germany T. Pauschinger Universitdt Stuttgart
(leader WG Iila) Institut fiir Wirmetechnik
H. Driick Pfaffenwaldring 6
D-70550 STUTTGART
Netherlands  H. Visser TNO Building and Construction Research
(leader WG 11, Department of Indoor Environment, Building Physics
subst. coordinator) and Systems

J. van der Linden P.O. Box 49
NL-2600 AA DELFT
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Slovenia

Spain

Spain

Sweden

Sweden

Switzerland

Switzerland

Switzerland

Coordinator of the DCST Subtask was Mr. P. Bremer. His leadership was brought to a brutal end by
his sudden illness and death. His enthusiasm and dedication to the work on dynamic fitting and the fine

organization talents may be an inspiration for all those people working in the solar energy field.

The report on the DCST coordinated activities consists of two Volumes. Volume A describes the
combined dynamic testing of components and system simulation for small solar heating systems as well
as in situ measurements of large solar heating systems. Volume B presents the work on dynamic testing
of solar DHW systems. Both Volumes contain summaries of the work carried out followed by a
collection of paperé contributed by DCST participants describing the experiences with dynamic testing

C. Arkar

C. Granados

J.I1. Ajona

B.O. Perers
(leader WG I)

P. Isakson
(leader WG I1Ib)

B. Lachal
D. Cabrera

N. Findlater

P. Bremer

and measuring in more detail.

University of Ljubliana

Faculty for Mechanical Engineering
Murnikova 2

SL-61000 Ljubliana

Instituto Nacional de Tecnica Aerospacial
Dpto. Energia Solar

Campo experimental de El Arenosillo
Ctra. Huelva-Matalascanas km 27.2
E-21130 MAZAGON HUELVA

IER-CIEMAT
Avda. Complutense 22
E-28040 MADRID

Vattenfall Utveckling AB
¢/o Miljokonsulterna
P.O. Box 154

$-61124 NYKOPING

Royal Institute of Technology
Department of Building Services
S-10044 STOCKHOLM

CUEPE Université Geneve
4 Chemin de Conches
CH-1231 CONCHES GENEVE

ITR Solarenergie Pruf- und Forschungsstelle

Oberseestrafe 10
CH-8640 RAPPERSWIL

SEDE SA
33 Rue du Midi
CH-1800 VEVEY
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SUMMARY OF THE DCST COORDINATED ACTIVITY
ON DYNAMIC SYSTEM TESTING
OF SOLAR DOMESTIC HOT WATER SYSTEMS
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NOMENCLATURE
symbol guantity unit
Al effective collector area, solar DHW system model parameter m?
C objective function
Cs heat capacity of the store, solar DHW system model parameter /K
D, draw-off mixing parameter, solar DHW system model parameter -
e system input variable vector
£ auxiliary fraction of the store, solar DHW system model parameter -
G, solar irradiance in the collector plane W/m?
Kan incident angle modifier -
n incident angle modifier coefficient -
P parameter vector
P, auxiliary power W
P, power delivered to the load W
r residual error function, r = ¥4 = Yexp
R, thermal resistance of the load side heat exchanger, solar DHW system model

parameter K/W
Sc collector loop stratification parameter, solar DHW system model parameter -
T water temperature at the inlet of the auxiliary heat exchanger °C
Touo water temperature at the outlet of the auxiliary heat exchanger °C
Tea ambient air temperature of the collector loop °C
T ain cold water temperature at the inlet of the store °C
T outlet temperature of the store °C
T ambient air temperature of the store °C
ue collector loop heat loss parameter, solar DHW system model parameter

W/(m?*K)

Uco constant part of the collector heat loss coefficient W/(m*K)
e, temperature dependent part of the collector heat loss coefficient W/(m*K?)
U overall heat loss coefficient of the store, solar DHW system model parameter W/K
u, wind velocity dependency of u.’, solar DHW system model parameter H(m’K)
v wind velocity m/s
\Y cold water volume flow rate at the inlet of the store m®/s
Vo volume flow rate at the inlet of the auxiliary heat exchanger m’/s
Yexp measured system output
Yood modelled system output
(at) effective transmission-absorption product -
Az vector of errors in the input variables
At skip time 8

skip
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AY e

error in the measured system output

incident angle with respect to normal of solar irradiation on the collector
filter time constant
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1 INTRODUCTION
1.1 Dynamic testing of solar domestic hot water systems

Performance test methods for solar domestic hot water (DHW) systems provide designers,
manufacturers, installers and users with an objective means of measuring and comparing the output of
different systems. Realistic test methods for practical use have to be able to predict from short term
measurements the long term (e.g. annual) performance of a system under specified operating conditions
on an arbitrary location. In order to reduce experimental effort internal measurements in the system

itself should be prevented.

Several performance test methods for solar DHW systems have been proposed and developed in the
past. Most of them include a more or less complicated conditioning of the system in order to simplify
the subsequent analysis of measuring data, e.g., the energy content of the heat store at the end of a test
day has to be equal to the one at the beginning of the day.

In dynamic testing, effort in data processing is minimized by using an appropriate mathematical model
1o collect as much information as possible from the measuring data. In relation to data processing, there
are no principal restrictions on the measuring sequences. The method can be used not only for indoor
laboratory tests, but also for outdoor tests and in- situ measurements where stationary conditions cannot
be obtained. However, for an accurate long term performance characterization of the measured solar
DHW system, most important system states shall be present in the measuring sequences. Hence, for
laboratory tests, certain test conditions have to be fulfilled. Then, the solar DHW system model can
be properly adjusted to the behaviour of the measured system, and after that, the system performance

can be determined for any meteorological and load conditions.

The present dynamic system test (DST) method for solar DHW systems features:

- a black box test procedure in order to achieve the most important systeim states;

- dynamic fitting to obtain the parameters of a general solar DHW system model;

- long term performance prediction which uses the fitted parameters in the same model.
Advanced processing of dynamic testing has been enabled by the availability of quick computer

systems. The data processing can run on a personal computer now.

1.2 Background of Group II of the Subtask on Dynamic Component and System Testing

During completion of Task III - Subtask E of the TEA Solar Heating and Cooling (SHAC) Programme
([1]), a new and promising approach to solar DHW system testing was suggested. Task I1I participants
considered advantages of this approach to fully justify additional international effort. Thus, the
Dynamic Systems Testing Group (DSTG), a Jimited Working Group within the SHAC Programme was
formed to further develop, investigate and evaluate the so-called dynamic system test method.
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Computer programs for processing the dynamic measuring data were developed by researchers at
Munich University, Germany. The DSTG participants evaluated these dynamic fitting and long term
performance prediction tools using both simulated and real measuring data. Conclusions were twofold:
(a) the programs are suitable tools in processing dynamic laboratory tests and in situ measurements,
and (b) for an accurate solar DHW system characterization, all important states shall be present in the
measuring sequences. The DSTG Final Report [2] also contains preliminary versions of test and
measuring procedures for solar DHW systems.

The DSTG also showed the potential of dynamic testing and measuring for characterization of solar

energy components such as collectors and heat stores. This together with the need for further

determination of conditions for dynamic solar DHW system testing explains the decision to continue

and extend the work on dynamic testing and measuring. A place for these activities was found in a

Subtask added to Task 14 on advanced active solar heating systems. Work in the Dynamic Component

and System Testing (DCST) Subtask was carried out in three Groups:

L Dynamic Collector Testing (DCT);

1I. Dynamic System Testing (DST) of solar DHW systems;

Ii1. (a) Component Testing and System Simulation (CTSS) of small solar heating systems and (b)
In Situ Testing of large solar heating systems.

Activities in Group II were mainly aimed at definition of dynamic test conditions for laboratory testing
of solar DHW systems and provide the basis for the Draft International Standard which will be
published in the near future. The following countries participated in Group II of the DCST Subtask:
Canada, Denmark, Germany, the Netherlands, Slovenia and Switzerland. The Dutch participant also

coordinated the Group’s activities.

1.3 Dynamic solar domestic hot water system testing in international
standardization

In 1992, the International Standards Organization (ISO) adopted two new work items for Subcommittee

SC4 of Technical Committee TC 180 on performance characterization of solar DHW systems based

on dynamic laboratory testing:

- solar DHW system performance characterization by means of component testing and computer
simulation, no. 9459 - Part 4;

- solar DHW system performance characterization by means of whole system testing and
computer simulation, no. 9459 - Part 5.

Presently, Part 4 is an internal ISO Working Document (WD) and Part 5 will in the near future be

published as a Draft International Standard (DIS).

Both work items cover the pre-normative research of the DCST Subtask. Volume A of this Final
Report has a strong relation to work item 9459/4 whereas the present Volume B describes
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investigations with regard to work item 9459/5. Paper no. 1 in Annex A reports the editing work, from
end of 1992 to July 1994, on the ISO Committee Draft 9459/5 dated July 28, 1994. The overview
includes the main adaptations in the DST test conditions.

Since 1994, dynamic testing of solar energy systems and components is also subject to European
(CEN) standardization. Technical Committee TC 312 classifies custom built solar DHW systems and
factory made systems. For custom built systems, Working Group 3 of CENTC 3 12 has proceeded the
standardization work in ISO CD 9459/4. On the other hand, Working Group 2 on factory made systems
makes use of ISO DIS 9459/5.

The importance of continuation of the work on standardization of test methods for solar DHW systems
has been recognized according the approval of a proposal on validation of the DST method in the
framework of the European Standards Measurements & Testing Programme. Aim of the project in
which nine European countries will be represented, is to provide missing links for the DST method

from its present state to CEN standardization including extensive experimental validation.

1.4 Overview of Volume B of the DCST Subtask Final Report

Chapter 2 of this Volume B report explains dynamic system testing both in general terms and for solar
DHW systems in particular. The solar DHW system model used in the dynamic fitting and performance
prediction procedure is explained there. For a general explanation of parameter identification, a

descriptive way of presentation is chosen.

Chapter 3 describes the research on proper test conditions for dynamic outdoor solar DHW system
testing. The findings are based on both simulated and real outdoor tests of solar pre-heat and solar plus
supplementary systems. This chapter also contains an overview of investigated solar DHW systems

with references to contributions of Group II participants in Annex A.

Conclusions and recommendations from Group II experiences can be found in Chapter 4. The features
of dynamic testing and the solar DHW system model used are summarized there as well as aspects for

further research.
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2 DESCRIPTION OF DYNAMIC SOLARDOMESTICHOT WATER SYSTEM TESTING
2.1 Dynamic system fitting

2.1.1 General description

Dynamic system fitting can be interpreted as the inversion of dynamic system simulation. Simulation

yields the system output using given parameters, whereas dynamic fitting yields the parameters from
the measured system output; see Fig. 2.1.

input data
S S
parameters model system output
F F
Figure 2.1; Dynamic system fitting (F) works by the inversion of dynamic system simulation (5).

The dynamic fitting procedure features data processing in which a parameter identification technique
is combined with a system model; see Fig. 2.2. A measured quantity y. (t) characterizing the
performance of a system under test is compared with the corresponding calculated quantity y, _,(B,t)
from the model simulating that system. The calculated system output depends on the model parameters
P and input data @ which are equal to the measured conditions for the real system. The integral of the
square (SI) of the filtered (F) deviation r($,t) between the calculated and measured quantities is a
measure C(P) for the quality of the fit. An iterative optimization procedure is used to obtain the
parameters which yield the best fit. In every iteration step, the time dependent system state and
consequently y_ . is calculated again.

Quality of parameters depends on variability of input data which specially address the parameters.
Chapter 3 describes research of outdoor test conditions which yield adequate variability of input data
for accurate parameter determination for a measured solar DHW system. Paper no. 2 in Annex A

describes the definition of a figure of merit for the accuracy of parameters identified in dynamic fitting

in a more general sense.
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o]

f optimization

model Vmos(B>1)

g + r(@.t) . CE)

measured .
system Yeaxp(D)

Figure 2.2: The dynamic fitting procedure,

2.1.2 The optimization procedure

The measure C(B) mentioned above is called the objective function and incorporates the Fourier
transform of the residual error function r(,t) and a low pass filter with Gaussian shape.

The filter reduces the influence of transient errors on the estimated values of the parameters. These
errors generally originate from both measurements, e.g. by inertia of the sensors, and mismatch of the
model. The use of a low pass filter is allowed since the effect of transient errors with zero mean on
the long term performance is negligible. If the typical time scale of the measured system depends on
the operating conditions, the time constant of the filter T¢ has to be time variant in order to retain
significant filter effect as well as the information from the measured system output. The filter
coefficient should decrease if the system state rapidly changes.

The Levenberg-Marquardt algorithm is used to minimize C(B). The algorithm efficiently yields local
minima. The disadvantage of this efficient local minimum search, however, is that other local minima
might be overlooked. In fact, no algorithm can fully guarantee the determination of the global
minimum. In order to avoid the estimation of parameter values which do not go with the global
minimum, the optimization procedure is repeated several times from different starting points. At the
approach of a new or old local minimum the iteration is interrupted and new starting values in a
realistic parameter range are chosen. In the final search, the minimum for the best parameter vector

is accurately determined.
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The optimization procedure also yields estimated errors in the fitted parameter values. For the error
analysis, the residual values 1{,t) are used as these include measuring as well as model errors. Hence,
the error estimation is fully based on the quality of the parameter fit and errors in the measured

quantities are not considered separately.

The influence of errors AB(t) and Ay, (t) in respectively the input and output data on the fitted
parameter values is investigated; see in Fig. 2.3. Since no distinction can be made between AZ(t) and
Ay, (t) all errors are taken together into Ay, (t) which is then equal to r(PB,t). Only statistical errors

are considered in this way, systematic errors are not taken into account.

(A%, Ay.,)

(-c-‘ chp) ————— p

Figure 2.3: Schematic of the error analysis.

In general, the initial state of a measured system is unknown and not equal to the initial state of the
model. When time goes by, the influence of the initial state decreases as the system state is determined
more and more by the input variables. Hence, during the period that the initial state still influences the
system performance, the fitting procedure should not compare the calculated and measured system
output. This period is called the skip time At,;, and is only to be used to tune the calculated system
state. Time Aty
pre-conditioning of the measured system is possible, Atg;, can be reduced.

depends on the difference in the initial state and on the operation of the system. If

Further information about the items with respect to the optimization procedure described above is given
in [3, Annexes A.3 and A.2.3] and more detailed in [4, Chapter 8].

2.2 Dynamic testing of solar domestic hot water systems
The success of a test method is closely related to the general applicability of the procedure. For
dynamic testing, this means that the mathematical model is capable to process measuring data from as

many system types as possible. The method still gains if no internal measurements are needed and if
model parameters have physical meaning and can be allocated to specific system components. The
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latter means that specific variability in the measuring data is needed and that the number of parameters
is just sufficient to describe the most significant system behaviour. In that case, model parameters can
be determined more or less uncorrelatedly. At the same time, however, these parameters will generally
include more than one feature of the system components as well as certain interactions between
components and even neglected effects.

Elaboration of these requirements resulted in a solar DHW system model with separate solar collector
loop and heat store. The solar collector loop is characterized by at least two parameters, i.e. the
effective collector area A, and the collector heat loss parameter u..’, and so is the heat store by the
overall heat loss coefficient Ug and heat capacity Cg. There are additional parameters for advanced
harmonization between the model and the measured system. The model is of the black box type, i.e.
no internal measurements in the solar DHW system are required. All parameters as well as the input
and output of the model have been described in [3, Annexes A.2.1 and A.2.4] and more detailed in
[2, Section 2.2] and [4, Chapters 4 and 8]. Table 2.1. lists the parameters including their ranges.

Table 2.1: List of all parameters for the solar DHW system model.
symbol unit range physical meaning
Al m* 20 effective collector area
u.’ W/(m’K) 20 collector loop heat loss parameter
u, ‘J/(m3K) >0 wind velocity dependency of u.’
Ug W/K =20 overall heat loss coefficient of the store
C, MI/K =01 heat capacity of the store
£ - € 10,1] auxiliary fraction of the store
D, - e [0,5] draw-off mixing parameter
S¢ - >0 collector loop stratification parameter
R, K/kw =0 thermal resistance of the load side heat exchanger

The ISO standard only describes the requirements for the solar DHW systern model to use; see
[3, Annex A.4]. No reference is made to a specific model, hence, everybody is free to make his or her
own data processing model. For their investigations, Group Il participants used model P developed in
Munich during the DSTG period. The program in which model P has been combined with the dynamic
fitting procedure is called DFP.
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2.3 Performance prediction of tested solar domestic hot water systems

Generally, the identified parameters described in Section 2.2 are intermediate results for short or long
term prediction of the system performance; long term mainly involves annual predictions. Direct
consequence of using a general model for processing of measuring data is that the model for
performance prediction has to correspond. The model for long term performance prediction, including
some differences with respect to the model for dynamic fitting as well as the input and output, has
been described in [3, Annex A.2.5].

Group 1I participants used programs STP and LTPP respectively for obtaining short and long term
system performance from the fitted parameters. In these programs, model P has been operated in
simulation mode now. For more information on these programs is referred to [2, Section 2.3].
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3 INVESTIGATION ON DYNAMIC TEST SEQUENCES FOR OUTDOOR SOLAR
DOMESTIC HOT WATER SYSTEM TESTING

3.1 Introduction

The DSTG experienced that not only good data processing tools are needed to obtain an accurate
characterization of the solar DHW system measured: a proper procedure to acquire suitable measuring
data turned out to be just as important. Investigations of the DSTG participants yielded characteristics
of measuring data needed for a good assessment of the system performance from laboratory tests and
in situ measurements. Preliminary test and measuring procedures were realized.

Group Il of the DCST Subtask in Task 14 continued the work on definition of the procedures,
however, only for outdoor laboratory testing; in situ measurements were handled further in Group IIIb.
From end of 1992 to July 1994, when the second Committee Draft 3459/5 ([3]) was sent to ISO for
voting as Draft International Standard, test conditions were defined, evaluated and redefined. From mid
1994 on, CD test conditions were evaluated further in order to reveal quality and boundaries of the
dynamic outdoor laboratory test procedure. The process of improvement of the test conditions can be
read from the progress reports of the Subtask meetings and the various updates of the Committee Draft;
see [5} - [22]. Further evaluations led to some recommendations of the Group for further improvement
of the text; see [23]. These recommendations were discussed in the ISO meeting of October 1995 and
will be taken into account when upgrading the CD into a DIS.

Primarily, this chapter reports on the experiences with the test procedure described in [3]. In
Section 3.2, the CD test conditions have been specified briefly as well as ideas for possible
improvements which resulted from the research. Sections 3.3 and 3.4 describe results of investigations
on real and simulated outdoor test data, including indications for boundaries of the test procedure. In
Section 3.5, a procedure has been proposed for validation of the DST method for systems not tested
before. Finally, accuracy aspects have been mentioned briefly in Section 3.6.

Table 3.1 presents the solar DHW systems used for investigation of the CD test conditions. All systems
consist of separate solar collector and heat store and have a collector loop heat exchanger in the store.
Circulation in the collector loop is forced. Solar plus supplementary systems with electric element
involve heating during off-peak hours and systems with an indirect boiler can be heated during all day.
The solar collector and heat store properties indicated represent the research carried out. Main results
of the investigations can be found in Sections 3.3 and 3.4; for a full description is referred to the
specific papers in Annex A. Experience with the DST method for thermosyphon and Integral Collector
Storage (ICS) systems from before start of the DCST Subtask and during its initial phase revealed the
need for improvement of the former test conditions for these systems as well. Participants in the DCST
Subtask did not have the opportunity to check the new test conditions for these systems. However, it
is expected that the method is valid to a large extent for thermosyphon and ICS systems as well as test

conditions have significantly improved since these first investigations.
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Table 3.1: Overview of real and simulated systems Jor investigation of the CD test sequences.
system | solar DHW system real/ paper no.
no. ] . simulated | in Annex A
type collector properties store properties
1 solar plus suppl. | 7.2 m® glazed, 500 1, mixed charge, real and 3
electric element | spectral selective stratified discharge simulated
2 solar plus suppl. | 4.4 m® glazed, 400 1, mixed charge, real 4
electric element | spectral selective stratified discharge
3 solar pre-heat 2.7 m® glazed, 120 I, mixed charge, simulated | 5
spectral selective stratified discharge
4 solar plus suppl. | 2.7 m? glazed, 240 1, mixed charge, | simulated | 5
electric element | spectral selective stratified discharge
5 solar plus suppl. | 2.7 m* glazed, 200 1, mixed charge, simulated | 5
indirect boiler spectral selective stratified discharge
6 solar plus suppl. | 5.0 m? glazed, 300 I, mixed charge, simulated {| 3
electric element | spectral selective stratified discharge
7 solar pre-heat 4.0 m? glazed, 250 1, str. charge with | simulated | 6
spectral selective fixed and var. inlet,
stratified discharge
8 solar pre-heat 4.0 m® glazed, as system 7 simulated | 6
spectral selective
9 solar pre-heat 4.0 m? glazed, 250 1, mixed charge simulated | 6
non-spectral selective | stratified discharge
10 solar plus suppl. | see system 6, with see system 6 simulated | 3
electric element | different incident
angle modifiers
11 solar pius suppl. | 5.0 m? glazed, See system 6 simulated { 3
electric element | high and strong T-
dependent heat loss
12 solar plus suppl. | 5.0 m?, evacnated see system 6 simulated | 3
electric element | tubular collector
13 solar plus suppl. | see system 6 see system 6 with simulated | 3
electric element increased conduction
in vertical direction
14 solar plus suppl. | see system 6 with 300 1, stratified sitnulated | 3
electric element | low flow charge, str. discharge
15 solar plus suppl. | see system 6 see system 6 with aux. | simulated | 3
indirect boiler heat exchanger
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3.2 Description of sequences for dynamic testing of solar domestic hot water systems

3.2.1 Test sequences in the Committee Draft

The CD test conditions include test sequences S,,;, S and S,,,. Test sequence S, has been divided
into two sequences, i.e. S, with A-days and S, with B-days. All test sequences have been

described in the following. Before that, definition of A- and B-days, and valid A- and B-days is given.
For more detailed descriptions is referred to [3].

Definition of A- and B-days:

A-days: Days with large draw-offs like in [3], Section 6.2.2.2; possible auxiliary heater "off"
all day.

Valid A-days: A-days with daily irradiation exceeding 12 MJ/m?.

B-days: Days with small draw-offs like in [3], Section 6.2.2.3; possible auxiliary heater "off”

from 1 hour before until 1 hour after the draw-offs, unless according to the
manufacturer auxiliary shall not be switched off during the day. Then, the auxiliary
heater shall be "on" all day.

In order to prevent overheating the small draw-off volume is extended if tap water
temperature at the store outlet exceeds a system size dependent threshold temperature,
i.e. the current draw-off continues until 20 % of the store volume has been withdrawn,
however, is stopped when the outlet temperature drops the threshold. The threshold
temperature is larger than the set temperature of the auxiliary heater, if present.

Valid B-days: B-days with daily irradiation exceeding 12 MJ/m’.

Definition of test sequence S, , and S,

Test sequence S, , is meant to characterize solar collector performance at high efficiency. System

sol,

temperature is kept low by the following test conditions:

- 1* day: pre-conditioning + operation under test A conditions.

- following days: operation under test A conditions until at least 3 valid A-days have been
obtained. |

- the number of valid A-days shall be at least one third of the days within S, ...

- final conditioning.

Test sequence S,  is intended to identify store heat losses and collector performance at low efficiency.

System temperature is kept relatively high by the following test conditions:

- 1* day: pre-conditioning + operation under test B conditions.

- following days: operating under test B conditions until af least 3 valid B-days of which 2 are
consecutive have been obtained.

- the number of valid B-days shall be at least one third of the days within S; 5.

- final conditioning.
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The number of valid B-days (in S,.1s) shall be equal or 1 or 2 larger than the number of valid A-days
(il'l SsoI,A)'

Definition of test sequence S,,,,,:

Test sequence S, is meant to identify the overall store losses, i.e. by adding this test sequence to Ssoim
store and collector heat losses are decoupled. By the following test conditions, the store can loose heat
during two days without interference of solar input:

- 1 day: pre-conditioning + operation under test B conditions (but auxiliary heater "off" during
all day).

- following days: operation under test B conditions (but auxiliary heater "off" during all day)
until and no more than 2 consecutive valid B-days have been obtained. '

- following 2 days (48 hours): no draw-off and no solar input by possible covering of the
collector if irradiance > 200 W/mZ. In that case, the pyranometer shall be covered as well (or
irradiance shall be set to zero) and outdoor ambient ajr temperature shall be measured under
the cover (as gain can also be caused by high ambient temperatures).

- final conditioning, i.e. draw-off of three store volumes or less if temperature difference

between inlet and outlet becomes lower than 2 K.

Definition of test sequence S, _:

Test sequence S,,, is meant for identification of the heat losses and volume fraction of the auxiliary-

heated part of the store. By the following test cohditions, temperature of the auxiliary part is kept high

whereas the solar part is kept cold:

- 1* day: pre-conditioning + operation under test B conditions, no solar input.

- 2" + 3 + 4" day: operation under test B conditions and no solar input.

- "no solar" means covering of the collector if irradiance > 200 W/m?* see under S, for
collector covering.

- final conditioning; see under S,

Combination of test sequences:

For solar plus supplementary systems, all test sequences S, x.p, Sqor and S, shall be carried out. For
solar pre-heat systems, the combination of Seram and S, is sufficient of course.

3.2.2 Possible improvements of the test sequences
Investigations on simulated test data revealed that only minor improvement of DST parameter

identification and annual system performance prediction can be expected from adaptation of the test
conditions as described in Section 3.2.1; see Paper no. 5 in Annex A. However, some adaptations
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mlght simplify the test procedure. Possible improvements of the test sequences involve:
- The 12 MJ/m? demand for valid A~ and B-days might be flexible and linked to the ratio of
store volume and collector area. System temperatures during S, and S, test sequences can
“reach higher values then, possibly reducing correlation between u.’ and Uy, and (to a smaller
extent) between A’ and ug .
- Test sequence S, or S,,, might be skipped for solar plus supplementary systems as only one
of these may reveal the same information for decoupling identification of v, and Us.
- The strict limit of 1/3 valid days for both S_, , and S, 5 test sequences might be more flexible.
Maybe this criterion can be dropped.
- The same might be valid for the criterion that the number of valid B-days in S, 5 should be
equal or 1 or 2 larger than the number of valid A-days in S 4

33 Evaluation of the Committee Draft test sequences based on real test data

The effectiveness of test condition development was checked in real testing of solar plus supplementary
system 1 in Table 3.1. From twelve sequences S, and two sequences of each S, and S, twelve
tests were composed in such way that seasonal dependence of the identified parameter sets and annual
performance prediction could be determined. The results show good reproducibility independent from
meteorological conditions both for the various parameter sets and the prediction of annual system
perfonnance Moreover, the standard deviation as delivered by the DST data processing procedure
appears to be a good indication for the spread in parameter values and performance predictions from
the different sets of test sequences, i.e. if the scatter is relatively large, then, the standard deviation is
relatively large. Most identified parameters and predictions coincide within their mutual rather small
2c-bands.

Considering the general character of the DST mathematical model, quite realistic parameter values were
obtained. Small underestimation of u;’ is compensated by small overestimation by Ug. Overestimation
of f,, can be explained by thermal conduction and convection in the vertical direction not taken into
account by the general model. For a complete overview of the parameters identified from the various
tests is referred to Paper no. 3 in Annex A. The spread in the most important parameters is as follows:
+ 2.8 % in A, and about + 8.8 % in ue and U, Table 3.2 lists the predicted annual performances for
various TRY (Test Reference Year) weather locations and loads. The spread in annual performance

prediction remains in the range of + 1.5 % of the hot water demand for all sets of test sequences.

Improvement of the DST procedure by addition of test sequences S, and S, to test sequence S,
has been demonstrated for solar DHW system 2 in Table 3.1. Figure 3.1 shows the improvement in
reproducibility for f,,, and the solar fraction when sequences S,,, respectively S, and S_,, are added

aux

to four different sequences S
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Table 3.2: Solar fraction (in percentages) for solar DHW system I with electric element as predicted from
twelve sets of test sequences for various TRY weather locations, and various volumes of water
heated from 10°C to 45°C,

Location/climate TRY Wiirzburg TRY Hannover TRY Stétten
(1226 kWh/(m?*a)) (1042 kWh/(m®a)) | (1367 kWh/(m?a))
Load [litres/day] 200 350 500 350 350
Test sequence set ] 56.8 50.7 43.1 435 535
Test sequence set 2 559 49.6 420 423 521
Test sequence set 3 || 573 509 433 43.8 53.8
Test sequence set 4 56.3 504 43.1 433 53.0
Test sequence set 5 57.1 513 440 442 54.0
Test sequence set 6 579 51.7 44.2 44.6 54.7
Test sequence set 7 {| 56.6 50.5 429 433 53.3
Test sequence set 8 559 49.5 419 423 52,0
Test sequence set 9 56.7 50.6 431 434 534
Test sequence set 10 56.4 50.4 43.1 433 53.0
Test sequence set 11 | 56.6 51.0 439 43.9 53.7
Test sequence set 12 57.1 51.3 440 442 543
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Figure 3.1; Effect of addition of test sequences S, as well as S,,,. and S, to test sequences S, on

identification of f,,, and prediction of the solar fraction for a load of 215 litres per day, heated
from 10°C to 50°C, and for weather according to Kloten, Switzerland for solar DHW system 2
with electric element.
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Paper no. 4 in Annex A also presents reproducibility checks on two apparently identical examples of

this system 2. Parameters U and f,, seem to depend on the value of the auxiliary heater setpoint

aux

temperature which preliminary indicates the need for about the same setpoint temperature for testing
and performance prediction. However, this effect should be investigated further.

3.4 Evaluation of the Committee Drafi test sequences based on simulated test data
3.4.1 Investigation method

Test sequence design was extensively supported by investigation of simulated test data. Basis for these
investigations was the method as presented in Figure 3.2 in which DF represents the dynamic fitting
and LTP stands for long term, i.e. annual performance prediction:

- For different types of solar DHW systems, simulated test data were generated using a detailed
solar DHW system model such as TRNSYS ([24]).

- The simulated test data were analyzed with program DF_P, i.e. the DST model parameters
were identified.

- Subsequently, from the DST model parameter sets annual performance was predicted for
various loads and locations (climates), For the predictions, program LTP_P was used.

- The annual performances for the different loads and locations were also simulated by the
detailed solar DHW system model. These figures were used for comparison with the DST
model predictions.

Both for test data generation and for annual performance prediction and simulation, meteorological data

from TRY files were used.

SDHW system definition — detailed SDHW simulated —> COrr.matrix —
meteorological data > system model —_— DF’ —> parameters —
draw-off data ——» test data —> st.dev.
=

reference weteorological data —» LTP = annual performance prediction
reference draw-off —mmm» t

L

compare

¥
SDHW system definition — > detailed SDHW v
reference meteorological data —> system model > gimulated annual performance
reference draw-off —— ———>

Figure 3.2: Scheme of the investigation method comprising comparison of DST annual performance

prediction with simulated annual performance.
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Participants considered the DST method to be validated if differences in ali annual performance
predictions from various (simulated) tests are less than 5 % with regard to the hot water demand of

the system.

3.42 Investigations for different types of solar domestic hot water systems

Several test sequences S, S, and S, (if applicable) were generated for both solar pre-heat and solar

plus supplementary systems.
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Figure 3.3: Results of DST parameter identification and predicted annual power delivered to a load of 110
litres per day, heated from 15°C to 65°C, and Jor weather according to TRY-De Bilt, the
Netherlands for solar pre-heat system 3.

Figure 3.3 shows parameter sets fitted from various combinations of test sequences as well as matching
annual performance predictions for solar pre-heat system 3 in Table 3.1, and so does Figure 3.4 for
solar DHW system 5 with heating by an indirect boiler. Annual performance for the solar pre-heat
system has been given in power P, delivered to the load, and for the solar plus supplementary system,
auxiliary power P, has been presented. More information as well as parameters fitted and
performances predicted for system 4 have been given in Paper no. 5 in Annex A. Results match to a
large extent with conclusions from data processing of real tests:

- Various sets of test sequences lead to very similar parameter values.

- Spread in u.’ is relatively largest, but spread in Ug is lower than for the real tests.

- Small underestimation of u.’ and small overestimation of Us and {,,, were found again.
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Table 3.3:

by TRNSYS from six simulated tests for systems 10 - 15.

Range of solar fractions determined for different loads in comparison to the value calculated

solar fraction [%0]
range TRNSYS range TRNSYS range TRNSYS

load {litres/day] 50 50 200 200 1500 1500
system 6 405 - 443 434 472 - 48.1 46.4 11.7 - 12.1 14.1
system 10, n = 0.1" 50.1 - 52.0 49.8
system 10, n = 0.3" 47.1 - 483 46.5
system 10, n = 0.5" 409 - 43.6 40.8
system 11 23.1-303 27.7 38.9 - 40.7 38.7 104 - 10.8 12.7
system 12 62.6 - 65.8 62.5 60.7 - 61.5 59.3 150 - 154 17.9
system 13 32.2 - 369 35.0 44.0 - 455 43.6 1.3 - 11.7 13.5
system 14 45.5 - 49.6 47.0 492 - 50.8 494 122 - 125 15.0
system 15 45.6 - 52.1 46.6 483 - 51.2 47.0 123 - 129 12.3

The n-value indicates the incident angle modifier coefficient for the Ambrosetti equation, ie.
1 - tan'"(®/2) for reduction of the effective transmission-absorption product (ot).

Systematic deviations between solar gain predicted according to the DST procedure and
determined by data generation program TRNSY'S are small and depend on the load. In general,
average annual system performance has been overestimated by 1 - 2 % for the load of
200 litres per day, and it has been underestimated by 2 - 3 % for the 1500 litres per day load.
For 50 litres per day, systematic deviation is around zero. For system 15, systematic
overestimation is 1 - 3 %.

Considerable seasonal bias of DST results can be expected for flat plate collectors with
incident angle modifier coefficient of 0.4 and higher. For these systems, solar irradiance should
be corrected as recommended in the Committee Draft.

High and strong temperature dependent collector heat loss, i.e. 5.0 + 0.04AT W/(m’K) in the
simulations, causes an increased scattering of the results. For the load of 50 litres per day, the
spread in solar fraction is about 7.2 %. However, it is much lower for the large loads.
Quality of DST results for the system with the evacuated tubular collector is comparable with

that of the reference system.
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3.6

Performance of two full dynamic tests as described in Section 3.2.1. The tests shall be carried
out in periods in which specific system characteristics different from the data processing model
(see Section 2.2) are most exposed into different directions. For instance, the two tests for
systems with strong temperature dependency of the collector heat loss coefficient shall be
performed in a period with a relatively low respectively high ambient air temperature.
Evaluation of the two dynamic tests into annual performance predictions for all required
meteorological and load conditions.

Comparison of the annual performance -predictions from the two tests. The method is
considered to be validated for the tested system if differences in all annual performance
predictions from the two tests are less than 5 % with regard to the hot water demand of the
system.

If validation of the method under 3 is positive, test data of both tests shall be combined and

used for the annual performance prediction to be presented in the test report.

Accuracy aspects

The DST data processing procedure yields estimated errors in the fitted parameter values and the
annual performance prediction. The error analysis takes into account measuring as well as model erTors,

however, only statistical errors are considered. In data processing, it is not possibie to detect systematic

errors in the sensors and systematic model errors. Nevertheless, systematic errors affect the parameter

values and annual performance prediction.

For information about the systematic error in the used model P is referred to Section 3.4. However,
one should be careful with the figures mentioned as the model used for generation of the test data

contains systematic errors as well. The effect of systematic measuring errors on the yearly performance

prediction has been investigated briefly for an earlier version of DST procedure used in the

Netherlands; see [25]. Summary of investigation results has been given below.

Table 3.4: Systematic measuring errors in the different variables, realistically Jor professional sensors

available on the market, for investigation of their influence on annual performance prediction
Jor solar pre-heat and solar plus supplementary systems.

variable systematic error ’ variable | systematic error
G, 1% A% 1%

Tea 0.5°C T 0.1°C

Tsa 0.5°C Touo 0.1°C

T rain 0.1°C Vo 1%

T, 0.1°C P, (electric) | 1%
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Figure 3.4: Results of DST parameter identification and predicted annual auxiliary power for a load of
110 litres per day, heated from 15°C to 65°C, and for weather according to TRY-De Bilt, the
Netherlands for solar DHW system 5 with auxiliary heating by an indirect boiler.

- The various sets also give quite similar annual performance predictions, i.e. the spread is in
the range of + 1.5 % again.

- The DST procedure overestimates the annual system pain by several percentages (typically
2 - 4 %) with respect to determination by the data generation program.
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Figure 3.5: Predicted solar fraction in comparison to the value determined by the data generation program

TRNSYS for various loads and for weather according to TRY-Wiirzburg, Germany for solar
DHW system 6 with electric element.
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- The DST standard deviation gives a good indication of the spread in parameter values and
system performance predictions from the different sets of test sequences. Most identified
parameters and all predictions coincide within their mutual rather small 20-bands.

This indicates that the different parameters and the annual performance prediction are determined quite

accuraiely.

An example of variation in load has been presented in Figure 3.5 in which solar fraction is given as
end result of DST data processing of six simulated tests for solar DHW system 6 (Table 3.1) with
electric element. Largest spread is found for small draw-offs.

Identical results, i.e. very small spread in annual gain and auxiliary power, were obtained for
performance predictions for locations with very different meteorological conditions than at the

simulated test site; see Paper no. 5 in Annex A.

3.43 Investigation of the boundaries of the DST procedure

Simulated test data were also used for investigation of the boundaries of the DST procedure.
Preliminary results were obtained for solar pre-heat systems, and a more systematic research was
carried out starting from solar DHW system 6 with electric element.

Boundaries for solar pre-heat systems

Paper no. 6 in Annex A describes analysis of simulated test data for solar pre-heat systems 7 - 9 in
Table 3.1 with spectral selective and non-selective absorber and with stratified and mixed charge of
the heat store. Test sequences S, and S, were generated for periods in summer, autumn and winter.

Annual performance predictions show seasonal dependency. Largest scattering was found for system 8
with a high and strong temperature dependent collector heat loss coefficient and fixed store inlet; about
* 5 % (of the hot water demand) in annual system performance for a load of 350 litres per day.
Reason for the relatively large spread may be found in large scattering of the parameters identified
from the various test sequences. Furthermore, a small systematic overestimation of 1 - 3 % in the DST
annual system gain was found for the summer test sequences when compared with the figure
determined by the data generation program TRNSYS.

These results for solar pre-heat systems should be considered as preparation for further investigations.
Foremost, the differences in the parameter sets should be explained. Special point of attention is also
the influence of the temperature dependency of the collector loop heat loss coefficient on the fitted

parameters and the predicted performance.

Spread in parameters A" and u;’ might be due to differences in wind velocity and long wave radiation
exchange for the various test sequences. These variables have not been taken into account in data
processing, though might have second order influence on the system behaviour. A supplementary study
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- The various sets also give quite similar annual performance predictions, i.e. the spread is in
' the range of = 1.5 % again. |
- The DST procedure overestimates the annual system gain by several percentages (typically
2 - 4 %) with respect to determination by the data generation program.
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Figure 3.5: Predicted solar fraction in comparison to the value determined by the data generation program

TRNSYS for various loads and for weather according to TRY-Wiirzburg, Germany for solar
DHW system 6 with electric element.
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- The DST standard deviation gives a good indication of the spread in parameter values and
system performance predictions from the different sets of test sequences. Most identified
parameters and all predictions coincide within their mutual rather small 2c-bands.

This indicates that the different parameters and the annual performance prediction are determined quite

accurately.

An example of variation in load has been presented in Figure 3.5 in which solar fraction is given as
end result of DST data processing of six simulated tests for solar DHW system 6 (Table 3.1) with
electric element. Largest spread is found for small draw-offs.

Identical results, i.e. very small spread in annual gain and auxiliary power, were obtained for
performance predictions for locations with very different meteorological conditions than at the

simulated test site; see Paper no. 5 in Annex A.

3.43 Imvestigation of the boundaries of the DST procedure

Simulated test data were also used for investigation of the boundaries of the DST procedure.
Preliminary results were obtained for solar pre-heat systems, and a more systematic research was
carried out starting from solar DHW system 6 with electric element.

Boundaries for solar pre-heat systems

Paper no. 6 in Annex A describes analysis of simulated test data for solar pre-heat systems 7 - 9 in
Table 3.1 with spectral selective and non-selective absorber and with stratified and mixed charge of

the heat store. Test sequences S, and S, were gencrated for periods in summer, autumn and winter.

Annual performance predictions show seasonal dependency. Largest scattering was found for system 8
with a high and strong temperature dependent collector heat loss coefficient and fixed store inlet: about
* 5 % (of the hot water demand} in annual system performance for a load of 350 litres per day.
Reason for the relatively large spread may be found in large scattering of the parameters identified
from the various test sequences. Furthermore, a small systematic overestimation of 1 - 3 % in the DST
annual system gain was found for the summer test sequences when compared with the figure
determined by the data generation program TRNSYS.

These results for solar pre-heat systems should be considered as preparation for further investigations.
Foremost, the differences in the parameter sets should be explained. Special point of attention is also
the influence of the temperature dependency of the collector loop heat loss coefficient on the fitted

parameters and the predicted performance.

Spread in parameters A.’ and u.” might be due to differences in wind velocity and long wave radiation
exchange for the various test sequences. These variables have not been taken into account in data
processing, though might have second order influence on the system behaviour. A supplementary study
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on the importance of wind velocity and long wave radiation exchange for the collector efficiency ([17])
indicates that sky temperature has more influence on the performance parameters of glazed collectors
than wind velocity. Influence of sky temperature is larger for less spectral selective absorbers and
higher transmission of the cover for long wave radiation. Wind velocity can be processed optionally
in the DST method. There is currently no such possibility for sky temperature.

Boundaries for solar plus supplementary systems

Boundaries of the DST procedure were also investigated for solar plus supplementary systems. Starting

point for the research was system 6 (Table 3.1) with electric element for heating during off-peak hours.

The following aspects were investigated by changing the matching system properties with respect to

this reference:

- the incident angle effect for systems with flat plate collectors (system 10 in Table 3.1)

- the effect of a high and strong temperature dependent heat loss coefficient for flat plate
collectors (system 11);

- systems with an evacuated tubular collector (system 12);

- the effect of an increased effective heat conduction in the vertical direction of the store
(system 13);

- Jow flow systems with a stratified charge of the heat store (system 14);

- systems with auxiliary heating via an immersed heat exchanger (system 15).

For all variants described above, six simulated tests were generated for meteorological conditions of
TRY Wirzburg, i.c. one set of test sequences for every month from April to September. Reproducibili-
ty was investigated for both identified parameters and annual performance prediction for loads of 50,
200 and 1500 litres per day, heated from 10°C to 45°C, where the 50 litres per day load has been
regarded as rather unrealistically small. Moreover, deviation with respect to the annual performance
calculated by data generation program TRNSYS was determined. Table 3.3 presents an overview of
all investigations: the range of solar fractions determined by the DST procedure from the various
simulated tests together with the solar fraction calculated by TRNSYS. For reasons of comparison,
these figures have been given for system 6 as well. For more detailed information, also on the fitted

parameters is referred to Paper no. 3 in Annex A.

Main conclusions from the investigations are as follows:

- Although parameters A", u.” and U, show correlation effects depending on the season of
testing, clear relation was observed between parameters changed in TRNSYS and matching
DST parameters. Parameter U shows systematic overestimation.

- For all systems including the reference system, largest spread in predicted annual solar fraction
was found for the small load of 50 litres per day, heated from 10°C to 45°C. This can be
explained by occurrence of overheating in summer, hence, large influence of the heat loss
coefficients on the thermal performance. However, the scattering remains within the validation
range of 5 % for systems 6, 10 and 12 - 14, For the more realistic larger loads, the differences
in annual system performance are less than 5 % for all systems 6 and 10 - 15.
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Table 3.3:

by TRNSYS from six simulated tests for systems 10 - I5.

Range of solar fractions determined for different loads in comparison to the value calculated

solar fraction [%]
range TRNSYS range TRNSYS range TRNSYS

load [litres/day] 50 50 200 200 1500 1500
system 6 40.5 - 443 43.4 47.2 - 48.1 464 117 - 121 14.1
system 10, n = 0.1V 50.1 - 52.0 49.8
system 10, n=0.3" 47.1 - 483 46.5
system 10, n = 0.5" 409 - 43.6 40.8
system 11 23.1 - 303 277 389 -407 38._7 104 - 10.8 12.7
system ]2 62.6 - 65.8 62.5 60.7 - 61.5 59.3 15.0 - 154 179
system 13 322 -369 35.0 44.0 - 45.5 43.6 11.3 - 11.7 13.5
system 14 455 -496 470 49.2 - 50.8 494 122 -125 15.0
system 15 456 - 52.1 46.6 483 - 51.2 47.0 123 - 129 12.3

n

The n-value indicates the incident angle modifier coefficient for the Ambrosetti equation, i.e.

1 - tan'"(®/2) for reduction of the effective transmission-absorption product (ort).

Systematic deviations between solar gain predicted according to the DST procedure and
determined by data generation program TRNSY'S are small and depend on the load. In general,
average annual system performance has been overestimated by 1 - 2 % for the load of
200 litres per day, and it has been underestimated by 2 - 3 % for the 1500 litres per day load.
For 50 litres per day, systematic deviation is around zero. For system 15, systematic
overestimation is 1 - 3 %.

Considerable seasonal bias of DST results can be expected for flat plate collectors with
incident angle modifier coefficient of 0.4 and higher. For these systems, solar irradiance should
be corrected as recommended in the Committee Draft.

High and strong temperature dependent collector heat loss, i.e. 5.0 + 0.04AT W/(m?K) in the
simulations, causes an increased scattering of the results. For the load of 50 litres per day, the
spread in solar fraction is about 7.2 %. However, it is much lower for the large loads.
Quality of DST results for the system with the evacuated tubular collector is comparable with

that of the reference system.
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- Increased heat conduction in the vertical direction of the heat store leads to a higher f, ,-value.
It does not affect the quality of the annual performance prediction much.

- Low flow in the collector loop combined with a stratified charge of the heat store induces a
Sc-value different from zero. It does not have much influence on the quality of the DST
results.

- Despite the fact that the general DST mathematical model does not fully support the way the
simulated immersed heat exchanger of system 15 operates (fully mixed charge versus stratified
charge of the auxiliary part), quality of annual performance prediction is only affected a little

by a larger difference of 6.5 % in annual solar fraction for the 50 litres per day load.

Summary of systems for which the DST method can be applied directly

Based on the results of real tests as described in Section 3.3 and the investigation of simulated test data

reported above, DCST Subtask participants composed a preliminary list of systems for which the DST

method has been validated and consequently can be applied directly:

- Systems with forced circulation in the solar collector loop, with glazed flat plate collectors
which are further characterized by:

. constant part of the collector heat loss coefficient uc, < 5.0 W/(m?K);
. temperature dependent part of the collector heat loss coefficient ug, < 0.04 W/(m*K?);
. incident angle dependency for solar irradiance limited by the following equation:

K, = 1-[tan(6/2)]"" with n < 0.4.

Notice that test data for systems with higher incident angle dependency may be processed

using corrected solar irradiance; see Committee Draft 9459/5 ([3]).
- Systems with ETC heat pipe collectors for which dry-out does not occur during testing and

during normal operation.
This list resembles the state-of-the-art in May 1995. It is expected to grow due to further validation
of the method, which will be taken care of in a project within the European Programme on
Standardization, Measurements and Testing; see Section 4.3. In a few years, the method is expected
to be validated for all system types with forced circulation in the coliector loop, thermosyphon as well
as ICS systems as indicated in the CD ([3]).

For systems differing from those mentioned above, validation of the DST method shall be carried out.

The proposed procedure for this validation has been described in the next section.
35 Procedure for validation of the DST method
For systems not been mentioned in Section 3.4 above and for which previous validation has not taken

place, test conditions and data processing model should be validated as well. In this case, DCST
Subtask participants propose a test procedure including validation and consisting of the following steps:
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1. Performance of two full dynamic tests as described in Section 3.2.1. The tests shall be carried
out in periods in which specific system characteristics different from the data processing model
(see Section 2.2) are most exposed into different directions. For instance, the two tests for
systems with strong temperature dependency of the collector heat loss coefficient shall be
performed in a period with a relatively low respectively high ambient air temperature.

2. Evaluation of the two dynamic tests into annual performance predictions for all required
meteorological and load conditions.

3. Comparison of the annual performance ‘predictions from the two tests. The method is
considered to be validated for the tested system if differences in all annual performance
predictions from the two tests are less than 5 % with regard to the hot water demand of the
system.

4, If validation of the method under 3 is positive, test data of both tests shall be combined and

used for the annual performance prediction to be presented in the test report.

3.6 Accuracy aspects

The DST data processing procedure yields estimated errors in the fitted parameter values and the
annual performance prediction. The error analysis takes into account measuring as well as model errors,
however, only statistical errors are considered. In data processing, it is not possible to detect systematic
errors in the sensors and systematic model errors. Nevertheless, systematic errors affect the parameter

values and annual performance prediction.

For information about the systematic error in the used mode! P is referred to Section 3.4. However,
one should be careful with the figures mentioned as the model used for generation of the test data
contains systematic errors as well. The effect of systematic measuring errors on the yearly performance
prediction has been investigated briefly for an earlier version of DST procedure used in the
Netherlands; see [25]. Summary of investigation results has been given below.

Systematic measuring errors in the different variables, realistically for professional sensors
available on the market, for investigation of their influence on annual performance prediction
Jor solar pre-heat and solar plus supplementary systems.

Table 3.4:

variable systematic error || variable systematic error
G, 1% \Y 1%

Tea 0.5°C Ty 0.1°C

Tsa 0.5°C Too 0.1°C

T . 0.1°C V.. 1%

T 0.1°C P, (electric} | 1%
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Simulated test data have been used again for investigation of the effect of systematic errors in the
measured variables on the annual performance prediction. For solar pre-heat system 3 and solar plus
supplementary system 5 in Table 3.1, realistic systematic errors listed in Table 3.4 have been added
to or subtracted from the measured variables in such a way that all changes affected DST data
processing in the same direction, i.e. the solar gain increased for both systems. For explanation of the
variables is referred to the Nomenclature. Influence of a systematic error in measurement of the wind

velocity has not been investigated yet as these systems are not really suitable for that,

Differences between annual performance predictions for tests with and without the systematic
measuring errors of Table 3.4 appeared to be 1.2 % of the hot water demand for the pre-heat system,
and 3.2 % for the solar plus supplementary system. The error for solar DHW systems with an electric
element is expected to be somewhat smaller. Notice that these values involve maximum systematic
errors in the DST annual performance prediction caused by systematic measuring errors. In general,
systematic measuring errors will not reinforce each other so that a realistic systematic error in the
performance prediction is smaller.
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4 DYNAMIC SOLAR DOMESTIC HOT WATER SYSTEM TESTING: CONCLUSIONS
AND RECOMMENDATIONS '

4.1 . State-of-the-art in outdoor testing

A dynamic test (DST) procedure for outdoor laboratory testing of solar domestic hot water systems
has been developed and evaluated. Developments were based on earlier findings of the DSTG
participants who demonstrated the power of dynamic data processing. Emphasis of the two years work
in the DCST Subtask was on generation of guidelines for adequate test sequences for reproducible and
accurate system performance prediction, rather than on improvement of the data processing tools.
Participants used available model P tools, resulting from the DSTG period, for test sequence
investigations. This model contains a general description of the solar DHW system with four
parameters for main characterization of solar collector and heat store, and five more parameters for
specification of the system behaviour in more detail. The general character of model P implies that
there is no unambiguous link between all separate physical system properties and the parameters:
second order effects are taken into account by one or more of the available parameters. This means
that comparison of identified model parameters with apparently corresponding system specifications

determined in an other way is often hard.

The developed test procedure supports solar pre-heat as well as solar plus supplementary systems, and
forces the system tested in its most important states, Three types of test sequences have been defined
for solar pre-heat systems. For solar plus supplementary systems, there is one additional sequence. Test
sequence S.ml'A in which system temperature is kept low, is meant to characterize solar collector
performance at high efficiency. In sequence S,,;, system temperature is kept relatively high for
identification of store heat losses and collector performance at low efficiency. Test sequence S, .
where the store can loose heat without interference of solar input, is specially intended to identify the
overall store losses, i.e. by adding this test sequence to S,,, store and collector heat losses are
decoupled. For solar plus supplementary systems, the heat losses and volume fraction of the auxiliary-
heated part of the store is determined from test sequence S, in which temperature of the auxiliary part

is kept high whereas the solar part is kept cold.

Measuring data of real and simulated tests were used for evaluation of the test procedure. Real tests
were carried out for solar DHW systems with spectral selective flat plate collectors, forced circulation
in the collector loop and an electric element for auxiliary heating. Further tests were simulated for solar
pre-heat systems and for solar plus supplementary systems with an electric element for heating during
off-peak hours and with a heat exchanger coupled to an indirect boiler. Investigations reveal
reproducible and accurate results in general, both for identified parameters and annual performance
predictions. Typical scattering of the most important parameters is less than + 3 % for A" and less
than + 10 % for u." and Ug whereas spread in annual performance is less than + 1.5 %. Moreover, the
standard deviation as delivered by DST data processing gives a good indication for the spread in




44 DCST Subtask Final Report - Volume B

parameter values and performance predictions. Comparison of DST annual performance prediction with
results of calculation by data generation programs shows small DST overestimation, typically 2 - 4 %,

for realistic loads.

Preliminary boundaries of the test procedure were determined by means of investigation of simulated
test data. Results show the wide application range of the DST method. Reproducibility and accuracy
in annual performance prediction better than 5 % of the hot water demand was found for solar DHW
systems with spectral selective flat-plate absorbers and evacuated tubular collectors, with common and
low flow in the collector loop. The DST method is also quite robust with respect to physical aspects
not explicitly taken into account by the data processing tools, such as heat conduction in the vertical
direction of the store and stratified charge of the auxiliary part. Considerable seasonal bias of annual
performance prediction is not expected for flat plate collectors with constant and temperature dependent
part of the collector heat loss coefficient of less than 5.0 W/{m2K) respectively 0.04 W/(m’K?) and with
incident angle modifier coefficient according to Ambrosetti of less than 0.4, For systems with larger
incident angle modifier coefficients, correction of solar irradiance as recommended in Committee Draft
9459/5 ([3]) should be performed. For more details is referred to Section 3.4,

DST data processing takes into account statistical measuring and model errors. Systematic measuring
errors have been investigated briefly for professional measuring sensors available on the market.
Results reveal maximum systematic deviations in the annual system performance of about 1 % of the
hot water demand for solar pre-heat systems and about 3 % for solar plus supplementary systems.

4.2 Recommendations for further research

Test procedure development has resulted in test sequences providing reliable characterization for a wide
range of solar DHW systems. Only minor improvements can be expected from adaptations of the test
sequences. Possible improvements have been presented in Section 3.2.2 and involve reduction of the
correlation between the main parameters A.', u.' and U leading to reduced scattering in these
parameters when identified from different sequences, and a more accurate annual performance
prediction. Other recommendations in Section 3.2.2 include shorter testing period and a less strict test
procedure, Additionally, use of the figure of merit described in Paper no. 2, and the standard deviation
in fitted parameters and performance prediction might be elaborated for criteria for termination of DST
testing. Shorter test periods may further be provided by an on-line computerized test procedure which
considers the operation of the system in the preceding test period together with the weather forecast
for determination of the process for the days to come.

Then, the DST procedure should be checked on reproducibility aspects, also in the sense that a test
carried out in one laboratory shall reveal the same results as a second test on the same system in a
different laboratory. The influence of measuring accuracy, specially systematic errors in the 5ensors,
on scattering of the resulting system performance should be part of this study. Therefore, study in
Section 3.5 should be extended.
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The DCST Subtask participants made up a preliminary list of systems for which the DST method has
been validated; see Section 3.4. However, this summary has been based mainly on processing of
simulated test data. Therefore, major recommendation is the further validation of the DST method by
real testing of both solar pre-heat and solar plus supplementary systems. This means verification of the
investigation results described in Section 3.4, but also validation for solar DHW systems not
investigated yet, e.g. with unglazed collectors and compact systems like thermosyphon and integral
collector storage systems. The method for further practical validation of the DST method has been

presented in Section 3.5,

On the other hand, investigation of simulated test data remains a powerful tool in initial determination
of the application range. In first instance, distinction should be made between solar pre-heat and
different types of solar plus supplementary systems. Detected aspects, open for investigation are still
the influence on fitted parameters and annual system performance prediction of temperature
dependency of the collector heat loss coefficient, incident angle dependency of the zero loss efficiency
and the setpoint temperature of the possible auxiliary part of the heat store.

Important for elaboration of results of both real and simulated tests is the way of presentation of the
results. Unambiguous presentation of results facilitates efficient investigations and drawing of
conclusions. The DCST participants choose to relate differences in annual system performance

predictions to the hot water demand.

4.3 Outlook for dynamic testing of solar domestic hot water systems

The major recommendations described in Section 4.2 will be taken into account in a new project within
the European Standards, Measurements and Testing Programme. The title of the project is "Research
and experimental validation on the DST performance test method for solar domestic water heaters’.
The goal of the project is to provide the missing links from its present status to CEN standardization.
Important elements are:

- comparison of the DST method to the CSTG method ([26]), leading to correspondence factors;
- fine-tuning of the present description of the test procedure;

- clear definition of the scope and boundaries of the test procedure;

- intercomparison test of the DST method in different countries;

- presentation for direct use in standardization.

These objectives are given by the present needs of the CEN TC 312 which recognizes the DST method
as necessary for European standardization, but requires an experimental validation of the method as

well as conversion factors to the CSTG method.

Ten recognized laboratories in nine European countries will work together in the project. All
participants have strong connections with the solar energy industry in their respective countries. High

level of testing expertise is present within the project team. Test sites are distributed from Scandinavia
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to Mediterranean countries, so that a wide range of testing climates is available. A number of industrial
companies in the participating countries have shown such interest in the project and its meaning for
standardization, that they have committed themselves to follow the project and comment on it.

The project activities have been structured in the following main work packages:

- calculation study to further define the scope and boundaries of the DST method;

- tests and investigations to compare the DST method with the CSTG method;

- Round Robin test in nine laboratories to validate the DST procedure.

A clear scope for the DST method will be formulated to guarantee 95 % accuracy, 90 - 95 % for
extrapolation into other climates or operating conditions.

The project will be based on the work already done on the DST method. Specific information involves
the second Committee Draft 9459/5 including recommendations for improvement of the text as well
as the contents of the present Volume B of the DCST Subtask Final Report.
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1 Introduction

The development of a method to analyse short-term measurements at SDHW sys-
tems has essentially been completed in the DSTG working group of the IEA [i]
and the german project VELS1 [2]. The first draft for a test standard (IS09459-5),
which has been elaborated in VELSI, proved to be not sufficient for reliable and
reproducible parameter identification. These problems have been elucidated by the
experimental work of the participants of the Dynamic System and Component test-
ing Group (DSCG), and subsequent work has been carried out towards a reliable
test standard.

From end of 1992 to August 1994, continuous efforts for improvements of the test
standard formulation have been made, editored by scientists of the LMU Munich.
The draft has been send out officially:

1. March 1993, for voting as DIS at the ISO meeting in Budapest in August 1993,
and

2. August 1994, for the next voting as DIS (3].

The draft has not been accepted as DIS in Budapest 1993, but acceptance has been
signaled if the following improvements are made:

1. The physical model and the algorithm for parameter identification shall be
prescribed as mathematical rules, but not as a certain software implementa-
tion. The adequacy of a given implementation shall be checked by comparing
the results with reference results for same benchmark conditions

2. The test prescription has to be augmented, such that in every case there is
enough and reliable information for parameter identification.

These requirements {(except the definition of the benchmark conditions and refer-
ence results) have been realized in the draft of August 1994 as follows.
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2 Work on the Draft

In the draft of March 1993, the test days are partitioned into days with low and
days with high load. Thus a variation of the collector inlet temperature has been
achieved, which is required for separating the collector loop parameters effective
area and specific collector loop loss coefficient from each other. Experiments (e.g.
at ITW Stuttgart) have shown, that by this procedure the parameters can indeed
by decoupled. However, not in every case it was possible to decorrelate the loss
coefficients of the store and the collector loop from each other. Consequently, the
draft from August 1994 contains, additionally to the solar sequence dedicated to
identify the collector parameters, sequences for storage test.

2.1 Additional Testsequence for the Auxiliary Part of the Store

Measurements revealed that there was no safeguard against testing a system with
integrated auxiliary under continuously sunny conditions. Under these conditions
the energy delivered by the auxiliary heater is small (or zero), and thus there is not
enough information to quantify the corresponding parameter, the fraction of the
auxiliary store (which, at the same time, represents the fraction of losses and the
fraction of volume).

In many climates the loss of the auxiliary part of the store determines performance
for a significant part of the year, especially in winter. Thus it is necessary to include
such situations with low solar input in the test. Such a sequence has been defined
in incorporated in the draft as §,.,. Store loss test sequences (this is also true for
the sequence defined in the sequel) necessarily take at least one day, otherwise the
resulting loss energy is too low to identify the loss coefficient.

2.2 Additional Testsequence for the Whole Store

Another, more subtle, problem is that the losses owing to the collector loop and
to the store are often very similar from the viewpoint of the output quantity, the
thermal load power. For a certain range of operating conditions, collector loop and
store losses can compensate each other. However, only sufficiently decoupled pa-
rameters give an accurate estimate of the performance for a large class of operating
conditions. Thus a separate store test sequence was sought.

In the CSTG procedure [4], a separate store loss test is performed by filling the
store via the cold water inlet with hot water, and measuring the energy lost after
a night. This yields the store loss coefficient in short time. However, considerable
objections against this procedure have been put forward. For example, for stores
with a dead zone below the inlet zone of the solar heat, the store loss coefficient
may be overestimated, especially for stores with low-insulated bottoms®. Thus it

'For the same reason, an extra sequence with higher cold water inlet temperature has been
discarded.
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was decided to develop a sequence by which the store is loaded as in normal opera-
tion, i.e. via the solar collectors. This is obviously more demanding than the night
test mentioned above, but is believed to represent better the intention of SDHW
systems.

error in US [W/K]

20 40 60

duration of store loss test

Figure 1: Accuracy of the store loss coefficient obtained from a test where the store
is filled with hot water, left in stagnation for a certain period, and discharged at the
end to measure the energy lost in the stagnation period, for a Joss coefficient of 8 W/K,
4 W/K and 2W/K. It was assumed that the accuracy of the measurement of the energy
is 2% referred to the energy contained in the store at the beginning of the test. The store
capacity has been set to 1MJ/K.

It may be mentioned that a single night as used in the CSTG test is rather short
for good stores and might yield high errors for well-insulated stores, see Fig. 1. The
store loss coefficient Us is obtained by:

ng—g—ln (1-Q—63—9—1) 1)

where C is the store heat capacity, t is the test duration, ¢); is the store energy at
the begin of the test, and @y is the final energy content (both referred to the inlet
temperature used in the final discharge). The error éUs for the store loss coefficient
Us, assuming a measurement error §@Q in Q5 is given by:
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§Us = gexp (%) 53; (2)

2.3 Dependence of Collector Losses on Wind

There has been considerable discrepancy about the importance of the wind-
dependence of collector losses, and the right way to treat them. It has been proposed
to

1. to ignore it, or
2. to restrict the wind velocity into a certain range, e.g. from 3m/s to 5m/s, or

3. to vary the wind in the test sufficiently such that the coeflicient descrlbmg the
wind-dependence may be evaluated from the test.

Option (1) may lead to large prediction errors and to non-reproducible results;
Option (2) involves high effort for the artificial wind generator and underestimates
the yield for certain systems, and Option (3) may be difficult to realize in regions
with continuous high wind velocity. The draft from August 1994 gives the free
choice to select one of the alternatives mentioned.

For converting the meteorological wind velocity to the wind velocity on col-
lector plane, the wind velocity in collector plane shall be taken as 0.35
times the meteorological wind velocity. This factor results from the expres-
sion (In(ha/ua)/ In(hofuz))/(In(k1/u1)/ In(ko/u1)), where ho=60m, h; =10m the
height where the meteorological measurement is taken, u; = 0.03 m the correspond-
ing ambient roughness, i, =3 m the (effective) height where the collector is in-
stalled, uy =1m the corresponding ambient roughness, see [5].

3 Test Report

The report of test results has been completely revised. The results are now presented
as yearly energy gain for very different operating conditions: For all combinations
of test reference year weather data of the locations

1. Wiirzburg (Germany)
2. Edmonton (Canada)
3. Alice Springs (Australien)

and for different load volume. This complies with the intention of providing an
international standard which can be used for system performance assessment ail
over the world.

4 Outlook

The following steps shall be undertaken in the future:
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1. The scope of the draft should be reformulated according to future experience.
This is important e.g. for system exhibiting collector fields with strong inci-
dence angle effects, stratification devices or a security temperature switch with
low threshold.

9. The benchmark conditions mentioned have to be formulated.

3. Computer simulation with Monte-Carlo weather data should show how the
test sequences can be shortened further.
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Abstract

A figure of merit function is defined to quantify the expected accuracy of the param-
eters obtained from dynamic fitting. The function is an approximate expression for the
expected average prediction error for different conditions. This function might be used to
determine the optimum time for termination of measurements. Application of the theory
is indicated for solar collectors.

1 Introduction

Determination of parameters in a model by adjusting them to measured data is a
well established procedure. In all cases where (1) the experimental design can be
chosen freely, a priori or on-line, or (2} the acquisition of data can be continued
until a more or less arbitrarily chosen length, a figure of merit function indicat-
ing the information (predictive power for other data) gained from the experiment
is required. This function might be used (1) to optimize decisions about the ex-
perimental design (a priori or on-line), or (2) to define a criterion to stop data
acquisition.

We treat the problem in the frame of dynamic testing of solar systems [1, 2]. A
stopping criterion is especially needed to for in-situ testing where there are sirong
restrictions on predicting or varying the input data. Hence the required length is
not known in advance.

2 General

Taking into account the information available and requiring a general applicability,
we define a figure of merit function as a measure of the predictive accuracy of the
model in conjunction with the test data. Such a function might also be used to
select between different models, e.g. to decide whether certain effects (parameters)
should be included into the model or not. It would be interesting to compare such
decisions with decisions resulting from general statistical criteria [3, 4].
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2.1 Linear Theory

We start with measured values {y2® | =1... N} to be modeled with a linear model
function y**!(p) with free parameters p which are determined by the Least Squares

method, i.e. by determining the parameter set minimizing the sum @ of squares
of the deviations: '

N 2
Qp) = ; (vri(p) — v (1)

To estimate the parameter error we assume that the measured signal y*** is the
modeled output for a certain ¢rue parameter set p® plus an noise error signal Ar
[6]. Hence the residue r,, is:

ra(P) = y*(p) — y7*(po) + Ar. ()

It is assumed that the errors Ar,

e are uncorrelated with each other, E [ArpAry] = pms?,

¢ are independent from the input variables e and the parameters P,
e are normally distributed with root mean square s,

e have zero mean.

In this case it can be shown that for linear models p is an unbiased estimator; i.e.
the average of many different values p from different measurements equals the true
values p(®, independently of the length and the kind of the measured data. The
mean error is expressed by the variance-covariance matrix Vise

Vi = B [(b: — p)(B; — p{")] = 5* (B#7) (3)

i

The error Ar may be interpreted as the sum of measurement uncertainties of yop
and e as well as the model error. Note that measurement and model errors can
not be separated from each other except in the special case of simulated data.
Measurement errors of e are not explicitly taken into account, they are implicitly
summarized in Ar. H is the Hesse matrix (more precisely the curvature matrix [5]),

maod mod
Hi;(p) = ; aynapi(p) aynapj(p)' (4)

For a linear model none of the H;; depends on p-

The covariance matrix is the appropriate measure of the uncertainty in the param-
eters. However, the representation by a variance vector Ap; in conjunction with a
correlation matrix R is equivalent to the covariance matrix:
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Vi

oo Vi 5
Ras Ap;Ap; (5)

The covariance matrix V takes into account the variability of the data including
intercorrelations. Predictions based on V according to Eq. {6) are invariant against
arbitrary non-singular linear transformations of the parameters.

Potential problems with the covariance matrix are:

1. Determination of s. A low value of s might result — e.g. as the result of a
low model error due to insufficient variability of e. This could, however, be
corrected in Eq.(3) by Vi; — Vi; (s¢/s)?, or in Eq.(9) by § — &(st™¢/s),
where s'™° is a reliable a-priori lower limit for s. E.g. in a collector test s*™°

could be chosen as collector area times a certain fraction of a typical irradiance
value, e.g. Ag-0.02 - 1000 Wm™2.

2. A long measurement with low variations (e.g. in-situ) might yield low Ap;
(Ap; «<1/+/N) although the predictive power for conditions different from av-
erage measurement conditions might be pure due to model errors. Within the
linear model with random errors there seems to be no general cure against this
fault.

Additional constraints on the variability of e (and, in principle, on their inter-
correlations) might be useful.

3. In nonlinear models H depends on the parameters. Hence for insufficient data
there might be parameter values with low Ap;, e.g. at rather strange parameter
values shortly after the beginning of the measurement (little data) or at a local
minimnuin.

If this problem is suspected it might be useful to calculate H, and thus the as-

sociated covariance matrix, for estimated parameter values. A rough parameter
estimate is sufficient.

4. In dynamic fitting the filter weighting slightly modifies the theory {1, 2], and
the number of data points N is proportional to the length of the measurement
L divided by the filter time constant. However, the main difficulty is to choose
the right filter constant, i.e. the right effective V.

2.2 Figure of Merit

Variability of the data, their decorrelation and the model error are all taken into
account by the parameter covariance matrix V. Thus the figure of merit function
should be a function of V.

For a scalar yield function Y(p) being linear with regard to p the mean square
prediction error o% is obtained from V:

% =B [ -6 = S ug g (6)

i
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The following inequality holds for oy:

o<l @ =Sw(Z) -x(mZ).

z

1 )

Hence oy neglecting the intercorrelation terms in Eq. (6) either overestimates oy
or underestimates it by a factor of not more than v/d, where d is the number of
parameters. In many cases ¢} will overestimate the error, e.g. the positive inter-
correlation between the collector area term and the loss coefficient generally leads
to terms partially compensating each other.

Another justification for neglecting the intercorrelation terms in Eq. (6) is that
instead of the error ¢} for a single prediction the sum (average) 3, 7. over different
prediction errors,

oY, 0Y,
ok = DR e = D (T

i

oY, 6Yn) (8)

Op; 3?.1‘

should be interesting, e.g. as the average error over all climatic zones and user
behaviour patterns on earth. In this case at least a partial cancellation of the
factors at V;; with ¢ # j happens due to the summation over n. This form Eq. (8) of
the figure of merit is equivalent to the function given by [6] in Eq. (6.2.6). There,
alternatively the determinant of V, |V|, is proposed as a figure of merit. However,
this criterion would accept significant deterioration in one parameter if compensated
by increased accuracy in another parameter and is thus not used.

Hence the dimensionless quantity éy = o}, /Y, the relative prediction error ignoring
intercorrelations, is a reasonable figure of merit for the accuracy:

N2
=3 (9}) . with  m= ‘—g;—. )
i t 6El

The stopping criterion is fulfilled if 8y is smaller than a certain limit 6. This means
that each parameter p; is determined with an accuracy of roughly épm; or better.

The function éy defined in Eq.(9) is invariant against linear diagonal parame-
ter scaling, i.e. against substituting the parameters p; by new parameters ¢; via
pi = a;p; +b;, with all a; different from zero. However, it is not invariant against
arbitrary linear transformations in the parameters — a direct consequence from
neglecting intercorrelation terms. This expresses the desire to decorrelate the pa-
rameters.
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3 Collector Model

Table 1: Values of w; for the collector model. Reference values used for the third column

are: (G} =500Wm~Z%, (AT)=50K, (Av)=3 ms1.

rpi | T

Ae Ae Ag

Ug {u) 10 Wm—2K™!
UT —(XAE% 0.2Wm"2K"2

u —3r-1
Uy TA0) 3Jm—K
=1
r [maxo<e<g %.f_(%_:)_‘ﬁ(ﬂl ] 9
ce co co

For the dynamic collector model described in [7, 2]
for the 7; are listed in Tablel. For the stationary parameters (i.e. all except cc)

the yield function

the parameters and eXpressions

Y = AL[Kar(r)G — uoAT — urAT? — u,vAT]

is inserted into Eq.(9). The expression for w4, is exact. For uo, ur and u,
represents the value of the term in square brackets in Eq. (10), and {u) =(G)/{AT}.
The derivative required to get . is used under the assumption of beam radiation

only and is roughly 0.5 for all r values up to r= 0.5.
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4 Conclusions

The figure of merit function introduced should be used intensively to gain experi-
ence. Any empirical criterion for sufficient data collection should be justified by a
similar relation to the covariance matrix as was shown here for the figure of merit
function defined.

The reliability of the covariance matrix is crucial and should be verified whenever
possible. The correct adjustment of the filter constant in parameter identification
is important for a realistic error estimation. The expressions for the reference pa-
rameter deviations 7, which are used to express the figure of merit function, should
be generalized to other systems such as SDHW systems.
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Dynamic system festing (DST method) is a test method used to determine the thermal
performance of solar domestic hot water systems. In order to investigate the DST
method several experimental tests were carried out with one typical German forced
circulation system. Comparing the results of twelve tests, a high reproducibility was
achieved with regard to parameter identification and the predicted energy gain. The
parameters of the collector and the storage were determined by component testing. The
yearly energy gain was calculated by TRNSYS simulation. The results of both methods
differ only in a range of few percents. In addition to the experimental investigations
simulated tests were performed for variants of the tested system. Especially critical
effects were introduced that cause inaccuracy or a seasonal bias of the DST test results.
For all cases the good reproducibility and accuracy of the test results obtained from the
experimental tests were confirmed. A powerful tool for testing and certification of solar
domestic hot water systems is implemented by the ratification of the DST method as an
international standard.

1 Introduction

The DST method /1/ was developed as a short term performance test for solar domestic hot
water (SDHW) systems within the German joint research projects VELS! I and VELS I

The goal of the method is to predict the yearly energy gain of a SDHW system on the base of
a short term test. Therefore the thermal behaviour of the system is measured over a period of
approximately three weeks. Using a numerical model, performance parameters are derived for
the SDHW system, which then are used to predict the yearly energy gain of the system for
reference weather data and a given load profile.

The test method is currently investigated with respect to its accuracy and reproducibility by
several European test institutes. Different system types are considered by experimental testing
and simulation. At the ITW experimental and theoretical investigations were carried out with
a forced circulation system, which is typical for the German market.

1VELS: Verfahren zur Ermittlung der Leistungsfihigkeit von solaren Brauchwassererwirmungsanlagen
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In section 2 of this report the basic principles of the method are summarised. The results of
the experimental and theoretical validation are presented in Section 3 and 4, respectively.
Conclusions and recommendations based on these results are given in section 5.

2 Test Method

The test method is based on three steps:

Short Term Test: The thermal behaviour of the SDHW system is measured under natural
weather conditions and a defined load profile within an outdoor test. The test is designed
in a way, that the system is driven in all relevant system states (e.g. low collector
temperatures for the determination of the optical effictency, high collector and storage
temperatures for the determination of the heat loss coefficients). The input quantities such
as the meteorology and the load have to be varied in a wide range, to cover most system
states of a real system operation during the test. Thereby it is important that the input
quantities are varied independently from each other, otherwise the performance parameters
cannot be separately determined. A sufficient and uncorrelated variability of the input
quantities is ensured by three different test sequences which are part of the current test
procedure. These are?:

S, - Test Sequence for Solar Operation: Test sequence S, consists of several
consecutive days of measuring, where the system is operated under natural weather
conditions. There are two types of days: At Test A days a load is applied, such that the
system is operated on low temperatures. At Test B days the whole system (collector and
storage) is kept at high temperatures by applying a low load. The measurements are
continued until a minimum number of valid Test A and Test B days is reached. The
substantial requirement for a valid day is, that an insolation of 12 MJ/m” in collector plane
is reached.

S.ux - Test Sequence for Auxiliary Operation: The system is heated to a great extent by
the auxiliary heater over a period of 4 days. Therefore days of low solar irradiance are
required or the collector is covered.

Siore = Store Loss Test Sequence: First the system is heated up during a series of days,
where a low load is applied. Then again the system is operated under low solar irradiance
or the collector is covered for ca. 48 hours without any draw-off (stand-by).

All three sequences are to be applied on SDHW systems with auxiliary heater. For
systems without auxiliary heater S, is left out.

Identification of Performance Parameters: During the measurements all relevant input
quantities as well as the thermal power of the system during draw-offs are measured and
recorded as a function of time. The performance parameters of the system are obtained
using a parameter identification algorithm, which is implemented in a computer program
/3/. The program minimises an objective function, which is 2 measure for the difference
between simulated and measured system performance. The quality of the parameter
identification mainly depends on the variability and a low correlation of input quantities.

2The test sequences are briefly described. A more detailed discussion is found in /2/,
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Low standard deviations of the parameters in conjunction with a low objective function
indicate a good quality of the measurements. The performance parameters are:

A" [m?] Effective collector area A" = A F," (t a), where F. " is
the heat removal factor of the collector loop

uc’ [W/(m?K)] Effective collector loop loss coefficient

Ug [W/K] Total storage heat loss coefficient

Cs [MI/K] Total storage heat capacity

faux {-] Fraction of the storage volume used for auxiliary heating

Dy [-] Mixing constant, describing mixing effects during cold water
intet

Sc [-] Stratification parameter (for storage charging)

Long Term Performance Prediction: Using the same simulation model and the prior
determined performance parameters, the thermal behaviour of the system can be
simulated. Thus the yearly energy gain can be predicted for reference weather data and a
standard load profile. An error of the energy gain is estimated using the standard
deviations and the correlation coefficients of the system parameters.

3 Experimental Results

Experimental investigations were carried out with a typical German forced circulation SDHW
system. The collector has an aperture area of 7.2 m? single glazing and a selective Rollbond
absorber. The hot water storage has a volume of 500 [; it is equipped with an immersed heat
exchanger for the collector loop and an electrical auxiliary heater. The measurements were
carried out according to the DST method. Additional sensors were placed in the collector
loop. Thus, the performance parameters of the whole system as well as the parameters of the
collector and the storage could be determined.

During summer 1993 six independent tests were carried out. These tests were based on the test
procedure as given in the draft of ISO 9459, Part 5 of may 1993 /4/, where only test sequences
for solar operation were required. During winter 93/94 as well as in spring 94 the system was
tested according to the test sequence for auxiliary operation S,,, and the test sequence for the
determination of the store losses S,,,... Table 3.1 shows the test sequences and the
corresponding measuring periods.

3.1 Determination of Parameters with the DST Method

The test sequences were evaluated for test 1 to test 12. Table 3.2 shows the parameters with
their standard error. The results show a good reproducibility independent from the
meteorological conditions. Further the standard errors turn out to be a realistic measure for the
scatter of the parameter values. The standard errors of the collector loop parameters Ac" and
uc"are still to be improved.
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Test 1 Test 2 Test 3 Test 4 Fest 5 Test 6 Test 7 Test 8 Test 9 Test 10 | Test I1 | Test12
50193_7 | s0193_10 [ 5019311 | 50193_12 | 50193_13 { s0193_14 | sol93_7 | sol93_10 | s0l93_11 § sol93_12 sol93_13 | s0193_14
29.05.- | 17.06.- | 29.06- | 13.07.- | 0208.- | 10.08.- | 29.05.- | 17.06.- | 29.06- | 13.07.- 02.08.- | 10.08.-
6.06.93 | 24.06.93 | 04.07.93 | 22.07.93 | 17.08.93 | 15.08.93 | 06.06.93 | 24.06.93 | 04.07.93 | 22.07.93 | 17.08.93 | 15.08.93
aux93 1 aux94 2
28.12.-31.12.93 15.04. - 19.04.93
5t094 1 sto94_2
06.04. - 09.04.94 02.05.-05.05.94
Table 3.1: Data base for test 1 to test 12 with one test sequence S, S,,, and S, each.
Ac ue’ Us Cs faux D, Sc
[m? Wim*K)] | [WIK] [MJ/K] I} Il -}
Test 1 _ 507 8.81 4.19 2.15 0.6 0.0047 0
+0.14 +0.94 +0.08 £0.014 +0.0044 +0.6008 +0.021
Test 2 5.08 9.59 3.92 2.13 0.6 0.0087 0
+0.16 +0.27 +0.09 +0.019 + 0.0058 +0.0013 +0.033
Test 3 4,99 8.64 4.10 2.19 0.59 0.0066 0
+0.11 +0.34 +0.11 +0.015 £ 0.0052 +0.0013 +0.018
Test 4 5.26 9.68 4.08 2.18 0.59 0.0077 0
+0.26 +0.27 +0.09 +0.014 +0.0044 +0.0011 +0.039
Test 3 5.26 9.12 423 221 0.58 0.0062 0
+0.11 +0.31 +0.1 +0.012 +0.0044 £ 0.0012 +0.016
Test 6 5.04 8.22 4.30 2.21 0.58 0.0057 0
£0.016 +0.51 +0.12 +0.015 +0.0051 +0.0012 +0.021
Test 7 5.01 8.58 4321 2.11 0.59 0.005 0
+0.13 +0.36 +0.12 +0.0129 + 0.0055 +0.0013 +0.018
Test 8 5.08 9.50 3.39 2.09 0.60 0.012 0
+0.18 +0.26 +0.13 +0.017 +0.0072 + 0.0023 +0.035
Test 9 4.99 8.62 4.28 2.16 0.58 0.0065 0
+0.2 042 +0.17 +0.016 +0.0083 +0.002 +0.018
Test 14 5.20 9.39 4.14 2.14 0.58 0.0095 0
+0.25 +0.32 +0.14 +0.015 0.0067 +£0.0019 +0.042
Test 11 5.27 9.10 4.45 2.19 0.57 0.0057 0
+0.16 +0.39 +2.19 +0.014 +0.0076 +0.0020 +0.026
Test 12 5.08 8.26 4.57 2.18 0.57 0.0051 0
+0.19 T 20.64 +0.18 +0.014 1 0.0081 +£0.0017 +0.625

Table 3.2: System parameters for twelve tests
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3.2 Comparison with Parameters from Component Testing

Alternatively to the evaluation with the DST method component parameters are determined
for collector and storage by a separate evaluation of the data base. The appropriate methods
are described in /5/. The system parameters of the DST method can be derived from the
component parameters.

Collector Loop: The effective collector area Ac" and the effective collector loss coefficient
u." were determined by a direct evaluation of the approximation of the collector Joop
power

Po=Ac" [G,- uc” (Ts - Tamh)]+

The storage temperature Tg, which is relevant for the collector losses, was measured by an
additional sensor at the lower end of the solar loop heat-exchanger. A fit of the measured
collector loop power to the equation above yields Ac'=5.0m? and uc" = 6.5 W/(m* K).
Taking the influence of the collector loop controlier into account Ac"=35.1 m? and
uc* = 10.3 W/(m?* K) are obtained. The parameter Sc marks the ability of the system to
build up a thermal stratification in the storage during charging. For the system under test
the storage is charged fully mixed via a heat-exchanger immersed at the bottom. Thus an
estimation of S = 0 is correct.

Storage: The heat loss rate of the storage was determined to (U A)g = 3.9 W/K, the heat
capacity to Cg = 2.1 MJ/K. The fraction of the storage capacity, which is heated by the
auxiliary heater can be calculated to f,, = 0.49 based on the geometric position of the
heating element. However, the temperature profile within the storage shows that -
depending on the mode of operation - heat is transferred to a certain extent to regions
below the heating element by conduction and convection. A best fit between measurement
and simulation is obtained for f, , = 0.56.

3.3 Long Term Performance Prediction Using the DST Method

Using the parameters obtained with the DST method the yearly energy gain is predicted for
subsequent reference conditions:

« TRY Wiirzburg (FRG)
« A daily load of 350 1/d at 45 °C and 3 draw-offs (7h, 12 h, 19 h)
+ storage ambient temperature 15 °C, cold water temperature 10 °C

Table 3.3 shows the results of 12 tests. The yearly system gain g, and the auxiliary
consumption q,,, (both based on collector aperture area) as well as the solar fraction f. Further
the deviation 5f from its mean value was calculated (absolute deviation in %).

Also for the long term performance prediction a good agreement of the results is obtained.
The scatter of the solar fraction is in the range of + 1 %. Provided that all tests are tainted with
the same measuring and modelling error, this range marks the reproducibility of the method
(obtained with the system in question). Also for the system gain the standard error turn out to
be a good measure for the scatter of the results.
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Quse Qonx f &f

KWh/(m* 2)] [kWh/(m? 2)] [%] [%]

Test 1 366 + 0.8 357+ 038 50.7 £0.1 0.04

Test 2 358 + 1.3 365+ 1.3 496402 -1.06

Test 3 369 +2.4 354 +2.4 50.9 £0.3 0.24

Test 4 364 +2.4 359 +:2.4 504 £0.3 0.26

Test 5 371+22 352422 513403 0.64

Test 6 374428 349 +2.8 51.7+0.4 1.04

Test 7 365+22 358 +2.2 50.5+0.3 <0.16

Test 8 358+£2.6 365+2.6 49.5+03 -1.16

Testd | 366433 357+3.3 50.6 +0.5 .06

Test 10 364 +£2.3 359+2.3 50.4 +0.3 ©0.26
Test 11 369+2.8 3541238 51404 0.34
Test 12 371 £37 352+3.7 51.3£0.5 0.64

Table 3.3: Resuits of the long term performance prediction of 12 tests

In order to investigate the influence of a variation in climate and load on the scatter of the
predicted energy gain, a second performance prediction was carried out for changed boundary
conditions. Table 3.4 shows the solar fraction f for TRY Hannover and TRY Stotten (lowest
and highest insolation for Germany). For the TRY Wiirzburg the daily load was varied from
200 1to 500 1 per day. Although the standard errors of the collector loop parameters A" and
u.' seem rather high, the error in the long term performance prediction remains quite small,
also for a variation of loads and climate. The maximum deviation for the solar fraction remains
in the range of 1.5 %.

3.4 Comparison with Long Term Performance Predictions Using TRNSYS

In a further step the performance prediction according to the DST method is compared with
TRNSYS simulations. Therefore the system was modelled in detail. The performance
parameters for collector and storage were determined by component tests. The first and second
order heat loss coefficients of the collector are U, = 4.0 W/(m? K) and U, = 0.02 W/(m2K)
(based on the aperture area). The optical efficiency was determined to 1, = 0.81. To simulate
the storage the parameters mentioned above are used. The heat capacity rate of the heat
exchanger was determined to (U A),, = 419 W/K. The collector loop including the controller
was modelled as close as possible to the real system. The TRNSYS simulation was carried out
for the reference conditions given in the previous section.

To compare the results of the TRNSYS and DST simulation, the results of data base 2 are
used, because it shows the lowest correlation between the parameters. Table 3.5 shows the
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results of the performance prediction for the DST method and the TRNSYS simulation. In
Figure 1 the results are plotted on a monthly base.

On a yearly base the results show a very good agreement, whereas the maximum deviation on
a monthly base amounts to 4 %.

TRY Wiirzburg TRY Hannover TRY Stitten
(1226 kWh/(m? a}) (1042 kWhi(m? a)) | (1367 kWh/(m?* a})
200 1d 3501/ 500 14d 350 I/d 350 1/d
Test 1 36.8 50.7 43.1 435 53.5
Test 2 55.9 49.6 42.0 423 52.1
Test 3 57.3 309 43.3 438 53.8
Test 4 56.3 50.4 43.1 433 33
Test 5 57.1 513 44.0 442 54
Test 6 57.9 51.7 44.2 44.6 54.7
Test 7 36.6 50.5 42.9 433 53.3
Test 8 55.9 49.5 41.9 423 52
Test 9 56.7 50.6 43.1 43.4 534
Test 10 564 504 43.1 433 53
Test 11 56.6 51 439 43.9 53.7
Test 12 57.1 51.3 44 442 54.3

Table 3.4: Results of the long term performance prediction for a variation of climate and load

Q¢ [KWh/(m? a)] Qaux [KWh/(m? a)] f [%]
DST 358 49.6
TRNSYS 361 499

Table 3.5: Results of the long term performance prediction for the DST method and for
TRNSYS simulation
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Figure 3.1: Results of the long term performance prediction for the DST method and for
TRNSYS simulation on a monthly base

4 Simulation Study

The results from experimental testing presented in the previous sections show a high
reproducibility and accuracy of the DST method. The question arises, whether the conclusions
remain valid when components of the system are changed and with those the thermal
behaviour of the system. For an analytical study of the applicability of the DST method on
other system types a series of simulated tests were carried out. Starting from a reference
system that represents the system type measured on the test stand following effects were
investigated:

+ Seasonal bias of the test results caused by the incident angle effect for systems with flat-
plate collectors

Reproducibility and accuracy of the test results for

« systems with a flat-plate collector with a high and strongly AT-dependent heat loss
coefficient

« systems with an evacuated tubular collector
o systems with an increased effective heat conductivity in vertical direction of the storage
« low-flow systems with a stratified charged storage

« systems with external auxiliary heater, i.e. the upper part of the storage is heated via an
immersed heat exchanger by an external heat source.

The method for validating the DST method for these variants of a standard forced circulation
system as well as the results of the simulated tests are presented in the following sections.
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4.1 Validation of the DST Method with Simulated Tests

The method for validating the DST method with simulated tests was chosen following the
proposal of Visser /7/. The principle of the method is shown in Figure 4.1.

Monthly
Wea’]!/er Data Cont\rlil File TRY Wealher Data Cont\r[l File
TRNSYS TRNSYS
Short Term Test Annual Performance Prediction
Control File Synthetical
DST Method

Parameter identification

TRY Weather Data

DST Method

Annual Performance Prediction

- Em e MR ER AL A e B e EE Ee Em e Em B M BR Em M e e e o e e

Annual Annual
System Comparison System
Performance Performance

Figure 4.1: Principle of the validation of the DST method with simulated tests

It comprises 4 steps:

1.

(W]

Performance of 6 full simulated dynamic tests as described in the test standard. The tests
are carried out with the TRNSYS program using reference weather data of Wiirzburg.
One test per month is performed for the period from April to September. During the
period from October to March there is not sufficient insolation available.

Evaluation of the 6 dynamic tests into annual performance predictions for weather data
of Wiirzburg and three selected load conditions (50, 200 and 1500 I/d).

Annual performance predictions with the simulation program TRNSYS for the same
weather and load conditions as described in 2. The identical system configuration
(TRNSYS deck file) as for the simulated tests is used.

Comparison of the annual performance predictions of the 6 tests and the TRNSYS

simulations. The method is considered to be validated for the tested system if differences
in_all annual performance predictions are less than 5 % with regard to the hot water

demand of the svstem.
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Table 4.1 shows the time schedule for the test sequences. Numbers on grey background are
valid test days.

April May June July August September
TEST H TEST H TEST H TEST H TEST H TEST H

[kJ{m’d)] {kIHm?d)] [kditm®a)y [kJ{md}] {k3i{m7d}) [k(md)]
1] SolA 5261 1] SolB 8435] 1] SalA | 5462{ 1] SolA | 29988] 1] SolA | -16816] 1| SoiB [~ 25183
2 SolA| 24883] 2| SolB 9109] 2] SolA | 5474] 2| SolA| 10198] 2| SolA | 25357 2| SolB | . 25687
3] SolA'|” 9581 3| SolB 4704 3! SolA | 8882] 3| SolA | 24584 3| SolA| 15833 3| SoiB | 21591
4| SolA | 10125] 4| SolB | -14190] 4| SolA'| 27124] 4| SolA | 17013] 4| SolB | - 18667| 4| SolA |, 24863
5| SolA | 4778] 5[ SolB | 24976] 5| SolA | 22503| 5| SolB | 24444 5| SolB | 11672{ 5 SolA | 25162
6] SolA | 24464] 6| SolB | 23772 6| SolA | 19247| 6| SolB | 10855] 6| SolB | 19724] 6| SolA | 11561
7 SolA ] 13370] 7| SolA | 27222 7| SolB | 14693] 7| SolB ] 15054] 7| SolB {.261068] 7| SolA | 10838
8] SolB | 16375 8] SolA | 19418] 8| SolB | 14528] 8| SoiB | -25081] &) Sto B 6778] 8] SolA 3738
9 SolB | 13869] 9| SolA'[ 26074] 9| SolB |- 20116] 9| StoB |-, 23359] 9| StoB |- 25687 9| SolA | 11699
10 SolB | 25820| 10| StoB | "26217] 10| Sto B | 15204| 10] Sto B |7 23360] 10| Sto B | . 25802| 10| SolA 8134
11| StoB | 25331] 11| Sto B | 24034 11] StoB | 2395%1| 11} Sto B |- 22799 11| Sto B | 25688[ 11| SolA |- 21734
12| Sto B [ 22885] 12] Sto B |.. 23400| 12| Sto B | 20869] 12} Sto B | 24993] 12| StoB | 24321] 12| SwoB | 22854
13] Sto B | '24331] 13] SioB | 24695[ 13| Sto B | 23469] 13] AuxB | .21915] 13[ Aux B | "18571] 13| StoB'{ 4888
14] StoB | 10727| 14| AuxB| 5283 14| AuxB | 23603| 14| Aux B [ . 25305] 14| Aux B | .12971| 14| StoB | .23191
15| Aux B { 2271289 15| AuxB | _..13016] 15| AuxB | 19018} 15| AuxB| 16488] 15| AuxB| 5205 15| StoB 5081
16] Aux B | 20572] 16] Aux B | . 21426] 16| AuxB | 18445] 16| Aux B | 21946| 16| AuxB | 12011| 16| Sto B 3454
17 Aux B[ 17996] 17| Aux B | "20580] 17| AuxB | 23372| 17 - 20822| 17 - 15818| 17| StoB ] 17193
18] AuxB| 248689] 18 22080| 18 25592] 18 T18653| 18 4587| 18| StoB | :23559
19 24379] 19 42721 19 26271] 19 15786] 19 19752} 19] StoB | : 17516
20 24504{ 20 - 21878 20 9000] 20 9588} 20 4519} 20] StoB [ 15833
21 .26794] 21 -26512| 21 16675 21 12305 21 4306| 21 AuxB| 7635
22 - 25755| 22 S 12871| 22 24191 22 17899 22 4385] 22{ AuxB | 5863
23 21876| 23 ~25369] 23 16787] 23 ..25488| 23 7213 28 AuxB| 3142
24 5546| 24 ~26178| 24 23249] 24 " 12464] 24 10994] 24f AuxB| 6485
25 12026{ 25 6798] 25 22573} 25 -16066] 25 . 238451 25 -15486
26 19510] 26 5380 26 23774 26 ..16034] 26 -25685] 25 8665
27 22082| 27 9083| 27 22419] 27 ~14763] 27 4183| 27 16805
38 24874| 28 5937| 28 13598] 28 -25254] 28 4479] 28 2850
29 13177} 29 5456 29 25515] 28 "~ 26395] 29 “18461] 29 - 14500
30 4702 30 -21391] 30 25877] 30 ~24695] 30 14319 30 19973

3t 10562 31 24898] 31 24160

Table 4.1: Time schedule for the simulated tests for the period from April to September

4.2 Description of the Reference System

The similar system type as used for the experimental investigations on the test stand was
modelled in TRNSY'S as the reference system. The models for the collector and the storage
are described in /8, 9/. Following data were used for modelling:

Collector: collector aperture area: 5 m?
optical efficiency?: ng= 0.8
collector heat loss coefficients: Uy = 3.5 W/(m? K), Uy = 0.02 W/(m? K?)
collector heat capacity: 7 kJ/(m* K}
incident angle modifier coefficientt: r=0.3
orientation: south, collector tilt angle equals latitude

Collector flow-rate: 250 I/h
Loop: total pipe length: 30 m
inner pipe diameter: 16 mm
pipe insulation 25 mm, A = 0.04 W/(m K)

3Reference for collector performance parameters: aperture area
4 According to the equation of Ambrosetti /10/
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Storage: volume: 300 ]
storage capacity: 1.25 MI/K
heat loss rate: 2.2 W/K
storage ambient temperature: 15 °C
stratification number: 30
effective vertical heat conductivity 2 X A zer

Heat immersed heat exchanger

Exchanger: (UA),,, =9 W/(m® K) x aperture area X ©0.6

(Solar Loop) (® = mean value of hx-inlet temperature and local storage temperature)
Auxiliary immersed electric heating element

Heater: maximum heating power: 8 kW

volume of the auxiliary heated part: 1351
set temperature of the auxiliary heater controller 60 °C

Table 4.2: Model parameters of the reference system

4.3 Simulated Tests

In the following sections the results of the simulated tests for the reference system and its
variants are presented.

4.3.1 Test of the Reference System

The reference system was modelled as described in the previous section. Table 4.3 shows the
system parameters obtained with simulated tests performed with reference weather data of
Wiirzburg from April to September.

The parameters are compared with the expected parameters, which were used as inputs for the
TRNSYS simulation program (see table 4.2). The collector loop parameters A" and uc' are
difficult to compare with standard collector parameters. The product of collector loop heat
removal factor and transmittance-absorptance-product amounts to F. " (t a) = 0.65, which is
within the range of values obtained from experimental tests of similar system configuration.
The heat loss coefficient for the collector loop can be estimated to

FR* U = FR* (T OL) * LIC*
which leads to a range for F;* U of 3.5 to 4.5 W/(m?* K). The storage heat loss rate is
overestimated by 0.5 to 0.9 W/K. The storage heat capacity is determined within its error
band. Also the fraction of the auxiliary heated part is determined as expected with a slightly

higher value as given by the geometrical position of the heating element. Since the system is
charged fully mixed an identification of S¢ = 0 is correct.

The collector loop parameters A" and uc" as well as the storage heat loss coefficient show a
seasonal dependence. The scatter of all other parameters can be estimated in most cases by 3
times the standard deviation o delivered by the error analysis of the DST method.

Table 4.4 and figure 4.2 show the results of the annual performance predictions with the DST
method and TRNSYS for weather data of Wiirzburg and daily loads of 50, 200 and 1500 l/d.
The lowest and highest results obtained with the DST method are printed bold.
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AC* UC* US CS fa“x DL SC Obj.

[m?] IW/A(m*K)] | [W/K] IMJ/K] [l Il (-] (W]

April 3.33 6.84 278 1.27 0.48 0.0242 0 25.8
+0.04 +0.2 +0.11 +0.008 +0.0064 | +0.0026 +0.008 -

May 3.31 6.49 3.01 1.28 0.48 0.0237 0 23.5
+0.04 +033 +0.13 +0.014 + 0.0074 +0.0013 +0.008 -

June 3.17 5.75 3.01 1.27 0.48 0.0272 0 27.2
+0.04 +0.21 +0.11 +0.009 +0.0076 } +£0.0033 +0.007 -

July 3.14 547 T3l 1.27 0.48 0.0237 (] 283
+0.04 +0.27 +0.12 = 0.00% +0.0081 +0.0037 + 0.009 -

August 3.14 5.75 3.03 1.23 0.48 0.0215 0.001 27.2
+0.03 +0.25 +0.12 +0.009 +0.0082 | £0.0034 + 0.008 -

Sept. 3.3 6.48 2.76 1.28 0.499 0.026 0 18.7
+£0.02 +0.21 +0.09 +0.008 +0.0054 ! £0.0026 +0.005 -

Table 4.3: System parameters identified for the reference system

Daily load Resulis of the long term performance prediction
[7dj Solar fraction [%]
TRNSYS DST
April May June July August Sept.
50 434 43.4 40.5 421 41.5 422 44.3
200 46.4 47.8 47.2 477 47.8 47.9 48.1
1500 14.1 12.1 i2 12 11.7 11.8 12

Table 4.4: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the reference system
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Figure 4.2: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the reference system (plotted)
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Although a scatter of the system parameters was observed an excellent agreement of the DST
performance predictions is obtained. For the load of 50, 200 and 1500 I/d the values for the
solar fraction differ 3.8, 0.9 and 0.4 % respectively. The maximum deviation from the results
of the TRNSYS simulations is 2.9 %.

4.3.2 Seasonal Bias of the Test Results Caused by Incident Angle Effects

In general the absorptance and transmittance of a collector depends on the angle of incidence
of the incident radiation. This effect is not taken into account by the DST method. However, in
the test standard a recommendation for correcting is given: The measuring data shall be pre-
processed by multiplying the irradiance in the data files by an appropriate incident angle
modifier prior to parameter identification. The results presented in this clause show the
seasonal bias of the test results if the data are not pre-processed in this way.

The TRNSYS collector model used for this investigations describes the dependence of the
optical efficiency on the incident angle with the equation formulated by Ambrosetti /10/:

Ko =1—tan™ (%)

Typically the incident angle modifier coefficient of a single glazed flat-plate collector is in the
range from r=10.25 t0 0.4.

It is expected that testing in spring and autumn will lead to predictions of higher annual
performance: The collector tilt angle of the collector equals the local latitude of the test site,
the incident angle in longitudinal plane caused by the altitude angle of the sun is systematically
smaller in spring and in autumn than in winter and in summer. This seasonal bias is investigated
by simulating tests for a range of incident angle modifier (IAM) coefficients from r =0 (no
dependency on the angle of incidence) to r = 0.7. For each IAM coefficient tests were
simulated from April to September. The tests were evaluated into annual performance
predictions using the DST method. The results were compared with results of the annual
performance prediction using the TRNSY'S program. The results for a daily hot water load of
200 1/d are shown in table 4.5 and figure 4.3.

The results show that a significant seasonal bias occurs for IAM coefficients of r = 0.4 and
higher. The scatter of the solar fraction amounts to 2.3 % for r=0.4 and 4.4 % forr=0.7 for
a load of 200 I/d.

It is recommended to apply the pre-processing of the measuring data prior to parameter
identification, if the IAM coefficient of the collector is r = 0.4 or higher. If the pre-processing
is applied in any case a reduction of the scatter to 1.2 % can be expected (see results for r = 0).
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1AM coefficient Results of the long term performance prediction
Solar fraction [%]
TRNSYS DST

April May June July August Sept.

0 499 51.1 51 50.6 51.7 51.8 51
0.1 49.8 509 50.1 514 514 52 50.9
0.2 486 | 501 51.3 49.9 50.1 50.7 49.9

0.3 46.5 47.5 47.1 47.7 47.9 48.3 48
0.4 43.8 45 43.9 44.9 44.6 45 46.2
0.5 40.8 42.3 40.9 41.4 41.5 41.6 43.6
0.6 379 40.7 37.6 383 37.8 39.2 41.5
0.7 ~ 35.1 37.9 34.7 353 349 36.3 39.1

Table 4.5: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for a variation of the incident angle modifier coefficient from
r=0t00.7
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Figure 4.3: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for a variation of the incident angle modifier coefficient from
r= 0 to 0.7 (plotted)
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4.3.3 Effect of a High and Strongly AT-dependent Heat Loss Coefficient of the
Collector

In order to investigate the seasonal dependence of the test results caused by an increased and
strongly AT-dependent heat loss coefficient of the collector the reference system is tested with
the collector heat loss coefficients Uy = 5 W/(m? K) and Uy = 0.04 W/(m? K?).

Table 4.6 shows the parameters determined from the simulated tests. Table 4.7 and Figure 4.4
show the results of the annual performance prediction obtained by the evaluation with the
DST method and obtained with the TRNSY'S simulation program.

The collector loop heat loss coefficient uc" increases approximately by the same factor as it
was increased for the TRNSYS simulation. All other parameters remain the same. The scatter
of the results of the annual performance predictions increases compared to the reference case:
For a load of 50 1/d the values for the solar fraction differ 7.2 %. For a load of 200 and 1500
1/d a difference of 1.8 and 0.4 % is obtained. The maximum deviation from results of the
TRNSYS simulation is 4.6 %.

4.4.4 Test of a System with Evacuated Tubular Collectors

The optical and thermal behaviour of an evacuated tubular collector (ETC) differs in two
aspects from that of a flat-plate collector. These are (1) a lower heat loss coefficient and (2) a
biaxial incident angle modifier. The performance parameters of the ETC used for simulation
are shown in table 4.8:

optlical efficiency: collector heat loss coefficients: ’ heat capacity:
1, =0.789 U, = 1.37 W/(m? K); Uy = 0.005 W/(m* K?) | C=10.9 kJ/(m* K)
incident angle modifier: © 0 10 20 30 40 45 30 60 70 50
Kiu-nm(e ; 1 1 0998 0592 0976 0961 0.940 0.868 0.731 0

¢l : = -
K{f =0.93 Ko, ) 1 1.015 1.032 1.052 1.075 1085 1.098 1.005 0.826 0

Table 4.8: Performance parameters of the evacuated tubular collector used for the simulated
tests

Table 4.9 shows the parameters determined from the simulated tests. Table 4.10 and Figure
4.5 show the results of the annual performance prediction obtained by the evaluation with the
DST method and with the TRNSYS simulation program.

A higher effective collector area A" and a lower collector loop heat loss coefficient uc* is
obtained for the system with ETC. The storage heat capacity increases about 0.4 MJ/K.

A slightly lower scatter of the results of the annual performance prediction as for the reference
case is observed. For the load of 50, 200 and 1500 I/d the values for the solar fraction differ
3.2, 0.8 and 0.4 % respectively. The maximum deviation from results of the TRNSYS
simulation 1s 3.3 %.
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Ac' nc" Ug Cg faux Dy S¢ Obj.

[m* [ [W/(m)] | [W/K] [MJ/K] [l -1 -] [W]

April 32 9.37 2.74 1.24 0.5 0.02 0.0024 28.0
: +0.05 +0.32 +0.12 +0.008 +0.0071 +0.002 +0.01 -

May 32 9.27 3.13 1.27 0.48 0.022 0 25.8
+0.05 +0.38 +0.15 %£0.013 +0.0086 | £0.0036 | +0.015 -

June 31 8.13 3.0 1.23 0.49 0.024 0.002 29.7
+0.05 +0.37 £0.12 +0.01 +0.0085 +0.003 +0.01 -

July 3.0 7.97 3.09 1.26 0.49 0.026 ] 31.2
+0.05 +0.36 +0.13 +0.012 +0.01 +0.004 *0.015 -

August 3.0 8.06 322 1.26 0.49 0.022 0 28.5
+0.05 +0.33 +0.14 +0.011 £0.009 | +0.0036 | £0.013 -

Sept. 3.2 894 29 1.27 0.5 0.025 0 19.8
+0.03 +0.27 +0.11 = 0.009 +0.006 | +0.0031 +0.007 -

Table 4.6: System parameters identified for the system with a high and strongly AT-dependent
heat loss coefficient of the collector

Daily load Resuits of the long term performance prediction
[1d] Solar fraction [%]
TRNSYS DST
April May June July August Sept,
50 27.9 30.3 23.1 28.7 27.1 244 28
200 38.7 40.7 38.9 40.5 39.9 39.3 40.2
1500 12.7 10.8 10.7 10.7 10.4 10.4 10.7

Table 4.7: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with a high and strongly AT-dependent heat loss
coefficient of the collector
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Figure 4.4: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with a high and strongly AT-dependent heat loss
coefficient of the collector (plotted)
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Al uc” Us | GCs Taux Dy S¢ Obj.

[m?]  [IWAm'K)] | [W/K] [MJ/K] -] -] -1 W]

April 3.7 3.35 2.55 1.32 0.48 0.024 0.0009 19.2
+0.03 +0.08 +0.06 +0.005 | £0.0045 | £0.002 | =0.003 -

May 3.7 3.09 2.83 1.31 0.47 0.022 0 18.1
+0.02 +0.14 £0.09 +0.007 | £0.005 | +0.002 | +0.003 -

June 3.6 2.75 2.8 1.31 0.47 0.027 0 23.8
+0.03 +0.15 +0.09 +0.008 | +0.006 | £0.003 | +0.003 -

July 3.6 256 |- 294 1.31 0.47 0.023 0 25.9
£0.03 +0.15 +0.1 +0.008 | £0.007 | +0.003 | *0.003 -

August 3.6 2.47 2.92 1.32 0.47 0.023 0 23.9
+0.03 +0.16 + 0.1 +0.007 | £0.007 | £0003 | +0.003 -

Sept. 3.7 3.16 2.64 1.31 0.486 0.026 0 16.3
+0.02 0.12 +0.07 +0.005 | £0004 | £0.0019 | +0.002 -

Table 4.9: System parameters identified for the system with ETC collector

Daily load Results of the long term performance prediction
fi/d| Solar fraction [%]
TRNSYS DST
April May June July August Sept.
50 62.5 65.8 62.6 63.8 62.7 63.6 64.6
200 59.3 61.3 60.7 61.1 61 61.5 61
1500 17.9 15.4 15.3 15.2 15 15.1 152

Table 4.10: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with ETC collector
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Figure 4.5: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with ETC collector (plotted)
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4.4.5 Effect of an Increased Heat Transfer in Vertical Direction in the Storage

Vertical heat transfer by conduction and convection in hot water storages have an impact on
the performance of a SDHW system. An effective heat conductivity was measured in a range
from 0.6 W/(m K) for storages made of stainless steel to about 3.2 W/(m K) for storages made
of normal steel with an enamel layer. For the latter a decrease of the annual performance by
more than 5 % is determined compared to the stainless steel tank. This is caused by two
negative effects: (1) The heat which is lost to the lower part of the storage has to be
compensated by the auxiliary heater and (2) the collector efficiency decreases due to the
temperature raise in the lower part of the storage.

For the simulated tests the effective heat conductivity in the storage is increased to 3
W/(m K). Table 4.11 shows the parameter determined from the simulated tests. Table 4.12
and Figure 4.6 show the results of the annual performance prediction obtained by the
evaluation with the DST method and with the TRNSYS simulation program.

The parameters show that an increase of the conductivity within the storage is identified as a
higher fraction of the auxiliary heated part f,, by the DST method. The parameter £,
increases by 4 % (absolute).

The results of the annual performance predictions show good agreement. For the load of 50,
200 and 1500 1/d the values for the solar fraction differ 4.7, 1.5 and 0.4 % respectively. The
maximum deviation from results of the TRNSYS simulation is 2.8 %. This fairly good
agreement shows that the effect of different heat conduction in vertical direction of the storage
can be compensated by an extension of its auxiliary heated fraction.

4.4.6 Test of a Low-Flow System

For the simulation of a low-flow system the reference system was modified in following
points:

o The flow-rate in the collector loop is reduced to 60 1/h.

« The hot water tank is equipped with a mantle heat exchanger for the solar loop instead of
an immersed heat exchanger. The mantle heat exchanger enables stratified charging of the
storage. The mantle covers the lower 50 % of the storage height.

Since a thermal stratification is build up during the charge process, the temperature profile
differs significantly from that of a fully mixed charged storage. The DST method indicates the
ability of stratified charging with a stratification parameter S¢ > 0.

Table 4.13 shows the parameters determined from the simulated tests. Table 4.14 and
Figure 4.7 shows the results of the annual performance prediction obtained by the evaluation
with the DST method and with the TRNSYS simulation program.

For all simulated tests a stratification parameter S different from zero is identified. The
values are lying in the range between 0.03 to 0.1. The annual performance predictions for the
loads of 50, 200 and 1500 ¥/d differ 4.1, 1.6 and 0.3 % respectively. The maximum deviation
from results of the TRNSYS simulation is 2.8 %.
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4.4.7 Test of a System with External Auxiliary Heater

The electric heating element of the reference system is exchanged by an external auxiliary
heater, i.c. the upper part of the storage is heated via an immersed heat exchanger by an
external heat source. The heat exchanger for the auxiliary heater loop is designed in a way that
2 thermal stratification can be built up in the upper part of the storage during the charge
process. The heat exchanger inlet enters the storage at its top. The heat exchanger outlet is
located at 60 % and the controller sensor at 70 % of the total height of the storage.

The thermal stratification in the auxiliary heated part of the storage can lead to problems
during the parameter identification process of the DST method, since the mode! used by the
DST method charges the auxiliary heated part in all cases fully mixed.

Table 4.15 shows the parameter determined from the simulated tests. Table 4.16 and
Fioure 4.8 show the results of the annual performance prediction obtained by the evaluation
with the DST method and with the TRNSYS simulation program.

The parameter f,,, is identified to approximately 0.41, which corresponds to the geometrical
data of the upper heat exchanger. The annual performance predictions for the loads of 50, 200
and 1500 Vd differ 6.5, 2.9 and 0.6 % respectively. The maximum deviation from results of

the TRNSYS simulation is 5.5 %. The annual performance of the system is overestimated by

the DST method.
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AC* ilc-'r US CS faux DL SC Ob_l.

[m?] [ IW/(mK)] | [W/K] IMJ/K] I-] -1 -1 (Wi

April 34 6.77 3.0 1.29 0.52 0.03 0.002 26.3
+0.05 +0.23 +0.106 | +£0008 | £00067 | +0.003 | +0.007 -

May 3.4 6.69 323 1.3 0.51 0.032 0 24.9
+0.04 +0.32 +0.14 +0.013 + 0.608 + 0.004 +0.01 -

June 32 6.12 3.23 1.28 0.52 0.034 0.0015 28.7
+0.05 +0.3 +0.12 +0.01 +0.008 + 0.0038 +0.08 -

July 32 5.38 3.31 1.29 0.52 0.031 0 28.8
+0.04 +0.3 +0.13 +0.011 + 0.0086 + 0.004 + 0.008 -

August 32 5.49 3.33 1.3 0.52 0.029 0 274
+0.04 +0.27 +0.128 +0.01 +0.0085 | *0.0039 + 0.0069 -

Sept. 33 6.2 3.04 1.31 0.53 0.039 0 22,5
+0.03 +0.25 +0.116 +0.01 +0.007 + 0.0039 +0.007 -

Table 4.11: System parameters identified for the system with an increased heat transfer in
vertical direction of the storage

Daily load Results of the long term performance prediction
[/dj- Solar fraction | %]
TRNSYS DST
April May June July August Sept.
50 35.0 36.2 32.2 33 35.1 344 36.9
200 43.6 45.1 44.1 44 45.5 452 45.5
1500 13.5 11.7 11.6 11.6 11.3 11.3 11.6

Table 4.12: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with an increased heat transfer in vertical direction of
the storage
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Figure 4.6: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with an increased heat transfer in vertical direction of
the storage (plotted)




3. Experimental and theoretical validation of the DST method 85
AC* UC* US CS faux DL SC Obj.
[m?] IWA(m’K)} | [W/K] [MJ/K] [-] [-] -] (W]
April 3.3 6.15 T 2.67 1.23 0.51 0.027 0.034 28.1
: +0.03 +0.16 +0.09 *+ 0.008 +0.007 +0.003 + 0.006 -
May 3.2 6.55 2.56 1.26 0.49 0.027 0.104 319
+0.04 +0.26 +£0.14 +0.015 +0.01 +0.005 +0.0076 -
June 33 5.88 2.96 1.26 0.49 0.026 0.055 26.7
+ (.03 +0.18 + 0.1 +0.01 +0.007 +0.003 + 0.0059 -
July 3.3 5.94 2,71 1.25 0.5 0.026 0.036 284
£0.03 +0.17 +0.1 +0.009 +0.009 +0.004 +0.0067 -
August 3.2 5.58 2.74 1.25 0.5 0.023 0.029 29.6
+0.04 +0.19 +0.12 +0.01 +0.009 +0.004 +0.0067 -
Sept. 34 6.43 2.49 1.24 . 0.51 0.035 0.042 30.5
+0.03 02 +0.1 +0.011 +0.0085 | £0.0046 | *0.0065 -
Table 4.13: System parameters identified for the low-flow system
Daily load Results of the long term performance prediction
[vd] Solar fraction |%]
TRNSYS DST
April May June July August Sept.
50 47.0 474 494 45.5 47.7 48.7 49.6
200 494 49.8 30.2 49.2 49.8 50.8 50.2
1500 15.0 12.3 12.5 12.2 12.2 12.3 12.5
Table 4.14: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the low-flow system
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Figure 4.7: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the low-flow system (plotted)
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Ac ue’ Ug Cs foux Dy, Sc Obj.

[w] | [W/*K)]| [W/K] [MJ/K] [1 -1 g w1

April 3.2 9.16 2.79 1.28 0.42 0.023 0 29.8
+0.05 +06.3 +0.13 +0.01 + 0.0066 + 0.0026 +0.016 B

May 32 9.17 3.02 1.31 04 0.027 0 26.8
+0.05 +0.41 +0.15 +0.014 + 0.007 + 0.0035 +0.015 -

June 31 8.3 3.0 1.27 0.41 0.026 0.002 32.6
+0.05 +0.42 +0.14 +0.011 +0.0078 +0.0033 +0.01 -

July 3.1 £3 3.0 1.27 0.41 0.026 0.002 326
+0.05 +0.43 +0.14 +0.011 +0.0078 +0.0033 +0.011 -

August 3.0 7.5 3.22 1.3 0.41 0.025 0.002 30.8
+0.05 +0.3 +0.16 +06.012 + 0.0084 + 0.0039 +0.01 -

Sept. 3.2 8.8 2.88 1.31 0.42 0.029 0 19.7
+0.03 +0.28 +0.112 1+ 0.009 +0.0052 + 0.0026 + 0.007 -

Table 4.15: System parameters identified for the system with external auxiliary heater

Daily load Results of the long term performance prediction
/dj Solar fraction [%]
TRNSYS DST
April May June July August Sept.
50 46.6 498 47.8 45.6 46.2 48 s2.1
200 47 50.6 50 48.3 494 50.5 51.2
1500 12.3 | 12.9 129 12.3 12.4 12.5 12.9

Table 4.16: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with external auxiliary heater
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Table 4.8: Results of the annual performance predictions with the DST method and the
TRNSYS simulation for the system with external auxiliary heater (plotted)




3. Experimental and theoretical validation of the DST method 87

4.5 Discussion of the Results from Simulated Tests

Simulated tests were carried out for variants of a standard SDHW system. Especially critical
effects were introduced that either cause a seasonal bias of the DST test results or lead to
inaccurate performance predictions due to physical effects that are not taken into account by
the DST method. For all cases the good reproducibility and accuracy of the test results
obtained from the experimental tests were confirmed. Subsequently the results are
summarised and discussed:

Due to the simplicity of the model used by the DST method a scatter of the system
parameters identified from different tests can be observed. Especially the parameters A¢’,
u.* and Ug show correlation effects depending on the season in which the test is
performed. The parameters obtained are close to the expected parameters that were used as
input to the TRNSY'S simulation. Changes of specific parameters in the TRNSYS model
for testing lead to changes of the corresponding parameter of the DST model. A
systematic overestimation of the storage heat loss coefficient Ug was observed. In most
cases the DST parameters should not be interpreted as physical parameters.

For all cases the annual performance prediction delivered very reproducible and accurate
results for loads of 200 I/d and 1500 1/d. For these cases the predicted system performance
scatters at maximum 2.9 %. The maximum difference to the results of the TRNSYS
performance prediction amounts to 4.2 % for the system with external auxiliary heater and
between 1.4 and 2.2 % for all other systems.

For a load of 50 1/d the scatter of the predicted system performance increases. For the
system with the high and strongly AT-dependent heat loss coefficient of the solar collector
and the system with the external auxiliary heater the required 5 % are exceeded. However
the performance prediction for 50 I/d seems to be critical for all system variants, since
overheating occurs during summer and thus the heat losses strongly dominate the thermal
performance of the systems.

Most of the model errors due to the simplified model used for parameter identification can
be compensated by the DST method:

A significant seasonal bias of the DST test results occurs for IAM coefficients of r= 0.4
and higher. For these cases it is recommended to apply a pre-processing method on the
measuring data prior to parameter identification. This correction as proposed in the test
standard improves the reproducibility of the test results remarkable.

For systems with high and strongly AT-dependent heat loss coefficient of the collector and
the system with an external auxiliary heater predictions of the annual system performance
for very small loads (overheating of the system in summer) should be omitted since the
required accuracy of 5 % is not achieved. It is considered as useful to skip unrealistic load
conditions for all types of systems.

For systems with an external auxiliary heater that is able to charge the upper part of the
storage stratified, the DST method systematically overestimates the system performance
for several percent (typically 2 %). It is recommended to correct for this bias in case a
higher accuracy of the test results is required. A correction factor can be calculated by
using detailed simulation models.
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A reproducibility and accuracy better than theTequired 5 % was obtainéd for following

cases:

standard SDHW system (reference system)
systems with ETC

low-flow systems

systems with an increased heat transfer in vertical direction of the hot water storage.

5 Conclusions and Recommendations

The DST method as it is recently implemented in the ISO/CD 9459, Part 5 was
experimentally validated by real tests of a forced circulation SDHW system. With regard to
reproducibility and accuracy of the system parameters as well as the prediction of the yearly
energy gain DST turned out to be a reliable testing method. Also variation of the climatic
conditions and the load for the performance prediction did not cause significant changes of the
quality of the test results. Merely the identification of the collector loop parameters A", uc*
and Ug are still subject of improvement.

Simulated tests showed that also for other system types than the standard system under test
the method delivers reproducible and accurate test results. Only in two cases the method did
not fulfil the requirement of a reproducibility better than 5 % for the very low load of 50 I/d.
In general the investigations show that performance predictions for these unrealistic
conditions are critical for all system types. Further the seasonal bias caused by incident angle
effects could be quantified. It is recommended to correct for this effect for incident angle
modifier coefficients of r = 0.4 and higher. The method is robust with respect to special |
system designs (ETC, low-flow) and physical effects that are not explicitly taken into account
by the DST method.

Comparing the existing performance test methods for SDHW systems the DST method turns
out to be the most flexible and accurate method which further allows for testing of a wide
range of system types. A powerful tool for testing and certification of solar domestic hot water
systems is implemented by the ratification of the DST method as an international standard.

6 References

/17 W. Spirkl: Dynamische Vermessung von Solaraniagen zur Warmwasserbereitung, Forschungsberichte VDI,
Reihe 6: Energicerzeugung, VDI-Verlag, Diisseldorf 1990

2/ W. Spirkl et al.: ISO/CD 9459, Part 5, Solar Energy System Performance Characterization by Means of
Whole System Testing and Computer Simulation (Draft), February 1994, to be submitted

/3/ Dynamic System Testing Program Manual Version 2.4a, ISS, Klein & Partners, Baadstr. 80, 80469
Miinchen, FRG, 1994

4/ W. Spirkl et al.: ISO/CD 9459, Part 5, Solar Energy System Performance Characterization by Means of
Whole System Testing and Computer Simulation (Draft), May 1993

/5/ E. Hahne, Th. Pauschinger, N. Fisch: Test Method for Solar Domestic Hot Water Systems by Means of
Component Tests and Whole System Simulation, Proc. of the ISES Solar World Congress Budapest,1993

/6/ S.A. Klein et. al.. TRNSYS, A Transient Simulation Program Version 13.1, University of Wisconsin, 1990




3. Experimental and theoretical validation of the DST method 89

/71 H. Visser.: Comrﬁents of the DCST Participants of [EA Task XIV on ISO Committee Draft 9459/5, TNO
Building and Construction Research, Delft, February 1995

/8/ P. Isakson: Solar Collector Model For Testing and Simulation, ISSN 0284-141X,
ISRN KTH/IT/M--36--SE, Building Services Engineering, Royal Institute of Technology, S-100 44
Sweden, 1995

/9/ H. Driick, Th, Pauschinger: Type 74 - Storage Model for TRNSYS, Institut fiir Thermodynamik und
Wirmetechnik, University of Stuttgart, 1994

/10/ P. Ambrosetti, J. Keller: Das neue Bruttowdrmeertragsmodell fur verglaste Sonnenkollektoren. Technischer
Bericht, zweite, iiberarbeitete Auflage, Eidgendssisches Institut fiir Reaktorforschung (EIR), 1985. ISBN 3-
85677-016-X







91

REPRODUCIBILITY OF THE COMMITTEE DRAFT
ISO/CD 9459 PART 5
BY PRACTICAL APPLICATION

N. Findlater and U. Frei
Solarenergie Priif- und Forschungsstelie SPF/ITR
P.O. Box 1475, CH-8640 Rapperswil, Switzerland

NOMENCLATURE

A, " Effective collector loop area A’ = F (0T)A, [m’]
(at) Effective transmission-absorption product [-]

A,  Collector aperture area [m?]

u.  Collector heat loss fitting parameter u. =u. / (0T) Wm?K']
U Specific loss coefficient of the collector loop Wm?’K"]
Us  Loss coefficient of the store (WK
Cs Thermal heat capacity of the store MUK
fux  Auxiliary fraction of the store [-]

D, Draw-off mixing parameter [-]

Sc Solar loop stratification parameter [-]

obj  Objective function of parameter identification [W]
SF,  Output oriented solar fraction (0. = Qe )/ Croea [-]

O, Useful energy subtracted from the system [MJ]
0,. Energy delivered by auxiliary to the system [MI]
Tew Cold water temperature [°C]

T, Outlet temperature of store [°C]

Ta Ambient temperature in vicinity of the store [°C]
Tca  Ambient temperature in vicinity of the collectors [°C]

Vs Volumetric flow rate through the store [lmin"]
v Surrounding air velocity in the plane of the collector [ms™]
G, Solar irradiation in the collector plane [Wm™]
Tser  Set temperature of auxiliary heater [°C]

Cr Filter time constant with regard to the load draw-off [MIK ™}
1,  Filter time constant [hr]

Cs Thermal heat capacity of the store [MJK]
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1. INTRODUCTION

In the performance certification of solar domestic hot water (SDHW) systems the draft
ISO/CD 9459 part 5 [1] was applied to 2 identical SDHW systems. The test described by [1]
consists of 4 test sequences designed to operate the SDHW test subject in a wide range of
system states. Two of which focus on identifying heat storage parameters.

This paper will investigate the improvement of the reproducibility of parameter identification
and long term predictions caused by the application of the storage test sequences. In addition
we will compare and contrast the results of the two identical systems.
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2. INVESTIGATION METHOD

2.1. Overview of test site

The test faculty is located on the roof of the Rapperswil School of Engineering. SDHW
systems are housed in 2 air conditioned huts. The water supply to all 4 systems is regulated to
10°C. Collectors are mounted on an open structure facing south at an angle of inclination of
45°. All measurements made comply with [1] and are logged by an event driven data logger.

Both the investigated SDHW systems are located in the same hut, with there collectors
mounted next to each other.

Pyranomter

Collector
ambient
temperature

Anemometer

System A
Collectors
System B
Collectors

Piping to
heat storage

System D
Collectors

Figure 1: SPF Test Site
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2.2, Test sequence description

During the Summer of 1995 two identical systems where tested twice, in unison, in accordance
to the draft ISO/CD 9459 part 5. This consists of 4 tests:

Test A is designed to acquire data with a cold heat store and collector, thus information over
the system at high efficiencies is gained. In this test a high demand is achieved by 7 substantial
hot water draw-offs. During this test auxiliary heating is disabled.

Test B is the opposite of Test A; hot collector and heat storage temperatures are
accomplished by 5 small hot water draw-offs, during which an auxiliary electrical heater is
enabled.

In order to decouple the collector loop heat losses from the heat storage losses two storage
tests S, and Sger are implemented. These tests involve periods of low solar irradiation, which,
in the interests of reproducibility, where made by covering the collectors with a suitable
material.

Sax 18 intended to gain more information about the heat losses and the fraction of auxiliary
heated storage volume. This is done by running 4 Test B days with the covered collectors,
thus, the heat storage is exclusively heated by auxiliary energy.

Ssore 15 designed to determine overall store loss information. This test consists of 3 phases;
firstly the storage is heated up by 2 consecutive Test A days (without auxiliary heating).
Secondly a cooling down period during which the collectors are covered and no draw-off is
made. Finally a series of large draw-offs are made to determine how much energy remains in
the store.

Before and after each test a series of large draw-offs are made, thus emptying the store of
energy and providing a common starting point for all tests. This process is called conditioning.
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2.3, Identification method

The Dynamic Fitting (DF) algorithm [1] works by finding minima in an objective function. In
order to avoid being caught in a local minima the algorithm finds a minima, and then tries to
escape that minima by making a random jump followed by a renewed search for a minima. In
order to be sure of finding the global minimum, that is, the minimum of minima it is necessary
for the DF algorithm to search a number of times. This process is called parameter
identification.

All parameter identifications carried out in this report have been done in 2 phases. Firstly,
starting with default parameter values, the DF algorithm is run looking 5 times for the global
minima. Secondly, the result from the first phase is taken as starting point, and the DF
algorithm is run looking 10 times for the giobal minima. SPF Rapperswil has had good
experience with this method. The filter time constants where fixed to T =4 hrs and

Cr=0.1 MIK"".
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2.4. Long term prediction method

The yearly performance of a SDHW system was simulated using LTP_P.EXE (a part of the
DF simulation package [1]). We used hourly data from Kloten 1968 and used a draw-off
profile designed to simulate the demand of a typical Swiss family, see Table 1.

Table 1: - Simulated demand for a typical Swiss family
Daily load volume 215 1 Store ambient temperature (Tsa) 20 °C
Mains temperature (Tcw) 10 °C |Demand temperature (Tg) 50 °C
Auxiliary heating:
Set temperature (Tser) 60° °C |2 kW Enabled between 22:00 and 7:00
Draw-off profile:

Time Quantity [kWh]

07:00 1.50

08:00 1.50

11:00 ' 1.00

13:00 1.25

18:00 1.25

20:00 1.25

22:00 1.25

" The set temperature at which the auxiliary heater is enabled (Tsgr) is adjusted, to the nearest
1°C, until the SDHW system just meet the specified demand. Naturally, the performance of a
SDHW system is strongly dependent on T'sgr, and inaccuracies in the identification will be
magnified when examining the simulated output orientated solar fraction.
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2.5. Comparison method

Two complete ISO/CD 9459 sequences have been measured for both SDHW systems. In order
to compare the effects of the store sequence parameter identification and long term simulations
have been carried out for the following test sequences.

1. 1Test A, 1 TestB
2. 1 Test A, 1 Test B, 1 Sa
3. 1 Test A, 1 TestB, 1 Sau, T Seore

Both SDHW systems where tested in unison. That means, each test was carried out on both
systems at the same time. In so doing, effects due to different weather conditions can be
eliminated, and since we keep the same filter constants we can also compare the objective
function for parameter identifications over the same time periods.

Test A and Test B where carried out twice, therefore each system has a total of 6 test
sequences. The following naming convention is used in this report:

Table 2: Test A and Test B naming convention

Test A period Test B period
11 9 June - 15 June 1995 16 June - 22 June 1995
12 9 June - 15 June 1995 28 June - 2 July 1995
21 23 June - 28 June 1995 16 June - 22 June 1995
22 23 June - 28 June 1995 28 June - 2 July 1995

3. SOLAR DOMESTIC HOT WATER SYSTEM TEST SUBJECT

The system under test is a typical Swiss forced circulation system with a 4.4 m?* selective flat
plate collector and a 400 | storage with an immersed finned coil heat exchanger at the bottom
and an immersed auxiliary heater mounted horizontally in the top half of the storage. See
Figure 2.

The set temperature is set by a large plastic knob on the control panel. There is some play
between the knob and the potentiometer controlling the set temperature making precise
specification of the set temperature difficult.
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4. PARAMETER IDENTIFICATION AND LONG TERM PREDICTION

The identified parameters can be divided into two groups:

Parameters which are easily identified, consist of parameters such as A: , CS and f,,. These
parameters exhibit only a small scatter, even with small quantities of data.

Parameters that exhibit a scatter, consisting of u ; » Us, Dy and Sc. The scatter is caused by
either having not enough data, or because of differences between the SDHW model and the

real SDHW system.
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The DF algorithm generates statistics including some indications of the overall figure of merit
of a fit. These statistics provide a figure of merit based on the parameter covariance matrix.
Using this figure of merit we were unable to determine any significant difference between data
that was known to be insufficient with data that should be sufficient. For this reason, when
considering goodness of fit we examine the scatter of these parameters with different data sets.

The improvement in parameter identification by the addition of storage tests is easily seen by
examining the improvement in scatter of the f,. fitting parameter (see Figure 2.). In this case
the standard deviation of the identified f,,, parameter for the 4 combinations of Test A and
Test B improves from 0.0605 (Test A and Test B) to 0.00645 (Test A, Test B, Saux and

S STORE) .

0.7 1
06 W12
| O21
05 | @22
o 04
»
=4
< 03+
0.2
0.1 1
0 4
Test ATestB TestA TestB Saux TestA TestB Saux
Tests used In parameter identfication Sstore s
Figure 2: Improvement of fa. identification by additional storage sequences

Since the store parameters have been better identified there is a corresponding improvement in
longterm simulations. This can be seen by examining the minimum set temperature for the
auxiliary heater (Tsermiv) necessary to satisfy the standard Swiss family demand under Kloten
1968 weather data (See figure 3.). The stabilisation in output orientated solar fraction (Sf,) is
masked, since Sf, is a strong function of auxiliary heater set temperature (see figure 4.).
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Since the best identified parameters are identified with Test A, Test B, S aux and Sgrorg, both
reference systems will be compared for this case. There is a significant difference amongst the
parameters, most notably, the heat storage losses Us by 24%. It should be noted that the set
temperature knob on the control panel cannot be set accurately, and is indeed 2.5°C lower for
system B. There are two possibilities to describe this effect:

» First, there is a difference in the two systems that we have overlooked.
* Second, the set temperature has an effect on the identified parameters.

Since both systems where produced in the same batch, the first possibility is unlikely. In which
case the set temperature has an effect on the identified parameters, namely the heat storage
losses Us and the auxiliary fraction of the store faux. Consequently the set temperature used in
the test seems to have an effect on the longterm performance predictions. This effect can be
seen in table 3, were the minimum predicted set temperature for system B is 2°C lower that
system A.
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Table 3;

Identified parameter comparison for system A and B.

Parameter | System A | SystemB Percentage difference
A 2.844 2.842 o’ -0.10 ¢,
u:: 8.219 7.768| Wm>ZK! -5.81 g
Us 2.793 2272 WK 2393 g
Cs 1.446 1491 MJK’ 3.05 9
£, 0.593 0.617 - 391 g
D 0.008015 0.011248 - 19.85 ¢,
Sc 0.0147 0.02096 - 29047 o,
.| obj 28.509 39.93 W 286 g
Tser 63 60.8 °C 37 %
SF, 0.442 0.485 - 8.87 9

5. CONCLUSION

These tests show that provided all 4 tests are carried out, for this type of system, the
demanded reproducibility of 5% of the fractional system gain can be achieved.
The identified parameter values should be applied in the longterm performance predictions with

an auxiliary heater set temperatures close to those used in the test. This effect should be

investigated further.

The additional storage tests, together with a stable store ambient temperature is necessary to

decouple the effective collector loop loss coefficient u, and Overall storage loss coefficient

Us.
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7. Appendix 1
Table 4: Parameter identification and long term simulation results for 1 Test A and

1 Test B
System A System B

Seq. 11 12 21 22 11 12 21 22
Al 2.87 2.847 2.873 2.806 2.899 2.866 2.905 2.896
U, 8.08 5.815 10.09 6.534 7.605 5.304 7.925 5.346
Us 3.014 4.437 1.799 4.281 3.109 4.484 2.825 4.771
Cs 1.42 1.438 1.429 1.434 1.392 1.406 1.475 1.49
faux 0.5455| 0.5101 0.571| 0.4902 0.557] 0.5163] 0.5536| 0.5206
D 0.007245| 0.01022)0.007473 1 0.008626 | 0.009388 | 0.01236|0.007351| 0.01012
Sc 0.001832|0.001418 0.017]0.001585) 2.06E-5i 0.00127| 0.01158]0.001424
obj 28.35{ 29.974| 30.854| 33.372| 29452 30482 43.831] 48.675
Tset min 68 73 63 73 68 73 64 73
SF, 0.411 0.356 0.462 0.352 0.416 0.368 0.457 0.349
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Table 5: Parameter identification and long term simulation results for 1 Test A,
1 Test B and 1 Sux
System A System B

Seq. 11 12 21 22 11 12 21 22

A 2.869 2.805 2.898 2777 2.922 2.847 2.904 2.797
u 8.41 7.467 8.609 7.723 8.158 7.23 7.789 7.177
Us 2.889 3.219 3.051 2.998 2.708 2.905 2.959 2.855
Cs 1.423 1.43 1.432 1.433 1.403 1.404 1.485 1.479
faux 0.5923| 0.5705| 0.5741| 0.5775{| 0.6074| 0.6044| 0.5735 0.58
Dy 0.007967| 0.01048| 0.00867|0.008661| 0.01244| 0.01552| 0.00695|0.009613
Sc 0.005814 0.008497(0.002101 | 0.01351 3.53E-5(0.002041{ 0.01348| 0.02087
obj 26.413| 28.803| 27.969| 31.352} 27.129| 28972| 38.845| 42055
Tset min 63 66 65 64 64 65 63 63
SF, 0.438 0415 0415 0.433 0.44 0.435 0.456 0.46
Table 6: Parameter identification and long term simulation results for 1 Test A,

1 Test B, 1 S.ux and 1 Sgore
System A System B

Seq. 11 12 21 22 11 12 21 22

A 2904| 2786 2.903 2.784 2.918 2.786| 2.882 2.78
", 8.754 7.358 8.755 8.009 8.405 7.042 8.417 7.208
Us 2.897 2.773 2.835 2.668 2.133 2.283 2.307 2.366
Cs 1.44 1.459 1.442 1.442 1.479 1.491 1.492 1.503
faux 0.5866| 0.6013| 0.5931] 0.5903| 0.6184| 0.6109 0.613| 0.6254
Do 0.006366| 0.0108(0.009014|0.009881| 0.01166| 0.01445]|0.007782] 0.0111
S¢ 0.007636| 0.01342]0.002076 0.036] 0.01405| 0.01953| 0.0269| 0.02336
obj 26.761| 29.469| 27.626| 30.183] 36.199 38.95| 40.718| 43.855
T et min 63 63 63 63 61 62 60 60
SF, 0.436 0.452 0.433 0.446 0.482 0.484 0.484 0.489
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INVESTIGATION OF TEST CONDITIONS
FOR ISO COMMITTEE DRAFT 9459/5 ON SOLAR DOMESTIC HOT WATER
SYSTEM TESTING USING SIMULATED TEST DATA

H. Visser and J. van der Linden
TNQ Building and Construction Research
P.O. Box 29, 2600 AA Delft, Netherlands

NOMENCLATURE

A" effective collector area, DST model parameter ' m’
Cs heat capacity of the store, DST model parameter JK
Dy, draw-off mixing parameter, DST model parameter -
i auxiltary fraction of the store, DST model parameter -
P... auxiliary power W
Py power demanded by the user w
P, power delivered to the load w
Sc collector loop stratification parameter, DST model parameter -
uc collector loop heat loss parameter, DST model parameter W/(m’K)
Us - overall heat loss coefficient of the store, DST model parameter W/K
I. INTRODUCTION

Work carried out in Group II *Solar Domestic Hot Water (SDHW) System Testing’ of the Subtask on
Dynamic Component and System Testing (DCST) within Task 14 of the IEA Solar Heating & Cooling
Programme mainly involved determination of test conditions for dynamic testing (DST) of SDHW
systems. Investigations of real and simulated test data have resulted in the description of test conditions
in ISO Committee Draft 9459/5 ([1]) which was forwarded by the German Standards Organization DIN
to ISO members for voting as a Draft ISO Standard. The DCST Subtask activities were a direct follow-
up of the Dynamic Systems Testing Group (DSTG), a Working Group within the IEA SH&C
Programme ([2]). .

Determination of the ultimate test conditions described in the Committee Draft embodied an iterative
process, for both researchers involved in investigation of real test data and the ones working with
simulated data. Both investigation processes proceeded parallel, i.e. intermediate results often lead to
same conclusions, hence, strengthened the way how to continue. Intermediate results have been
described in progress reports and memoranda: [3] - [5] and [9] for the work with real test data, and
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[6] - [10] for the investigations on simulated test data.

The investigations on simulated test data described in this paper only encompass the test conditions in
the mentioned final Committee Draft ([1]). Another paper in this report by Pauschinger ([11]) describes
results of investigations based on real data.

2. DESCRIPTION OF THE TEST CONDITIONS

The test conditions investigated include test sequences S, S, and S,,.. Test sequence S, has been
divided into two sequences, i.e. S, , with A-days and S, with B-days. All test sequences have been
described in the following. Before that, definition of A~ and B-days, and valid A- and B-days is given.
For more detailed descriptions is referred to [1].

2.1 Definition A- and B-days

A-days: the days with large draw-offs like in [1], Section 6.2.2.2; possible auxiliary heater
"off" all day. _

Valid A-days: A-days with daily irradiation exceeding 12 MJ/m?,

B-days: the days with small draw-offs like in [1], Section 6.2.2.3; possible auxiliary heater

"off" from 1 hour before until 1 hour after the draw-offs, unless according to the
manufacturer auxiliary should not be switched off during the day. Then, the auxiliary
heater shall be "on" all day. :

In order to prevent overheating the small draw-off volume is extended if tap water
temperature at the store outlet exceeds a system size dependent threshold temperature,
i.e. the current draw-off continues until 20 % of the store volume has been withdrawn,
however, is stopped when the outlet temperature drops the threshold. The threshold
temperature is larger than the set temperature of the auxiliary heater, if present.

Valid B-days: B-days with daily irradiation exceeding 12 M¥/m?.

2.2 Definition of test sequence S, , and S, ,

Test sequence S, , is meant to characterize solar coliector performance at high efficiency. System

temperature is kept low by the following test conditions:

- 1 day: pre-conditioning + operation under test A conditions.

- following days: operation under test A conditions until at least 3 valid A-days have been
obtained.

- the number of valid A-days should be at least one third of the days within Ssota-

- final conditioning.

Test sequence S,  is intended to identify store heat losses and collector performance at low efficiency.
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System temperature is kept relatively high by the following test conditions:

- 1** day: pre-conditioning + operation under test B conditions.

- foliowing days: operating under test B conditions until ar least 3 valid B-days of which 2 are
consecutive have been obtained.

- the number of valid B-days should be at least one third of the days within S 5.

- final conditioning.

The number of valid B-days (in S_,, ;) should be equal or 1 or 2 larger than the number of valid A-days
(in S, ,)- For the investigations, the minimum requirement of three valid A-days and three valid B-

days was followed.

Pre- and final conditioning:

Pre-conditioning normally means draw-off of at least three store volumes. For the investigations, test
data with a pre-conditioned store were generated.

Final conditioning means draw-off of about 1.5 store volumes. For the investigations, draw-off of two
store volumes was used. This draw-off was sufficient to meet a temperature difference between inlet
and outlet of the store smaller than 2 K.

Conditioning should take place during hours without solar irradiation and the possible auxiliary heater
should be switched off at that time.

2.3 Definition of test sequence S

store

Test sequence S, is meant to identify the overall store losses, i.e. by adding this test sequence to S, 5

store

store and collector heat losses are decoupled. By the following test conditions, the store can loose heat

during two days without interference of solar input:

- 1*day: pre-conditioning + operation under test B conditions (but auxiliary heater "off" during
all day). ‘

- following days: operation under test B conditions (but auxiliary heater "off" during all day)
until and no more than 2 consecutive valid B-days have been obtained.

- following 2 days (48 hours): no draw-off and no solar input by possible covering of the
collector if irradiance > 200 W/m®. In that case, the pyranometer should be covered as well
(or irradiance should be set to zero) and outdoor ambient air temperature should be measured
under the cover (as gain can also be caused by high ambient temperatures).

- final conditioning, i.e. draw-off of three store volumes or less if temperature difference
between inlet and outlet becomes lower than 2 K. For the investigations, draw-off of two store

volumes was sufficient to meet the latter requirement.

2.4 Definition of test sequence S, ,

Test sequence S, , is meant for identification of the heat losses and volume fraction of the auxiliary-

aux

heated part of the store. By the following test conditions, temperature of the auxiliary part is kept high
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whereas the solar part is kept cold:

1* day: preconditioning + operation under test B conditions, no solar input.

2" + 3" + 4™ day: operation under test B conditions and no solar input.

"no solar" means covering of the collector if irradiance > 200 W/m?® see under S, for
collector covering,

final conditioning; see under S__,.

2.5 Combination of test sequences for investigation

Investigations involved whether or not the combination of test sequences S, ,.; and S, is sufficient

for solar pre-heat systems, and the combination of Scoraspr Seore and S, is sufficient for solar plus

supplementary systems.

3.

DESCRIPTION OF THE INVESTIGATION METHOD

The investigation method has been presented in Figure 1.

SDHW system definition —> || detailed TNO SDHW simulated —» corr.matrix —
metecrological data > system model ZBOIL4 _— DF_P —> parameters —
draw-coff data ———> test data || —> st.dev.

>
reference meteorolegical data —»> LTP_P || ——— > annual performance prediction

reference draw-off ——M > 2
1.
compare
+
SDHW system definition —— > [ detailed $DHW ¥
reference meteorological data —» system model > simulated annual performance
reference draw-off ——m8 — ZBOIL4
Figure 1: Scheme of the investigation method.

Investigations consisted of the following steps:

For three different types of SDHW systems (see Section 4), simulated test data were generated
for a Dutch test site (De Bilt). Detailed TNO SDHW system model ZBOIL4 was used for the
test data generation.

The simulated test data were analyzed with program DF_P Version 2.2 (September 1993), i.c.
the DST model parameters were identified.

Subsequently, from the DST model parameter sets annual performance was predicted for the
Dutch location for three different loads, i.e. 50, 110 and 200 litres per day, heated from 15°C
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to 65°C. Annual performance was also predicted for Trapani, Italy for 121 litres per day,
heated from 20°C to 65°C. For the predictions, program LTP_P Version 2.4 (June 1994) was
used.

The annual performances for the different loads and locations were also simulated by program
ZBOIL4. These figures were used for comparison with the DST model predictions.

Both for test data generation and for annual performance prediction and simulation, meteorological data
from Test Reference Year (TRY) files were used.

4.

DESCRIPTION OF THE SIMULATED SDHW SYSTEMS

Test data were generated for the following SDHW systems:

I.

I

I11.

Solar pre-heat system with separate solar collector and heat store and with a collector loop heat
exchanger in the store.

Solar-plus supplementary system with separate solar collector and heat store and with a
collector loop heat exchanger in the store. In normal operation, the auxiliary heater is switched
on only during off-peak hours.

As system I, however, in normal operation, the auxiliary heater is switched on all the time.

All systems have forced circulation conventional flow in the collector loop. The solar collectors are

glass-covered and have spectral selective absorbers. Tables 1 - 3 give the main characteristics of the

systems. Presented auxiliary control and setpoint temperature involve values for predicted and

simulated annual performance. These systems encompass the majority of Dutch SDHW systems.

Table 1: Main characteristics of solar pre-heat system I.
SOLAR PRE-HEAT SYSTEM I
collector area 2.7 m?
1, collector 0.80
heat loss collector 3.72 + 0.019AT W/m’K
collector pipe heat loss 1 w/K
control collector AT, =10K, AT;=2K
solar energy store volume 120 litres (no auxiliary part}
auxiliary volume - (pre-heat system)
store heat loss 1.40 W/K
UA-value collector loop heat exchanger 260 W/K
auxiliary control -
auxiliary setpoint temperature -
auxiliary power -
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Table 2: Main characteristics of solar plus supplementary system Il with auxiliary heating by
an electric element during off-peak hours.

SOLAR PLUS SUPPLEMENTARY SYSTEM H

collector area 2.7 m®

1M, collector 0.80

heat loss collector 3.72 + 0.019AT W/m*K

collector pipe heat loss I W/K

control collector AT, =10K, AT =2 K

solar energy store volume 120 litres (excluding auxiliary part)

auxiliary volume 120 litres

store heat loss 2.50 W/K

UA-value collector loop heat exchanger 260 W/K

auxiliary control from 11 p.m. to 7 am.

(electric element during off-peak hours)

auxiliary setpoint temperature 62.5°C

auxiliary power 1.5 kW
Tabie 3: Main characteristics of solar plus supplementary system III with auxiliary heating by

an indirect boiler during all day.
SOLAR PLUS SUPPLEMENTARY SYSTEM Il

collector area 2.7 m?

1, collector 0.80

heat loss collector 3.72 + 0.019AT W/m’K

collector pipe heat loss 1 W/K

control collector AT, = 10K, AT =2K

solar energy store volume 120 litres (excluding auxiliary part)

auxiliary volume 80 litres

store heat loss 2.14 W/K

UA-value collector loop heat exchanger 260 W/K

auxiliary control all day (indirect boiler)

auxiliary setpoint temperature 65°C

auxiliary power 20 kW
5. DESCRIPTION OF SEPARATE AND COMBINATIONS OF TEST SEQUENCES
5.1 Separate test sequences

For each of the three SDHW systems, TNO model ZBOIL4 was used for generation of two S, , and

two S, 5 sequences, one S, and, for the solar plus supplementary systems, one S,,, sequence.

sol,
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The S,
- all days within the sequence are valid days (sequences 1 and 2).

 and S, 5 sequences have been chosen such that:

- . the number of valid days is one third of the days within the sequence, hence, just meeting the
*1/3 criterion’ mentioned in Section 2.2 (sequences 3 and 4).
Valid days have a daily irradiation of approximately 12 - 19 MJ/m>.

The following test sequences have been chosen (day nos. refer to the TRY file for De Bilt,
Netherlands):

S.aa SEQUENcE no.:

1: A period with three consecutive valid A-days: day no. 258 - 260 with daily irradiation of 12.3,
13.2 and 12.1 MJ/m? respectively.
3: A 9-day period with no consecutive valid A-days: day no. 64 - 72 with daily irradiation of 1.2,

12.5, 2.2, 10.3, 4.4, 16.9, 4.8, 5.5 and 14.0 MJ/m? respectively.

Seoin sequence no.:

2: A period with three consecutive valid B-days: day no. 255 - 257 with daily irradiation of 13.0,
13.0 and 13.5 MJ/m? respectively.

4: A 9-day period with two consecutive valid B-days: day no. 282 - 290 with daily irradiation

of 5.9, 3.3, 13.5, 5.7, 9.5, 7.8, 1.8, 17.8 and 18.9 MJ/m” respectively.

Seore SEQUENCE NO.C
5: A period with two valid B-days and two following days with shielded collector: day no. 201 -
204 with (adapted) daily irradiation of 13.5, 12.2, 0.0 and 0.0 MJ/m” respectively.

S, Sequence no.:
6: A period with a total shielding of the collector with use of outdoor ambient air temperatures
of day no. 255 - 258.

In data generation of test sequences S 5, S, and S,,, for SDHW system II, the auxiliary heater can
be in operation from 11 p.m. to 7 a.m, i.e. the auxiliary heater is switched on if temperature in the top
of the store drops below 60°C, and delivery of heat stops if the temperature in the auxiliary part
exceeds 65°C. For system I11, auxiliary heat is delivered all day, if needed. For this system, the setpoint
temperature of the auxiliary heater is 65°C and there is no hysteresis. The threshold temperature in test
sequences S,y g, S and S, for B-days is set at 66°C, i.e. auxiliary heater operation can never cause

the extension of the draw-off volume described in Section 2.1.

5.2 Combinations of test sequences

Test sequences described above were combined in a total of 4 sets of simulated S, , and S, 5 test data
for each system. For the solar pre-heat system, S, . was added to these sets. Both S and S, were

aux

added for the solar plus supplementary systems. Table 4 shows an overview.
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Table 4: Overview of combinations of test sequences.
SsoI,A Ssnl,B Sstore Saux!)
Combination 1 3 21 4 5 6
A X X X X
B X X X X
C X X X X
D X X X X

" For solar plus supplementary systermns only.

6. INVESTIGATION RESULTS

For detailed information about the investigation results is referred to Appendix I which contains tables
with parameter identification and annual performance prediction results from the individual
combinations listed in Table 4. In this section, same results have been presented in figures. Moreover,
a table displays averaged values of the four sets.

6.1 Parameter identification results

Figures 2 - 4 show for SDHW system I, Il and III respectively, the results of parameter identification
for the four sets indicated in Table 4. The parameters are:

- A effective collector area;

- u. collector loop heat loss parameter;

- U overall heat loss coefficient of the store;

- Cq heat capacity of the store;

- £ auxiliary fraction of the store;
- D, draw-off mixing parameter;
- Sc collector loop stratification parameter.

Notice that the readings of f

aux?

D, and S should be divided by 10; the same applies to C in Figure 2.

Each identified parameter has been provided with its standard deviation. The combination of these
deviations causes the standard deviation that is related to the difference between *measured’ (simulated
in this case} and predieted signal. The readings of the standard deviations have to be treated in the
same way as those of the parameter values.

Further investigation ([8]) on the solar pre-heat system parameters revealed that A.' is the most
important parameter; the second important parameter is u.". For A., a 1 % parameter change
introduces a 0.5 % change in the annual gain. For u_’, this figure is 0.25 %.
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Figure 2:

Resuits of DST parameter identification and predicted annual power delivered to a load
of 110 litres per day, heated from 15°C to 65°C, and for weather according to TRY-
De Bilt, Netherlands for solar pre-heat system 1.
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Results of DST parameter identification and predicted annual auxiliary power for a

load of 110 litres per day, heated from 15°C to 65°C, and for weather according to
TRY-De Bilt, Netherlands for solar plus supplementary system II.
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Figure 4: Results of DST parameter identification and predicted annual auxiliary power for a

load of 110 litres per day, heated from 15°C to 65°C, and for weather according to
TRY-De Bilt, Netherlands for solar plus supplementary system III.

Discussion of the results

1. The various sets of test sequences lead to very similar parameter values. The spread in
parameter values is quite small; it is relatively largest for u.". It is assumed that the scatter in
u;’ cannot be reduced by improvement of the test conditions as the reason for the spread is
found to be the operation of collector pump control ([11]77).

2. The standard deviation appears to be a good indication for the spread in parameter values from
the different sets of test sequences, i.c. if the scatter of parameters is relatively large, then, the
standard deviation is relatively large.

Moreover, most identified parameters coincide within their mutual rather small 2c-bands. This

indicates that the different parameters are identified quite accurately.

6.2 Results of annual performance predictions for different loads

Figures 2 - 4 also provide annual performance predictions for a load of 110 litres per day, heated from
15°C to 65°C, and for weather conditions following TRY-De Bilt, Netherlands. For solar pre-heat
system, power delivered to the load Py has been presented. Auxiliary power P, has been used for solar
plus supplementary systems. Notice that the readings of P, and P, should be multiplied by 10 and
added to 100. The annual performance predictions have been provided with standard deviations based
on the standard deviations in the identified parameters. The readings of these standard deviations

should only be multiplied by 10.
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weather according to TRY-De Bilt, Netherlands for solar pre-heat system L
300
250 b Paux of Reference system 2 for 200 I/d, TRY De Bilt
) o o o Q
200 |-
—
= Paux of Aeferemce system 2 for 110 I/d, TRY De Bilt
.t
. aso |- ¥ * * * -
%
-
o
o
ao - Paux of Reference system 2 for S0 I/d. TRAY De Bilt
S0 .
G L 1 1 L 1
A =] [ [w] AVER
Parametler sets of fTest sequence combinations
o O5ST est 200 I1/d, DST est. 110 /4
Figure 6: Predicted annual auxiliary power for various loads, heated from 15°C to 65°C, for

weather according to TRY-De Bilt, Netherlands for solar plus supplementary system I

Figure 5 - 7 show for SDHW system [, II and III respectively, annual performance predictions for
more loads, i.e. 50, 110 and 200 litres per day, again for the identified parameters from the four sets
of test sequences listed in Table 4. The values indicated with "AVER® involve P, and P, for the set

aux
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of averaged parameters from the four separate combinations of test sequences. Straight lines in the
figures represent the ’real’ annual performance calculated by the detailed SDHW system model
ZBOILA4.

<00 Paux of Reference SysStem 3 for 200 1/cd. TRY De Bilt
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—
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W Ed R — o o
o L ; . . .
A a |4 [m} AVER
Parameter sets of test sequence combinations
o DST est. 200 i+/d, DST est. 110 1/7d
x D0OST est. 30 i.d
Figure 7: Predicted annual auxiliary power for various loads, heated from 15°C to 65°C, for
weather according to TRY-De Bilt, Netherlands for solar plus supplementary
system III.
Discussion of the results
3. The various sets of test sequences not only yield similar parameter values but also very

comparable annual performances. The spread in annual gain and auxiliary power is minor for
all loads. Predictions agree within their mutual 2¢-bands indicating that annual performance

is predicted quite accurately as well.

6.3 Results of annual performance predictions for various locations

Annual performance predictions for two different locations, i.e. De Bilt, Netherlands and Trapani, Italy,
have been presented in Figures 8 - 10 for the identified parameters from the four sets of test sequences
in Table 4. For the Dutch location, predictions have been made for a load of 110 litres per day, heated
from 15°C to 65°C, and for the Italian site, the load was 121 litres per day, heated from 20°C to 65°C.
Moreover, values of P, and P, corresponding to the averaged values of the parameters have been
given as well. Straight lines in the figures represent again the 'real’ annual performance calculated by
the detailed SDHW system model ZBOIL4. The upper line displays the annual demand Py,
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Fipure 9: Predicted annual auxiliary power for a load of 110 litres per day, heated from 15°C

to 65°C, for weather according to TRY-De Bilt, Netherlands and a load of 121 litres
per day, heated from 20°C to 65°C, for TRY-Trapani, Italy for solar plus
supplementary system II.
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Figure 10: Predicted annual auxiliary power for a load of 110 litres per day, heated from 15°C

to 65°C, for weather according to TRY-De Bilt, Netherlands and a load of 121 litres
per day, heated from 20°C to 65°C, for TRY-Trapani, Italy for solar plus
supplementary system III.

Discussion of the resuits

4,

6.4

The identified parameters from the various sets of test sequences produce very similar annual

performance predictions, also for locations with very different meteorological conditions.

Prediction results correspond to results of performance prediction for different loads, i.e. the

spread in annual gain and auxiliary power is very small.

Overview of results

Table 5 lists condensed results of the investigations in which identified parameter values and annual

performance predictions for the four sets indicated in Table 4 have been averaged. Expected values of

SDHW system parameters have been listed as well. For determination of these values, data from Tables

1 - 3 have been used. These are:

2.7 m* *0.80 =2.16 m%

the temperature dependent heat loss coefficient complicates a simple calculation of uc .
Also, the collector pipe heat losses should be incorporated into u.". The estimation is
based on an average temperature difference of 30 K between collector and ambient.
The overall heat loss reads : 2.7 ( 3.72 + 0.019*30) + 1 = 12.6 W/K. Based on A_",
uc’ becomes : 5.83 W/m?K. _

for system I: 1.40 W/K, for system II: 2.50 W/K, and for system III: 2.14 W/K.

for system I: 0.50 MJ/K, for system II: 1.00 M¥/K, and for system III: 0.84 MJ/K.
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- f

aux

for system II: 0.50, and for system III: 0.40.

In Table 5 ’ex’ means expected value and ’id’ means identified value.

Table 5: Compilation of all parameter identifications with DF_P and annual performance
predictions with LTP P.

parameter load [I/d})/ system, expected or identified
TRY location )
L I, ex I, id I ex | I, id || I, ex | III, id
Al [m?] 2.16 1.97 2.16 2.01 2.16 2.04
u.' [W/m’K] 5.83 6.35 5.83 4.57 5.83 5.06
- Ug [WK] 1.40 1.53 2.50 2.75 2.14 2.49
- Cs [MJ/K] 0.50 0.53 1.00 1.01 0.84 0.84
fax [-] - - 0.50 | 052 || 0.40 0.41
D, 10 [] ? 0.74 ? 0.39 ? 0.41
Sc10 [-] ' ? 1.55 ? 0.07 ? ¢.18
P, [W] 50/De Bilt 73 76 33 77 86 81
for system I ;
or 110/De Bilt 124 129 165 155 184 178
Py [W] 200De Bilt || 158 | 166 || 244 | 231 [ 371 | 366
for systems
II and III 110/Trapani 226 234 4] 36 59 48

Discussion of the results

5. Identification of A;’ is underestimated with respect to the expected value. Parameters u." and
Us are slightly too high for the solar pre-heat system. For the solar plus supplementary
systems, identification results in underestimation of u." which is compensated by an
overestimation of Us.

However, when making a comparison between identified and expected values one should
always have in mind that DST data processing includes a general SDHW system model.
Second order system properties for which there are no separate parameters, are taken into
account by identification of parameter values which deviate from the expected values to some
extent. Hence, only the order of magnitude of the parameters should be compared. Based on
this consideration, the conclusion of good agreement between identified and expected

parameter values is very well justified.
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7.1

Predicted annual power delivered to the load for solar pre-heat system I is within 3 % to 6 %
of the expected values (calculated by ZBOIL4).

For solar plus supplementary systems IT and II1, the deviation between predicted and expected
annual auxiliary power better be related to the annual demand, as P, is quite small for the
50 I/d demand and for the Trapani location. Errors related to P,.. would be pretty large and
would not give essential information. Hence, related to the demand, predictions of the annual
auxiliary power for the different and locations are within 1 % to 7 % of the expected values.
For all systems, the major part of the deviation is systematic, and should mainly be attributed
to model differences. For comparison: maximum systemaﬁc errors in annual performance
prediction caused by realistic systematic measuring errors in the quantities needed for DST data
processing are 2.5 % for solar pre-heat systems, and 5 % for solar plus supplementary systems
(112]).

Appendix I gives more information about the relative deviations.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Development of test conditions have provided a test procedure from which main parameters
of both solar pre-heat and solar plus supplementary systems can be determined uncorrelatedly
to a large extent. This is subscribed by the result reported in this paper that various sets of test
sequences within the requireménts of the procedure produces very similar parameter values.
Standard deviation provided by DST data processing gives a good indication for the
uncertainty of the various parameters.

Test and data processing procedure can be used for accurate annual performance predictions
for very different loads and locations with very different meteorological conditions. Accuracy
of annual performance prediction of tested SDHW systems is in the order of magnitude of
5 %. Major part of this small error is systematic, probably caused by the general character of
the SDHW model in the data processing procedure.

Strictly spoken, conclusions above are valid for the investigated systems, i.e. systems with
spectral selective collectors and remote heat stores, and with forced circulation conventional
flow in the collector loop. On the other hand, investigations included a wide range of SDHW
systems, i.e. solar pre-heat and solar plus supplementary systems with various control of the
auxiliary heater.
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1.2

Recommendations for further research

With respect to application range of the DST procedure

The boundaries of the application range of the DST procedure should be investigated more
profoundly. Accuracy of the method should be evaluated for systems with non-spectral
selective absorbers and absorbers without cover. Systems with different flow regime in the
collector loop, such as low flow and thermosyphon flow, should be taken into account as well.
Finally, the procedure should be evaluated for integral collector storage systems.

With respect to the test conditions
From adaptations of test conditions, only minor improvement of DST parameter identification
and annual system performance prediction resuits can be expected, however, some adaptations
might simplify the procedure. The following adaptations may be considered:
- The 12 MJ/m? demand for valid A- and B-days should perhaps be flexible and linked
_ to the ratio of store volume and collector area. System temperatures during S, and
S
u.” and U, and (to a smaller extent) between A;’ and u.".

oz t€St S€quUences can reach higher values then, possibly reducing correlation between

- Test sequence S,,, might be skipped for solar plus supplementary systems as S;,,. also
reveals information for decoupling identification of u." and Us.

- The strict limit of 1/3 valid days for both S, , and S_,, 5 test sequences might be more
flexible. Maybe this criterion can be dropped. |

- The same might be valid for the criterion that the number of valid B-days in S,z
should be equal or 1 or 2 larger than the number of valid A-days in S, a:
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APPENDIX I: PARAMETER IDENTIFICATION AND ANNUAL PERFORMANCEPREDICTION

RESULTS

This appendix contains investigation results from the individual combinations of test sequences
indicated in Table 4. Tables 1.1 ~ 1.3 list results of parameter identification for SDHW systems I, II and
I respectively, and Tables L4 - 1.6 give corresponding annual performance predictions. Parameter

values for the four sets of test sequences have been averaged. These mean values were used for

determination of the annual performance prediction indicated with "AVER" in Tables 1.4 - L.6.
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Table 1.1:

Identified parameters and annual power delivered to a load of 110 litres per day,
heated from 15°C to 65°C, for weather according to TRY-De Bilt, Netherlands for
solar pre-heat system 1.

Ad ue’ Ug Cq D10 | Sc10 | Obj. | P,
[m’] | [W/m?K] | [W/K] | [MIK] | [] [ W] | [W]

1.90 6.50 145 0.54 0.70 1.94 1.96 129

1.96 6.56 1.47 0.53 0.78 1.60 1.51 128

ajw | »

2.04 6.20 1.57 0.53 074 | 119 | 176 | 131

1.98 6.12 1.62 0.53 0.73 1.49 1.58 130

AVER | 197 6.35 1.53 0.53 0.74 £.55 129

Table L2:

Identified parameters and annual auxiliary power for a load of 110 litres per day,
heated from 15°C to 65°C, for weather according to TRY-De Bilt, Netherlands for
solar plus supplementary system II.

Ac ue Uy Cs fox D, 10 Sc-10 Obj. P,
m’] | [WmK] | [W/K] | [M¥K] [-] [-1 [-] (W1 | [WI]

1.98 4.08 2.97 1.0% 0.53 040 0.12 1.53 155

1.98 4.39 2.79 L.O1 0.52 .40 0.14 1.56 156

Q (W {»

2.02 4.64 2.72 L.O1 0.53 .38 0.00 1.33 157

2.07 5.18 2.74 LO1 .52 0.40 0.00 1.36 157

AVER

2.01 4.57 2.75 1.01 0.52 0.39 0.07 155

Table 1.3:

Identified parameters and annual auxiliary power for a load of 110 litres per day,
heated from 15°C to 65°C, for weather according to TRY-De Bilt, Netherlands for
solar plus supplementary system III.

Al ue Ug Cs f D, -10 Sc-10 | Obj. | P,
[m’] | [Wm’K] | [W/K] | [MIK] [ [] [-] (-] (W] | (W]

2.03 4.98 2.47 0.84 0.42 0.42 0.22 3.25 178

2.06 5.48 247 0.84 0.41 0.42 0.32 2.99 180

O |w

2,02 4.70 2.51 0.84 0.41 0.39 0.01 2.75 177

2.05 5.08 2.51 0.84 041 0.40 0.15 2.69 178

AVER

2.04 506 - 249 0.84 041 041 0.18 178
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Table 1.4: Predicted and ’real’ (i.e. calculated by ZBOIL4) annual power delivered to various
loads, heated from 15°C to 65°C, and weather according to TRY-De Bilt, Netherlands
and TRY-Trapani, Italy, for solar pre-heat system 1. The error in the predicted value
is related to the ’real’ value.

load / Py / 50Vd/ 121 W/ 110 1/d 7 266 W / 200 1/d/ 484 W/ 110 I/d / 266 W
TRY location De Bilt De Bilt De Bilt Trapani
P IW] | AP [%] | Py [W] | AP [%] | P [W] | AP, [%] | P, [W] | AP, [%)]
Real 73 124 158 226
A 76 4.0 129 4.0 164 3.6 234 35
B 76 34 128 32 164 3.6 234 3.5
C 77 44 131 5.6 " 168 6.1 234 4.4
D 76 40 130 4.8 167 55 236 4.0
AVER . 76 3.8 129 4.0 166 4.9 234 35

Table I.5: Predicted and ’real’ annual auxiliary power for various loads, heated from 15°C to
65°C, and weather according to TRY-De Bilt, Netherlands and TRY-Trapani, Italy, for
solar plus supplementary system II. The error in the predicted value is related to the
annual demand.

load / Py, / 50Vd /121 W/ 110 /d / 266 W / 2001/ d /7484 W/ 110V/d /266 W
TRY location De Bilt De Bilt De Bilt" Trapani

Paux APIUX PBUX APEI.IX Paux APHUK PllIK APHI.IX

[W] [*] (W] [%] [W] [%] [W] [“o]

Real 83 165 244 4]

A 76 -6.4 155 -4.1 234 2.1 35 -2.6

B 77 -5.1 156 -3.8 232 -2.5 36 -2.0

C 77 =52 157 -34 234 -2.1 36 2.0

D 79 -3.6 157 -34 231 2.7 37 -1.6

AVER 77 -5.1 155 -4.1 231 2.7 36 =2.1

" The heat demand for the load of 200 litres per day is not met by SDHW system {lI. The real’ system delivers 398 W instead of the required
484 W. The average parameter set delivers 393 W.
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Table 1.6: Predicted and ’real’ annual auxiliary power for various loads, heated from 15°C to
65°C, and weather according to TRY-De Biit, Netherlands and TRY-Trapani, Italy, for
solar plus supplementary system III. The error in the predicted value is related to the

annnal demand.

load / Py, / 50 I/d/ 121 W/ 110 I/d / 266 W / 200 /d / 484 W / 110 Vd / 266 W
TRY location De Bilt De Bilt De Bilt Trapani

Pue | OPuy | P AP, Poe AP, | Pu | AP,

(W] [*] fW] [%%] (W] [%6] (w1 (%]

Real 86 184 37 59

A 81 -3.6 178 23 366 -1.0 48 -4.2

B ) 83 2.5 180 -15 367 -1.0 50 -3.5

C 80 43 177 -2.6 365 -1.2 46 -4.7

D 82 -3.2 178 2.3 366 -1.0 43 4.1
AVER 81 -36 178 2.3 366 -1.0 48 -4.1
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Sources of the Inaccuracies of the DIS 9459/5 Test Results

M. Bosanagc, J. E. Nielsen, H. J. Stein*
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Laboratory, P. O. Box 141, DK - Taastrup
* Forschungscentrum, D - 52425 Juelich

1. Abstract

The goal of this work is to analyse the accuracy of the test method for solar domestic hot water
(SDHW) systems proposed in the February 1994 version of the Draft Intemational Standard
(DIS) 9459/5 [1]. Validation has been performed using synthetical data generated by the
TRNSYS [2] program. Two representative synthetical tests were used for analysis. One test was
created using summer weather data and other using winter/spring data. The test sequence as
described in the DIS was used as a load forcing function for the SDHW systems under
consideration. The identification procedure has been repeated for three solar collector types - with
selective and non-selective absorber. The identified sets of parameters were used afterwards for
prediction of yearly energy yield for two diverse climatic conditions. It is shown that the
predicted energy yields by different test sequences differs up to 18 % and the difference in
predicted energy yields by DST algorithm in comparison with the TRNSYS exceeds 20 %. The
possible reason for the inaccuracy may be the DST simplifications used for component theoretical
models.

2. Introduction

Economic assessment of solar domestic hot water (SDHW) systems requires reliable characteriza-
tion of their performance. For that reason, a test method delivering accurate results is necessary.
It would be desirable that the test method would be able to predict the yearly energy yield withm
4+ 10 % accuracy. The prediction should not be dependent on climatic conditions of a test site;
various sets of system parameters identified under various climatic conditions and/or during
different seasons should give the same (410 % accuracy) prediction of the yearly energy yield.
In that sense, test results would be transferable to various consumption and/or weather conditions.
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The DST algorithm [3] - as basis of the DIS - uses a plug flow model for characterization of
storage performance and the Hottel-Whillier-Bliss [4] equation as a universal model for collector
loop performance.

The analysis on the possible sources of inaccuracy of the DIS has been recently published in the
report available on request [5]. In this article we regard only influences of certain simplifications
used in the collector model: neglecting of the incident angle dependency of collector optical
efficiency and the temperature dependency of overall heat loss coefficient.

The aim of this work is to clearly quantify yearly energy yield inaccuracy introduced by these
simplifications. Estimation of the inaccuracy is especially important for SDHW systems
equipped with collectors where the importance of neglected effects is doubtless (e.g. collectors
with non-selective absorbers,- evacuated tube collectors and double glazed collectors). The wind
dependence of the overall heat loss coefficient is not considered in this work. Furthermore, this
work does not consider influences of measurement uncertainties.

The accuracy of predicted energy yield is analysed referring to (‘1) repeatability of energy yield
predicted by various sets of parameters identified from different synthetical test sequences and
(2) accuracy of predicted energy yield regarding to the yield predicted by the TRNSYS program.

3. Collector and storage model used for generation of synthetical sequences

The multi-node collector model available as TRNSYS component and the standard TRNSYS
storage component model have been used for generation of synthetical data.

We recall here briefly the main features of the multi-node collector model published in [6].
Each node of a flat-plate collector is characterized by:

Cn drl-‘n/dt = An FI[(Tu)B Geq = UL(Tn - Ta)] =~ Qua (1)

where: G, is the equivalent normal irradiance taking into account irradiance components
multiplied by respective incident angle modifiers :

Gy = Kiapeam Obeam T Keagitr Guir T Kera e G (2)
U, is the overall heat loss coefficient :

U, =U,+ U, v+U«T,-T,) (3)
Q.. is the rate of energy gain by the collector node:

Gun = MCp(To ~To) “4)

An incidence angle modifier for direct irradiance is defined by the Ambrosetti {7] equation:
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K‘m.beam(e) =1 -tan”‘(BIZ) (6)

The incident angle modifier for diffuse irradiance assuming isotropic distribution is used as
derived in [6]. The incident angle modifiers for diffuse irradiance and for albedo we assume to
be equal. They are both derived in [6] as a function of parameter r.

Taking into account the fact that identification of wind dependency of overall heat losses is still
under consideration in the DIS, we have excluded this effect in our analysis, i.e. we have set
Uv=0 for collectors taken in the analysis. Naturally it implies that results of the analysis are
moderate regarding the case if wind dependency would be taken into account. That specially
holds for non-selective collectors where this dependence could not be neglected.

The standard TRNSYS component model for storage has been used with vartous levels of
stratification within storage. The storage was simulated as a well mixed, with a fixed and with
a variable inlet position.

4. Generation of synthetical data

The TRNSYS program has been used to generate synthetical data according to the test sequence
described in the DIS. The meteorological data - Test Reference Year (TRY) for Wuerzburg
(Germany) - were used as a basis for synthetical data sequences. The sequences were created
using summer weather data only and the other using autumn and winter/spring data - abbreviated
S, A and W in the respective tables. Each synthetical sequence consists of storage heat loss test
(two sunny days followed by 48 hours cooling period and conditioning) and the standard test
consisting of 3 so-called type A" days and 3 so-called type 'B* days of which 2 "B days
had to be consecutive. Solar daily irradiation of each day used for the analysis exceeded 12
MJ/m?day. The other requirements requested by the DIS were completely fuifilled as well.

The synthetical sequences were generated for SDHW systems with forced circulation with - (1)
collector equipped with selective or non-selective absorber and (2) well mixed and a stratified

storage.

The parameters of three types of collector used for analysis follow:

Collector A: Manufacturer: Djurs Solvarme, Collector type: DS-3:

1=08 -[2.7+0.032GT*]T* r=0.275
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Collector B: Manufacturer: Solar Energy Products Inc., Collector type: CU 30-WW

fi= 0.683 - [4.321 +0.054 G T*]T* r=0.295

Collector C: Same as collector B but reduced heat loss coefficient:

1 =0.683 -[2.2+0.025 G T*]T* r=0.295

Other collector parameters are A =4 m? and Cc = 8.42 kJ/K

Storage parameters are V= 250 I, UsAs=1.5 W/K

S. Results of the Analysis

Each synthetical sequence is analysed by searching for 15 local minima, starting from the
expected values of the parameter to be identified.

Statistical analysis performed by the identification of system parameters have shown the
following:

(1) objective function did not exceed 2 % of the respective system gain over the sequence and
(ii) standard deviation of the identified parameters for collector loop did not exceed 5 % of
the corresponding parameter value.

This briefly indicates that enough data were used for identification of system parameters for the
given theoretical model.

Reliability of the set of identified parameters was examined by predicting the yearly energy gain
for Test Reference Year for Wuerzburg and for yearly weather data for Phoenix. The Phoenix
weather data were generated using TRNSYS weather data generator.
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Seq. | Consum. | Coll. | Store | Yield(DST) | Repeat- Yield(TRN) | ERROR
Vday | type [W] ability [%] (W] [%)
S 150 B s-f 287 - 285 0.7
A 150 B s-f 298 3:8 285 4.6
W 150 B s-f 300 4.6 285 5.3
S 250 B s-f 398 - 389 2.3
A 250 B s-f 430 8.0 389 10.5
W 250 B s-f 448 12.6 389 15.2
S 350 B s-f 461 - 447 3.0
A 350 B s-f 499 8.2 447 11.6
W 350 B s-f 544 18 447 21.2

Tab 1. Predicted yearly energy yield by the DIS and TRNSYS for Phoenix weather data.

Seq. | Consum. { Coll. | Store | Yield(DST) | Repeatabi- Yield(TRN) | ERROR
l/day | type [W] lity [%] [W] [%]
S 250 B s-f 195 - 195 0.1
W 250 B s-f 224 14.9 195 14.9
S 250 A s-f 258 - 252 2.4
W 250 A s-f 288 11. 6 252 14.3
S 350 B $-v 305 - 296 3.0
w 350 B | sv 325 6. 1 296 9.8
S 350 B s-f 219 - 219 0
w 350 B s-f 250 14. 1 219 14. 1
S 350 A s-f 286 - 280 2.0
W 350 A s-f 327 14.3 280 16.6

Tab 2. Predicted yearly energy yield by the DIS and TRNSYS for Wuerzburg weather

data.
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seq. | Consum | Coll. | Store | YieldDST) | Repeat- | Yield(TRN) | ERROR
Vday | type [W] ability [%] W1 %
S 350 A | sv 593 » 588 1.0
W 350 A | sv 630 6.2 588 7.1
S 350 C | wm 468 - 461 1.5
W 350 C | wm 495 5.8 461 7.4
S 350 A | sf 558 - 542 2.4
W 350 A s-f 636 14 542 17.3

Tab 3. Predicted yearly energy yield by the DIS and TRNSYS for Phoenix weather data.

Prediction of yearly energy gain was carried out for the identical load time profile for each day
in the year. Three equal withdraws at 7 a.m., 12 am. and 19 p.m. have been applied. Three daily
consumption volumes were used: 150 1, 250 1 and 350 I. Mains temperature was 10 deg. C and
set temperature 60 deg. C.

The main criterion in analysing the accuracy of the test method was the repeatability accuracy
of the predicted energy yield using identified parameters from various test sequences as well as
the accuracy of prediction in comparison with the energy yield computed by the TRNSYS
program.

Tab. 1 shows results of the analysis for Phoenix weather data and Tab. 2 for Wuerzburg weather
data,

Abbreviations used in the Tables are: w-m -- well mixed storage, s-f - stratified storage with
fixed inlet position, s-v -- stratified storage with variable inlet position, ERROR is difference in
yields predicted by the DIS and the TRNSYS in percentage.

Both yearly energy gains predicted by the DST algorithm and TRNSYS program are presented.
It 1s noticeable systematic over-estimation of energy yield predicted by DST algorithm in
comparison with reference, TRNSYS results. Over-estimation ranges up to 21 %.

In the Tab 4 we have listed system parameters of the same SDHW system identified from two
different synthetical test sequences. It is noticeable that collector and store parameters (collector
type B and s-f store) are ambiguously identified. This is reflected in the inaccuracy of predicted
energy gain of 18 %.
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seq A* UL* AsUs Cs DL SC
s 2.054+.03 | 11.28+.43 | 1.158+.11 | 1.044.02 [ 0.366+.04 | 0.174+.02

w |2.561+.04 |13.15+.23 | 1.354+.07 | 1.08+.01 |{0.105+.01 | 0.161+.01

Tab 4. Identified system parameters for two different synthetical tests.

6. Draw-off Profile

The draw-off profile requirements are unnecessary complicated. They are reasonable only for
ICS systems were collector loop is not distinguishable from storage loop. The goal of the draw-
off profile - to cover a variety of system operating states - can be reached with a considerably
simpler requirements as for example draw-off profile created within TC312 and reported in the
CEN documents (see paragraph C.3.2.1). An extra sensor in collector loop measuring the
collector outlet fluid temperature should be installed for this reason. The majority of laboratories
continuously measure collector loop temperatures during the DST test. This information is
valuable tool to carry out the draw-off profiles which will certainly enable better repeatability
and accuracy of the test results.

Herewith the proposal for the optimized draw-off profiles for days A and B is presented:

Test A Day
The purpose of this test is to get information about collector array performance at high efficiencies. Thus, the collector

inlet temperature is to be kept cool by means of subsequent discharging the store. The draw-off rates should be regulated
in a way to keep the mean fluid temperature of collector array as close as possible to collector ambient air temperature.
If the draw-off rates cannot be regulated automatically, the test engineer should continuously monitor the collector outlet
fluid temperature and, if necessary, draw-off such quantity of water from the store that the collector mean temperature
approximately reaches the ambient temperature. The discharged volume depends on the store dimensions and should
be adjusted to the particular conditions.

NOTE: A simple method is to start discharging whenever the collector inlet fluid temperature exceeds the collector
ambient temperature T, .., by more than 10 K (20 K for low-flow collectors), and to stop it when the collector
fluid mean temperature decreases as close as possible to the ambient temperature.

If the ambient air temperature of the coliector T, is lower than the mains water temperature, T.,. then the collector
inlet fixid temperature shall be kept as close as possible fo the mains water temperature.

The draw-off rate shall be less than (10 £ 1) I/min. However, it is recommended to apply a flow rate of (1 £ 0.5) /min
during the first minute of each discharge in erder to reduce any measurement error due to the thermal inertia of the
sensors.

The mains water temperature shall be between 8 and 15 deg C; any deviation during a sequence shall not exceed
2K
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Test B Day
The purpose of this test is to get information about store heat losses and collector array performance at low efficiencies.

The draw-off rates shall be such that the collector array becomes as warm as possible for longest possible period. Any
overheating of the store shall be avoided.

During the test, no discharging is applied until the temperature of the fluid entering the store from the collector loop
exceeds 90 deg C, and discharging is stopped when this temperature reaches 85 deg C. The discharged volume depends
on the store dimensions.

In regard of the draw-off rates, the same principles as for test A day apply.

The same considerations regarding discharging flow rate as for Test A day apply here.

The mains water temperature shall be between 8 and 15 deg C; any deviation during a sequence shall not exceed

+2 K.

7. Conclusion

The analysis of the accuracy of energy yield predicted by the DST algorithm has shown that for
certain synthetical test sequences the predicted energy yield is excellent - comparable with that
predicted by the TRNSYS within the numerical accuracy of simulation. Unfortunately, for a

number of synthetical sequences this difference exceeds 10 %.

The seasonal influence on the test results is very strong although the dependence of collector heat
loss coefficient on ambient temperature is not taken into account in the TRNSY'S coliector model

used for generation of synthetical sequences.

Yearly energy yield predicted by the DST algorithm differs up to 18 % in dependence which test
sequence is taken for identification of system parameters. Furthermore, the difference between
yearly energy vield predicted by DST algorithm and that predicted by TRNSYS is as remarkable
as 21 %

These facts clearly suggest that more suitable - or more sophisticated - theoretical models of
components have to be applied for identification of system parameters.
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In order to improve the accuracy of the test results it is suggested to consider the proposal for
draw-off profiles described in Section 6 of this work.

It should be pointed out that the reported uncertainties do not include measurements errors and
other sources of uncertainties intentionally excluded in this analysis. This means that calculated
errors are certainly conservative estimation of the real errors to be expected. The forthcomming
SM&T Project should certainly address in more details the problems listed.

Acknowledgment: This work was funded by the Danish Technological
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NOMENCLATURE
A - total collector (aperture) area of array,
C - collector array total thermal capacity,
C, - the heat capacity of each collector node
C, - specific heat coefficient of fluid in collector loop,
F' - collector array efficiency factor,
G - incident total radiation on a flat surface per unit area,
Gyeamw Gayp G - incident direct, diffuse and ground reflected radiation,
Kyearr Kag Ky~ incidence angle modifiers, beam, diffuse and ground reflected radiation,
m, - collector fluid mass flow rate,
r - parameter for incident angle modifier,
N - number of nodes,
Qo - rate of energy gain by collector node,
T, - ambient air temperature in vicinity of collector array,
T, - collector mean fluid temperature,
T, - collector node temperature,
T™* - reduced temperature
U, - overall heat loss coefficient,

U, - overall heat loss coefficient when T=T,, and v=0,
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U, - coefficient characterising wind dependence of the heat loss coefficient,

U, - coefficient characterising temperature dependence of heat loss coefficient,

v - wind speed in collector plane,

dt - time step,

dr - increment in node temperature over the time step,

(tot)y - product of cover(s) transmittance and absorber absorptance for normal
incident angle,

0 - incident angle of radiation
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