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INTRODUCTION TC THE INTERNATIONAL
ENERGY AGENCY AND THE IEA SOLAR HEATING
AND COOLING PROGRAMME

The International Energy Agency was formed in
November 1974 to establish cooperation among a number of
industrialized countries in the vital area of emergy policy. Tt
is an autonomous body within the framework of the
Organization for Economic Cooperation and Development
(OECD). Twenty-one couniries are presently members, with
the Commission of the European Communities alse
participating in the work of the IEA under a special
arrangement.

One element of the IEA's programme involves
cooperation in the research and development of alternative
energy resources in order to reduce excessive dependence on
oil. A number of new and improved energy technologies
which have the potential of making significant contributions
to global energy needs were identified for collaborative
efforts. - The IEA Committee on Energy Research and
Development (CRD), supported by a small Secretariat staff, is
the focus of IEA RD&D activities. Four Working Parties (in
Conservation, Fossil Fuels, Renewable Energy, and Fusion)
are charged with identifying new areas for cooperation and
advising the CRD on policy matters in their respective
technology areas.

Solar Heating and Cocling was one of the
technologies selected for joint activitics. During 1976-
1977, specific projects were identified in key areas of this
field and a formal Implementing Agreemcnt drawn up. The
Agreement covers the obligations and rights of the
Participants and outlines the scope of each project or "task"
in annexes to the document. There are now eighteen
signatories to the Agreement:

Australia Ttaly

Austria Japan

Belgium Netherlands
Canada New Zeland
Denmark Norway
Commission of the Spain

European Communities Sweden

Federal Republic of Switzerland
Germany United Kingdom
Finland United States

Greece (withdrew in 1986)

The overall programme is managed by an Executive
Committee, while the management of the individual tasks is
the responsibility of Operating Agents. The tasks of the IEA
Solar Heating and Cooling Programme, their respective
Operating Agents, and current status (ongoing or completed)
are as follows:

Task I Investigation of the Performance of Solar
Heating and Cooling Systems: Technical
University of Denmark (Completed)
Coordination of Research and Development on
Solar Heating and Cooling: Solar
ResearchLaboratory, GIRIN, Japan (Completed)
Performance Testing of Solar Collectors:
University College, Cardiff, U.K. {Ongoing)
Development of an Imsolation Handbook and
Instrument Package: U.S. Department of Energy
(Compleicd)

Task IT

Task IH

Task [V

Task V Use of Existing Meteorological Information for
Solar Energy Applicationt Swedish
Meteorological and Hydrological Institute
(Completed)

Performance of Solar Heating, Cooling, and
Hot Water Systems Using Evacuated Collectors:
U.S. Department of Energy (Ongoing)

Central Solar Heating Plants with Seasonal
Storage: Swedish Council for Buildng Research
(Ongoing)

Passive and Hybrid Solar Low Energy
Buildings: U.S. Department of Energy
(Ongoing) Task IX Solar Radiation and
Pyranometry Studies: KFA - Jilich, F.R.G.
(Ongoing) .
Solar Materials Research and Development:
AIST, MITI, Yapan (Ongoing)

Passive and Hybrid Solar Commercial
Buildings: Swiss Federal Office of Energy
(Ongeing)

Task VI

Task VII

Task VIII

Task X

Task XI

TASK III PERFORMANCE TESTING OF SOLAR
COLLECTORS

The overall goal of Task III is by international
cooperation to develop and validate common test procedures
for rating the performance of solar thermal collectors and
solar domestic hot water heating systems.

Task III was initiated in 1977 with three subtasks:

Subtask A:  Standard Test Procedures to Determine Thermal
Performance

Subtask B: Development of Reliability and Durability Test
Procedures

Subtask C: Investigation of the Potential of Solar
Simulations

Upon the completion of these subtasks at the end of
1982, the Executive Committee approved an extension of the
Task with the following three subtasks:

Subtask D:  Characterization of the Thermal Performance of
Solar Collectors

Subtask E: Development of a Capability to Evaluate
Domestic Hot Water System Performance Using
Short-Term Test Methods

Subtask F:  Development of a Basis for ldentifying the

Performance Requirements and for Predicting
the Service Life of Solar Collector System
Components

At the end of 1985 a further extension was
approved, with a completion date at the end of 1987,

Participants in Task IIl (those marked * until the
end of 1985 only):

Australia*, Austria*, Belgium*, Canada, Denmark,
F.R. Germany, Italy, Japan*, the Netherlands,
Spain, Sweden, Switzerland, United Kingdom,
United States and the Commission of the European
Communities.




ABSTRACT

This technical report on the thermal performance testing of
SDHW systems gives an overview of the various approaches for
short-term test methods that are currently being used or are under
development within the IEA Task III participating countries. The
purpose is o gain experience in the range of techniques available for
characterizing SDHW systems and for predicting their long-term
performance. The fourteen methods summarized can be logically
grouped into the following catgetories:

1. System performance for a range of weather conditions
characterized by parameters determined from individual
component tests.

2. System performance for a range of weather conditions
determined from measurements on the whole system.

3. System performance for a range of weather conditions
determined from a combination of separately-measured
component parameters and whole system measurements,

4. System performance determined as a function of internal
variables from measurements on the whole system.

5. System performance determined for specific test
conditions only.

The methods have been designed to meet different specific
requirements. An attempt has been made to describe the basic
principles of the methods, to indicate the state of development, and
to identify the advantages and disadvantages of each approach.

These test methods form the basis of a joint IEA Task III
programme to develop common test procedures that incorporate the
best features of the individual methods. This report is based on the
work performed to under Subtask E: Development of a Capability
to Evaluate Domestic Hot Water System Performance Using Short-
Term Methods.
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1.0 INTRODUCTION

Conservation of nonrenewable energy resources is the
primary reason that a wide variety of solar domestic hot
water (SDHW) systems are marketed throughout the world.
A natural consequence of this highly dispersed activity is
the need to understand, predict and compare the performance
of these SDHW systems. To this end Subtask E in IEA
Task III was developed. The stated objective is "The
participants will apply short-term system test methods in
order to develop the capability to evaluate the thermal
performance of domestic hot water systems. Basic system
performance parameters will be identified, methods of
measurement will be developed, and analytical
methodologies for predicting the seasonal system
performance based on the short-term test data will be
developed and validated through comparisons of predicted
and measured performance.” Another way of stating this
objective is: Use short-term test data in conjunction with
analytic techniques to predict the annual performance of any
SDHW system in any solar/meteorological region.

The purpose of this technical report on SDHW
testing has been to give an overview of the range of
methods that are used or under development within the TEA
Task I1I participating countries, and which are the starting
point for the cooperative project on SDHW testing
undertaken by the task participants during the period
between January 1986 and December 1987,

The review of methods was not intended to be
exhaustive in its coverage; the field is too wide and the
experience of the participants in the methods of other
workers is limited. Nor is it the intention here to give a
critical review of the methods which have been described;
different approaches have generally been adopted by
individual groups in response to different local requirements
and constraints, and they draw on the particular experience
and expertise of the groups. The intention of what follows
is rather to draw lessons on the range of techniques available
for characterizing SDHW systems and for predicting their
long-term performance,

1.1 DESCRIPTION OF SDHW SYSTEMS

Two general categories have been used to classify
SDHW systems. They can be classified according to the
relationship between the solar collector(s) and storage. Or
they can be classified according to their ability to be
combined with other energy sources (auxiliary energy
sources) in order to meet the load. It is often convenient to
further classify SDHW systems according to the control
strategy implemented to provide protection against freezing.

A solar system may be designed to provide solar
heated water directly to the load, end use, or plumbing
system without the use of any other energy source other
than that required for fluid transport and control functions.

This particular system is seldom used amongst the Task II1
participating countries.

Many solar systems are designed to supply solar
heated water to another separately furnished non-solar water
heater which is not part of the solar system. An example
would be a solar system which preheats the water supply
before entering the conventional water heater,

Additicnally there are many systems that have been
designed to utilize both solar and non-solar energy sources.
The non-solar energy source can be integrated with the
principal solar storage tank, or can be provided through a
separate heat exchanger or separate water heater.

Virtually all SDHW systems that have been
introduced fall into one of three classifications, according to
the relationship between solar collector(s) and storage.

Integral Collector-Storage
System

A system which has the
storage within the collector,
directly exposed to the solar
irradiance.

Thermosiphon System A system which utilizes only
the change in density of the
heat transfer fluid in the
collector relative to the storage
or heat exchanger to cause
circulation of fluid between the
collector and storage or heat
exchanger,

Forced Circulation A system which utilizes
mechanical means requiring
external power to circulate the
heat transfer fluid through the
collector(s).

The first two classifications above are often referred
to as passive systems since no external energy source is
required, whereas, the third classification is referred to as an
active system since some form of external energy source is
Tequired,

SDHW systems are also described by the method of
freeze protection and whether there is a heat exchanger
between the collector(s) and storage.

Indirect System, A solar energy system whose collectors
Closed (Sealed) have a sealed in quantity of heat transfer
System fluid. Energy is transferred from the

heat transfer fluid to hot water via a
heat exchanger. The heat transfer fluid
is often a non-freezing fluid for freeze
protection.




Direct System A solar energy system in which the
fluid flowing through the collectors is
the water which will eventually be
drawn out of storage and used in the
load.

Drain Back A method of freeze protection for solar
energy collectors in which water is
drained from the collectors back into
storage or a separate reservoir.

Drain Down A method of freeze protection for solar
energy collectors in which water is
drained from the collectors and disposed
of.

Recirculation A method of freeze protection for solar
energy collectors in which hot water
from storage is intermittently circulated
through the collectors.

Open (Vented) A solar energy system in which the
store is at atmospheric pressure via a
vent or opening to the atmosphere.
Heat transfer fluid is pumped directly
from the store to the collectors.

Heat Pipe A solar energy system in which the
solar energy collected is transferred from
the absorber to the store or heat
exchanger using a heat pipe.

Antifreeze Fluids Heat transfer fluids which will not
freeze in cold climates, e.g., oil or
mixture of ethylene glycol and water.

1.2 DESIRABLE FEATURES OF A COMMON
TEST METHOD

A test method for the performance of SDHW systems
can serve a number of purposes: apart from predicting the
long-term thermal performance of the system or giving the
relative performance at specific test conditions, it may also
be used as a diagnostic tool to identify the cause of failure
in the performance, and it may also be called on to give
information on how the performance can be improved by
modification of the system design, or how the performance
will change as a result of operating the system in a different
climate, with installation modifications, or with a different
load or demand profile. Other requirements for a test are
ease of performance and low cost, applicability to a wide
range of systems and test conditions, and reliability of the
test results.

As arule, the features of a test that are desirable are
not wholly compatible, and some compromise has to be
found. A choice has to be made, therefore, of what priority
should be given to the following possible features:

- the shortness of the duration of the test

- the applicability of the test method to different
types and classifications of systems; with different
collector types, internal or external heat
exchangers, auxiliary heating, for example, or with
pumped or thermosiphon gperation

- the ability to test outdoors {preferably in gitu},
under natural conditions, as well as indoors, with a
solar irradiance simulator or a thermal simulator

- the reproducibility of the test results - the accuracy
of the test results, having regard to the
uncertainties in predicting actal performance

- the fewness and non-intrusiveness of the
measurements

- the test apparatus and instrumentation required, and
their cost

- the ability to predict long-term performance, and
the possibility of accounting for different weather
conditions, mains-water temperatures, sizes of load
and load profiles, variations of installation, and so
on

- the ability to identify sources of malfunction in the
event that the measured performance is
significantly less than might be expected

It is clear that, in the methods presented in Chapter 2,
distinct differences in importance are attached to each of
these characteristics.

1.3 CLASSIFICATION OF TEST ENVIRON-
MENTS

The test environment can be a more or less controlled
laboratory environment in which the test conditions in
Section 1.4 can be maintained at the specified values over
time. The primary impact is, of course, the solar energy.
This can be supplied by natural sunlight, by a solar
irradiance simulator or by a thermal energy input equivalent
to the solar irradiance absorbed.

The test environment can also be an in-situ field test
for which no attempt is made to control the test conditions.

1.4 CLASSIFICATION OF TEST CONDI-
TIONS

Test conditions for a systems test include:

- load draw rate
- load draw profile




- load (energy draw or volume draw)

- sky temperature

- ambient air velocity and direction

- storage set temperature

- solar irradiance and collector orientation
- ambient temperature

- test period

- mains water temperature

- control settings

Depending on system design, the relative importance
of each condition may change. For example, the system
performance of a pumped recirculation system is not as
sensitive to the load draw profile as it is for an ICS system,

1.5 TEST RESULTS

The end objective is to determine energy savings or
the ability of the system to fulfill its intended purpose. A
number of ways have been used to meet this objective, e.g.,

The fraction of the load
delivered by the system which
is supplied by solar energy for
a given SDHW system.

Solar Fraction

Fractional Energy Savings The fraction of energy used by
2 "conventional" domestic
water heating system that is
saved by using the SDHW

system in place of or in

conjunction with the existing
system.
System Efficiency The ratio of the solar energy
supplied to the load to the
solar irradiance incident on the
collector aperture plane.

Dimensionless or dimensional
parameters which can be used
to correlate solar fraction with
the test conditions.

Correlation Parameters

1.6 METHOD FOR PREDICTING ANNUAL
PERFORMANCE

Being able to predict long term performance of
SPDHW systems for any solar/meteorological region using
short term test results has proven to be a formidable
problem. This is an area that needs considerably more
research and development to meet the current needs.
Computer simulation models or system performance
correlation models are proving to be the preferred technique
at this time.

A number of countries have established outdoor test
facilities for conducting side-by-side comparative long term
testing using a prescribed load common to all the systems
being tested. The long term performance test data are being
used to validate the system simulation models.







2.0 TEST METHODOLOGIES
2.1 AUSTRALIA - INDOOR TEST METHOD
2.1.1 Introduction

Three tests are to be carried out; pre-test, average day
test and no solar test. The tests will satisfy twin aims;
firstly to identify the maximum amount of hot water that
the system can produce, the "capacity”, under the most
adverse weather conditions and secondiy to provide enough
data to describe the systems performance under some range
of average conditions. The characteristics of interest are the
amount of supplementary energy used and the temperature
of the hot water produced.

The pre-test identifies how much solar energy will be

collected under peak summer weather conditions with no
- supplementary heating. For off-peak supplementary heated
systems, the average weather test load is designed to run the
system at its capacity, the solar energy input plus the
maximum stored energy from the supplementary heating of
the night before. A similar load is arbitrarily set for
continuous supplementary heated systems. The no solar
test load for off-peak systems is set at the estimated
capacity; the maximum supplementary heated storage. For
continuous systems this test load may be limited by the
recovery rate under supplementary heated volume., However
the load is limited to 2.5 times the average weather load.

2.1.2 Test Details

The test conditions are set out in Table 2.1.1. They
are averages for the major centers across Australia. The
values given above for the ambient temperature may have to
be changed, depending on the design of the solar simunlator
and the chamber housing the hot water system. The
temperatures assume that the simulator is located in a
chamber where the effective environmental temperature is
the same as ambient.

There are four radiation profiles given in the standard,
each applicable to different types of collector and solar
simulators. Table 2.1.2 gives their characteristics and
applicability. Some of the profiles require varying the
radiation intensity or angle of incidence. Profiles 2 and 4
are modified to take into account angle of incidence effects
on single cover collectors.

2.1.3 Tests

The pre-test is used to establish what load demands
are placed on the system during the average day and no solar
tests. The pre-test establishes the solar capacity, with no
supplementary heating, Cq. Solar capacity is obtained by
measuring the total quantity of energy in the water above
30°C after two days of irradiation at 30 MJ/mz, one of
which is used for preconditioning the storage tank at the end

of which the tank is drained. The draw-off in this procedure
is stopped once the outlet water temperature reaches 30°C or
the total volume of the system, VT, has been withdrawn,
which ever occurs first.

For the average day and no solar tests the load
demand is divided into twelve draw-offs: 0.075, 0.075,
0.075, 0.075, 0.05, 0.05, 0.05, 0.05, 0.125, 0.125, 0.125,
and 0.125 of the load is taken at 0800, 0830, 0500, 0930,
1000, 1100, 1300, 1400, 1600, 1700, 1800 and 1900 h
respectively.

The total load demand is found by adding to 2/3 Cg,
the energy which can be supplied by the supplementary
power source. The value of two-thirds of Cg used for the
load demand is the expected supply from the solar part of
the system under normal operating conditions and “average"
weather conditions. The amount which can be supplied will
depend on:

the recovery rate,

the supplementary heated volume, VR, (L),

the time between load draw-offs,

whether the supplementary heating is continuous
or time clock controlled, e.g., off-peak
electricity, ‘

E. thermostat setting, Tger (°C).

oW

The total daily load demands are given in Table
2.1.3, where Loy and Lps1o are the supplementary
supplied loads from 20°C and 10°C to 60°C respectively,
with a 10 percent heat loss from the tank taken into
account. A delivery temperature of 60°C was arbitrarily
assumed for the calculation of capacities.

Lasog = 0.153 Vg MJ

Los10=10.191 Vg MJ

The second load option in the continuous no solar
case of Table 2.1.3, ensures that the quantity of energy in
the supplementary heated volume is adequate to meet the
second and subsequent 12.5 percent draw-off. This is
irrespective of whether there is an evening or morning peak
demand.

If the specifications given by the manufacturer are
not met in the preliminary evaluation, the manufacturer
shall be consulted and the specifications amended where
necessary.

From the hot water usage data available, the peak
winter demand has been set at two and a half times the
average day demand. If the system presented for test cannot
meet this peak winter demand because of limitations on the
supplementary heated volume or the recovery rate then the




manufacturer shall be consulted. The manufacturer has the
option of choosing under the standard to elect to use the two
and a half times average day demand with consequently
lower hot water temperature or even the possibility of the
system failing to meet the demand by running out of warm
water, Alternatively he can opt for one of the other demand
strategies which will ensure that his system will always
give Class A hot water, that is, always delivered water
above 57°C. (Note, when further data become available on
hot water usage patterns with solar hot water systems, it
may be necessary to revise downwards the factor of 2.5).

The average day and no solar tests are each run for a
minimum of four days, during which the required load
demands are withdrawn. If at the end of the fourth day the
supplementary energy and the temperature distribution of
the water in each load demand are the same, within the
limits of the experimental accuracy, the tests are stopped. If
not the tests continue for a fifth day.

If the heat meter and supplementary energy meters
readings for the third and fifth day or the fourth and fifth day
are the same, again within the accuracy of the
instrumentation, the system performance is found by
averaging the results from the fourth and fifth days. In those
cases where the fifth day's results differ from those of both
the third and fourth day, the system performance is found by
averaging the results from the third, fourth and fifth days.

The energy drawn off at each load is binned into three
categories:

i) E1>57°C
(ii) 45°C>Ep > 57°C
(ifi) E3 <45°C
2.1.4 Presentation of Results

The following quantities are derived from the test;

Supplementary energy source : e.g., Gas/electricity/
continuous/ off-peak

Supplementary energy source

rating : B&W)

Collector aperture area A (m2)

Storage tank volume V(L)

Sterage tank supplementary

heated volume : VB(L)

PRE-TEST: Energy delivered

(1) above 30°C : Co (MI/d)

(2) above 45°C T ¥MIn)

System efficiency 0A yun
{(2)
Useable warm water ; roul WO
o

The tests will give the final table of results shown in
Table 2.1.4, from which a minimum number of specific
quantities will be selected for inclusion on the nameplate.

2.1.5 Advantages

(i) Results can be used to find out how the system
that has been tested will perform under other conditions.

Morrison (1983) has shown that a system's thermal
performance can be correlated by the following expression:

2

. 0A, [Ba] Tu-T
T TR TL) TP TTL

Substituting the results from the three tests gives
three equations from which the unknowns aj, ap and b can
be found,

Lz'Bz

b=
Ty, - 10

(Bl fem (]

30A[1- . J
Co -,_..(L B )_b[(Fwo-ZO)-%(Twl-zo)] .
" 3082 [%O :)]

Note: As can be seen from Section 2.11 on the outdoor
standard we are now having second thoughts about this
expression. Having had a lock through all the expressions
being used by the various groups in Task 111, the expression
to be used might in fact be of the form;
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[

_1+aG/L+bAT/L
T 1+aG/L+cAT/L

Previous investigation of system properties by
computer simulation (James and Proctor, 1983) indicated
that supplementary energy consumption varies linearly with
respect to both load and radiation. Since the position of the




test points for an off-peak system are not colinear and
surround the region of average use, interpolation from the
test points into this region is expected to give accurate
results. The test points for continuous systems are however
nearly colinear. Care should be used when extrapolating to
conditions of low load and low radiation or high load and
high radiation.

(ify The test conditions are controlled resulting in a
repeatability of better than 0.5%.
2.1.6 Disadvantages

(i) Test sequence requires up to 5 days to be carried
out,

(ify Accuracy is only 4%.

2.1.7 Limits

The test is applicable to any system that can fit in
under the solar simulator except those with integral
storage/absorbers. Since these types are generally very poor
thermally they do not constitute a real limit.

2.1.8 References
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Table 2.1.1
Test Conditions
Pre-test Average Day No Solar
Test Test

Irradiation on plane of collector G1, M.T.f(m2 dayl) 30 19 0
Ambient Temperature °C 20+2 20+£2 10+£2
Wind Speed m/s 3005 3.0+05 33405
Collector Slope o e 30°
Cold Water Supply Temperature °C 0x1 201 1041




Table 2.1.2

Irradiation Profiles
PROFILE
1 2 3 4
PROFILE CHARACTERISTICS
Parabolic (Varying Intensity) No No
Square Wave (Constant Intensity) No No
Angle of incidence to be varied No No No
Intensity corrected for angle of incidence effects No No
APPLICABILITY TO COLLECTOR TYPES
Tracking concentrator No No No
Evacuated tubular+ and other types not listed No No No
Flat plate with ordinary planar glass or acrylic* No
Flat plate with anti-reflection coated planar cover® No No

+ For both diffuse and specular rear reflectors

* With or without convection suppression devices. Covers slightly domed outwards can be considered as being planar.

Table 2.1.3

Schedule for Setting Daily Load

Supplementary Supply

Continuous Night Rate
"Off-Peak”
Average Day L1 +Lo/15 Li+Lans
No Solar 2.5 (L1 +Lo/15) L2/10

OR

(TSet - 10)

8L 0

*
2/10

100.7 (Tset - 10)

48+ iBf?—j- (Tget - 10)

whichever is least




Table 2.1.4

Table of Test Results
AVERAGE TEST NO SOLAR TEST

(3) Supplementary energy requirements

with solar MI/d *B1 not required
{4y Eq delivery Id * *
(5) Epdelivery MI/d * *
{6) Egj delivery Mind * *
(7 Total delivery MIid @)+(5)+(6) (@)+(5)+(6)

(8) Demand MIrd 213 (1)+La/15 as per Table 2.1.3
(%) Supplementary energy requirements Ml not required By
with no solar
- 4) +(3) @+
(10) System efficiency Mird B 10A - m, o) =1,
(11) Capacity MI/d @ +5r=C1 D+ =C
-3 8)-(9
(12) Solar fraction ( )(8)( ). f %:fz
AVERAGE TEST NO SOLAR TEST
E
] 1 (4 4) _2
Hot waler: el domand ® = ® B
Usable
hot/warm: E +E
172 @) +(5) @) + (5
water Total demand ® - @ -
Capacity Efficiency CLASS A CLASS B Supple.
MJ d=!1 Fract. Fract. MJ d=1
SOLAR ONLY Co Mo - Wo -
AVERAGE ONLY Cy m H; W1 B1
NO SOLAR Cz n2 Ho Wo By
Collector A
Volume total/boosted VT/VR




2.2 AUSTRALIA - OUTDOOR TEST
METHOD

2.2.1 Introduction

This procedure sets out a method of determining the
performance of a solar water heating system under natural
outdoor conditions and prescribes a method of transforming
the test results from the particular ambient/irradiation
conditions of the test to long term average conditions for
the test site or for other locations with similar irradiation
conditions. The test is based on continuous operation of
the solar system until a range of defined test conditions is
experienced. Depending upon the time at which the tests
are commenced and the weather at the test site, the test
period will range from three to six months.

2.2.2 Data Correlation Scheme

The performance of solar water heaters is expressed
by the following equation

f = (a+b(Tg-TaYLYG/L) + o(Tg-TaVL (2.2.1)
where
f = solar contribution to load
= (L-A)YL
L =dailyload
G = total irradiation on the aperture of the
collectors

Tg = daily average bulk mean delivery temperature
Tq = daily average ambient temperature

The primary factor G/L is used to select a range of
stable test points which are averaged over ten day periods.
The tests are continued until the following range of
operating conditions are observed:

Table 2.2.1
Test Data Selection Criteria

Minimum number
G/L of data points

1.5
1.5t 2.0
2.0t0 2.5
25t03.0
3.0

Lh Lh Lh Lh La

To avoid selecting data from periods when there is a
significant change of internal energy in the tank, the
following conditions must be satisfied for each ten day test
period:

A. irradiation (G) on the day before the test period
must be within 5 MJ of irradiation on the last
day

B. daily loads applied every day of the period

C. system operated for two days before the test
period (constant load each day)

D. f less than 1.0 every day of the test period to
avoid large energy carryover from day to day

This correlation is used to compute performance
under long ferm average conditions for the location of
interest.

2.2.3 Test Details

The solar system is installed outdoors on a roof
facing towards the equator and the system is operated with a
daily energy load selected by the manufacturer to represent
the design application of the system (the load selection is
not critical as it is varied during the test).

2.2.3.1 No Solar Test

To ensure that the auxiliary heating system can
supply the selected load a no solar test must show that the
system is able to supply 150 percent of the energy load
with less than 5 percent of the energy delivered below 45°C.
If the system fails this test a lower load must be selected
and the test repeated (note: a solar capacity oriented test is
being considered for defining the daily load).

2.2.3.2 Test Conditions

The tests are continued until 20 periods of ten days of
consecutive operation are recorded. If selection of data is
based on a sliding period of ten days this first test could be
finished in a minimum of 30 days; however, the stability
requirements may result in some periods being rejected.
The data are divided into the G/L intervals defined above.
The system is then operated for a further period with a load
equal to 50 percent of the standard load until ten stable ten-
day periods of operation are observed. The load is then
increased to 150 percent of the standard load and the tests
continued until ten more test periods are observed. If the
minimum spread of data given in Table 2.2.1 is not
satisfied the tests are continued (with appropriate loady until
the required distribution of G/L operating conditions is
obtained.

2.2.3.3 Analysis of Test Results

The 22 (or more) test points are to be correlated
using Equation 2.2.1. The coefficients 'a’, 'b’, and 'c', are
evaluated using the least squares curve fitting technique.

2.2.3.4 Presentation of Results

The system performance shall be reported in the
following manner:

A. Variation of monthly solar contribution




f = (a+b(Tg-Ta/L)(G/L) + c(Tg-Ta)L
B. Long term average solar contribution (f).

Using the above correlations the solar contribution to
load may be computed for the location of interest.

C. Long term average energy savings relative to a
conventional water heater (fR). This factor is the main
figure of interest to the purchaser.

D. No solar load capacity (MJ/day)

2.2.3.5 Evaluation of Long Term Average
Performance

The system characteristic (Equation 2.2.1) can be
used to compute the monthly performance of the system
when operating under long term average irradiation and
ambient temperature conditions, or for a location with
similar radiation conditions to the test site. Note: the
extent to which the simple characteristic (Equation 2.2.1)
can be used to compute performance at other locations is
currently being evaluated using a computer simulation
model. A more detailed correlation scheme incorporating a
radiation utilizability factor is currently being studied.

2.2.4 Advantages

() The system is tested under normal operating
conditions, hence there are no restrictions on the type of
systems that can be tested.

(ii) The correlation model allows test data to be
corrected for unseasonal conditions and operation can be
evaluated for locations with similar irradiation patterns to
the test site.

(iii) Testing outdoors reveals design defects that will
not be obvious from indoor tests, e.g., thermostat operation
responding to ambient conditions for systems mounted
outdoors, tracking errors in concentrating collectors, etc.

(iv) Systems incorporating collectors with biaxial
incidence optical characteristics can be tested, e.g., evacuated
tube systems; these systems can only be evaluated indoors
if the solar simulator is tracked to simulate the correct bi-
axial incidence radiation input pattern.

2.2.5 Disadvantages
(i) The tests may take up to six months to complete.

(ii) Repeatability (the accuracy is obviously less than
the indoor standard - see Section 2.1).
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2.2.6 Limits

Test data for uncovered collectors operating as the
evaporator of a heat pump cannot be evaluated using
Equation 2.2.1 because these systems operate as air source
systems when there is insufficient solar input.

2.2.7 Typical Test Results

2.2.7.1 Analysis of Monthly Averaged Test
Data

When this method was initially devised, the data
averaging period was set at one month and the only
restriction on the test conditions was that the data should
span a minimum of six months from mid-summer to mid-
winter. The analysis of results for 16 systems tested in
Sydney Australia are given in Table 2.2.2. The performance
of each system was evaluated from two or three sets of six
months' test data and from.a twelve month set of data.

The prediction of long term average performance in
the majority of the repeated test periods was within 2
percent; however, two systems showed a maximum
variation of 5 percentage points,

The major problem with monthly averaged test data
is that the test period must cover mid-summer to mid-
winter and the minimum test period is six months. Also,
the data could be biased by extended unseasonal
meteorological conditions.

2.2.7.2 Analysis of Ten-Day Averaged Test
Data

The concept of a shorter test period and selection of
test points over a defined range of operating conditions
{G/L) was developed in order to eliminate the effect of
unseasonal conditions and to avoid the need for the tests o
span summer and winter.

The data correlation method outlined in this
document was applied to daily records of tests of a number
of systems (Table 2.2.3} and a consistent prediction of long
term gverage performance was obtained irrespective of when
the tests were started. As the load was not varied in the
manner described in this report, test times of eight to nine
months were sometimes required to determine the specified
G/L range of data. Analysis of this method using a
computer simulation program has shown that when the
loads are varied test periods of only three to five months are
necessary.




Table 2.2.2

Analysis of Long Term Test Results Collected by the Solar Thermal Energy Laboratory

University of New South Wales
Sydney, Australia

o Auxiliary ) Annual  Reference
System  Collector Circulation Tank Boost Therm Test Peried Solar To Test
Number  Type Type Config Time Temp Year Mos Config Data
1 Flat Thermosiphon 300L OP 57 1080/81 12-05 0.59
Plate close 1981 06-11 057 2
coupled 1880/81 12-11 057
2 Flat Thermosiphen 300L OoP 57 1980/81  12-05 0.56
Plate close 1981 06-11 051 2
coupled 198081 12-11 051
3 Flat Thermesiphen 300L G 57 1980/81 12-05 0.59
Plate close 14981 08-11 055 2
coupled 10680/81  12-11 0.54
198081 01-06 0.55
4 Flat Thermosiphon 300L OP 62 1980/81  12-05 0.69
Plate separate 1981 06-11 0.65 2
tank 1980/81 12-11 Q.66
5 Flat Thermosiphen 300l c 62 1980/81  12-05 0.64
Plate : separate 1981 06-11 0.65 2
tank 198081  12-11 0.80
6 Flat Thermosfphon 3oL oP 62 1981/82  12-05 0.74
Plate close 1982 06-11 0.71 2
coupled 1881582 12-14 0.74
7 Evacuated  Pumped 250 L c 57 1981 06- 11 0.45
Tubes separate 1981/82 12-05 0.47 3
tank 1981/82 06-05 0.48
8 Evacuated  Thermosiphon 2501 C 57 06-11 0.64
Tubes separate 1968283 12-05 0.65 4
tank 1982/83 06-05 0.64
9 Evacualed  Pumped 3oL c 57 1982/83 12-05 0.74
Tubes separate 1983 06-11 Q.74 4
fark 1982/83 t2-11 0.74
10 Flat Thermesiphen 300L c 66 1983 Q7-12 048
Plate close 1084 Q1-06 0.50 5
coupled 198384 07-06 0.49
11 Flat Thermosiphon 3oL c 66 1983 07-12 0.51
Plate close 1984 01-08 0.55 5
coupled 1983/84 07-06 0.53
12 Flat Pumped 310L c 59 1983 07-12 0.59
Plate separate 1984 01-06 0.60 5
fank 1983/84 07-06 0.80
13 Flat Thermesiphon 300L oP 63 1983 07-12 0.46
Plate separate 1984 01-06 0.46 5
tank 1983/864 07-06 0.46
14 Flat Pumped 310L c 57 1883 07-12 0.52
Plate separate 1984 01-06 0.51 5
tank 1983/84 07-06 0.52
15 Flat Thermosiphon 300L v 59 1983 07-12 0.66
Plate close 1984 01-06 0.68 5
coupled 1983/84 0Q7-06 0.67
1982 07-12 0.65

15b  Prototype of System 15
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2.2.7.3 Comparisen of Tests Performed at

Different Sites

The accuracy of models for correlating data evaluated
at one site and that used to predict performance at a different
site has been studied using test data generated by the
TRNSYS 12.1 simulation program. Test data were
developed for Sydney and Melbourne Australia and the
correlations used to predict the long term performance at
both sites. Over a period of two years of model generated
data a maximum difference of 2.5 percentage points was
observed in the prediction of long term performance from
the correlations developed at the two sites.

Table 2.2.3
Variation of Results for Different Test Dates

Result of Transformation
of Test Data to Long Term

Start Finish Average Energy Savings
02/01/83 09/09/83 0.641
06/02/83 15/11/83 0.645
09/03/83 06/12/83 0.642
02/05/83 06/12/83 0.638
03/06/83 06/12/83 0.634
02/07/83 06/12/83 0.635
03/08/83 13/06/84 0.635
07/09/83 13/06/84 0.636
08/10/83 13/06/84 0.635
03/11/83 13/06/84 0.619
01/12/83 13/06/84 0.647
13/01/84 07/10/84 0.645
28/02/84 17/11/84 0.649
04/03/84 17/11/84 0.645
02/04/84 17/11/84 0.652
02/05/84 17/11/84 0.658
01/06/84 17/11/84 0.638
03/07/84 17/11/84 0.635
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2.3 BELGIUM - MONS
2.3.1 Introduction

The method described in this section has been
developed for “integral storage collectors” (also called
integral collector-storage and further referred as ICS).

The aim is to characterize the thermal behavior of the
ICS with a Hottel-Whillier look-alike equation. The long
term performance prediction could then easily be done with
a standard solar simulation computer code.

2.3.2 Methodology

2.3.2.1 Characterization of the
Behavior of an ICS

Thermal

The instantaneous behavior of an ICS can be
expressed as

dl; )
Cc at KGMeo-Ug (T -T2 - 4y

where C thermal capacity (J/Km2)

Ts : mean storage temperature (°})

T time (s)

K incidence angle modifier

G : irradience (W/m2)

Ug : global heat loss coefficient related
to the storage temperature{W/Km?2)

Ta : ambient temperature (°C)

GQu : energy drawn off per unit time
(Wim2)

Mo : optical conversion coefficient

(including F' and (ter))
qu = (p-mw-cw-AT)/Aa

where Ay aperture area (mz)
my : draw off flow rate (kg/s)
Cw : water specific heat (J/kgeK)

AT : temperature difference between the
ICS outlet and inlet on the mains
circuit (°C)

p : Dbinaryvalue 1 =draw off

0 = no draw off

The thermal behaviour prediction requires thus 4
parameters:

- thermal capacity

- optical conversion coefficient
- incidence angle modifier

- heatloss coefficient
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If the water supply line is separated from the storage
water, then a fifth parameter should be added to take into
account the heat exchange efficiency.

2.3.2.2 Determination of the Five Parameters

Thermal Capacity In the past, we have done a lot of
work on experimental determination of the thermal capacity
of flat-plate collectors (Bougard, Boussemaere and Lagneau,
1978; Derrick and Gillett, 1980; Boussemaere, 1981).

For an ICS system, the water content is the main
contribution to the thermal capacity (>10x flat-plate
collector). It might be sufficient to calculate the ICS
thermal capacity rather than to measure it experimentally,

Angl ifier The incidence angle
modifier is a function of the shape of the ICS. The product
on which we worked is made out of a flat tank and is single
glazed. A classical equation of a flatplate collector incidence
angle modifier is suitable for such an ICS system,

ical Conversion Factor 15 and H. 5 fficient Ug
These parameters are determined experimentally,

Without any draw-off and under near normai
incidence, the ICS thermal performance equation becomes

dly
CE"=T|0G-U5 (Ts-Ty)

The irradiance, ambient and storage temperatures are
recorded continuously. During the test period (>2hr) the
storage temperature Tg should be a steadily increasing
function of the time,

For finite At time intervals and if the assumption is
made that Mo and Ug are constant, then the equation
becomes

AT, 1

<Tg-Ty>
AT <G> =My

C
<G>

- Ug

where < > indicates average values.
For n time intervals, we obtain a set of n equations
yi:'rlo'-US'xi i=1*n

A data handling technique will allow us to deterniine
the value of both parameters 1 and Ug.

The test period can be extended outside the near
normal incidence condition period, by using the incidence
angle medifier.




Heat Exchange Coefficient

The ICS is exposed to near steady state irradiance
conditions until the storage temperature Ty reaches a
reasonable level (=50C). A draw off is initiated and the
inlet and outlet temperature of the domestic water line are
recorded. The heat exchange coefficient k is calculated

Ts- T,
K= ﬁlw'cw'lll ﬁ

2.3.3 Validation

This method has been developed on a couple of ICS
. prototypes. The heat Ioss coefficient obtained has been
compared with the value measured during a cooling down
test, as well as with a calculated one. A close agreement
has been achieved.

2.3.4 Advantages,
Limitations

Disadvantages and

This methed is limited to a specialty DHW system,
the ICS. Since ICS systems are simplified systems, it is
possible to characterize the thermal behaviour with few
parameters.

2.3.4.1 Advantages
- easy to apply
- does not require a sophisticated test rig
{compared to temperature contrgl in ASHRAE
93-77
- provides the parameters needed to establish the

instantaneous behavior which can be used for
long term performance calculations
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2.3.4.2 Disadvantages

- For northern latitude test locations, steady state
irradiance conditions are a constraint, but this is
also the case for traditional collector testing.
Since most of the test labs have built a solar
simulator, this is not a real problem.

- additional computer costs for long term
prediction

- lack of field measurements over long periods to
validate the method

2.3.5 Future Development
Future work will include:

- outdoor determination of the parameters using
this method

- comparison between predicted and measured
performance (field and lab) on ICS systems

- comparison with input/output methods -
development of a simplified long term prediction
tool based on this short term method

- temperature and flow dependence of the heat
exchange efficiency
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2.4 CANADA - CANADIAN STANDARDS
ASSOCIATION

2.4.1 Introduction

Testing of packaged solar domestic hot water systems
{(SDHW) in Canada is conducted according to CSA Standard
F379.1 (CSA). Included in this document are safety
requirements and tests for determining the thermal
performance and durability of SDHW systems.

Thermal performance testing is conducted according
to ASHRAE Standard 95-1981 {ASHRAE, 1981) with
modifications that are designed to meet Canadian
requirements and climatic conditions. The results of testing
are intended for rating purposes and for estimating annual
system performance.

2.4.2 Thermal Performance Test

For use in Canada, the ASHRAE "standard day"
irradiance profile was modified according to the values given
in Table 2.4.1. "Standard day" weather values were
developed by investigation of the performance of 14 SDHW
systems in four Canadian cities (Yuill). The four cities
were Winnipeg, Manitoba (Prarie); St. John's,
Newfoundland (Maritime); Toronto, Ontario {(central); and
Vancouver British Columbia (west coast).

During testing, hourly values of test irradiance are
specified in both diffuse and direct components. The diffuse
irradiation is set at a fixed value of 165 W/m2 throughout
the test "day". The direction of beam irradiation, is
uniquely specified by both horizontal and vertical
components of incident angle. The test collector, incident
angle modifier may then be calculated as the product of the
horizontal incident angle modifier and the vertical incident
angle modifier as per ASHRAE (ASHRAE, 1986). For
testing with a solar irradiance simulator or a thermal
simulator an "equivalent direct normal irradiance” may be
used.

2.4.3 Limitations and Validation
Values for annual performance may be estimated by

multiplying the standard day performance by 365.
Limitations arise in the fact that actual performance may
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differ from these values due to variations in load, irradiance
levels, and ambient temperatures. However, the CSA tests
do provide a means by which the consumer can compare
SDHW systems and estimate performance.

A comparison of test results to monitored system
performance is described in the paper by Beale (1986).

2.4.4 Future Developments

The development of a correlation equation that may
be used with the results of "standard day" tests is currently
underway to allow for the prediction of performance at a
variety of operational and climatic conditions.

The development of accelerated tests to reduce the
time and costs involved in the testing of SDHW systems is
underway. In particular the shortening of the “daily cycle”
through the use of shorter irradiation periods is under
investigation.
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Table 2.4.1,
Rating Conditions for Thermal Performance Test

Withdrawal§ (L}

Average at 10L/min

Ambient Incident Hour Incident
Time* Temp.t Radiation¥ (Anglet | Anglef Size A Size B Size C
(h) C) (kd/m?) ) ) (1 - 2 Persons) |(3 - 4 Persons) |(5 or More Persons)
0700 8.0 - - - 5 10 10
0800 5.5 870 -71.3 75.2 25 25 25
0900 6 1140 -56.3 61.9 0 3 25
1000 7 1360 -41.3 49.3 45 45 45
1100 7.5 2360 -26.3 38.1 0 5 25
1200 8 3510 -11.3 30.1 5 10 14
1300 9 2240 3.7 28.3 0 5 3
1400 9.5 1590 18.7 33.3 0] 0 0
1500 10 1090 33.7 43.3 0 0 0
1600 11 1040 48.7 53.3 0 10 15
1700 11.5 - - - 3 25 25
1800 12,5 - - - 10 45 45
1900 13 - - - 30 25 25
2000 13 - - - 20 10 30
2100 13 - - - ] 5 10
2200 i3 - - - 0 0 5

TOTAL 15 220 150 225 300

* This represents the time from the start of the test.

T This represents the value of temperature or angle as applicable during the period ending at the time listed.
Accuracy shall be + 2°C and + 0.5° respectively.

* This represents the total radiation on the collectors for the period ending at the time listed.
§This represents the water withdrawn starting at the time listed. The rate of draw shall be made with an
accuracy of + 1 L/min. The total amount drawn during each test day shall be within 5 L of the total draw

specified.

Notes:
(1) Ambient air temperature at storage tank = 20 = 2°C,

(2) Inlet water temperature = 8 + 1°C.
(3) Coliector tilt angle for test in solar simulator: 80° to horizontal.

{4) Wind conditions for test in solar simulator: 4.5 + 0.8 m/s.
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2.5 COMMISSION OF THE EUROPEAN
COMMUNITIES JOINT RESEARCH
CENTRE, ISPRA

2.5.1 Introduction

Domestic water heating remains one of the most
promising applications of solar energy, since it is a typical
low temperature and small scale application which enables
the use of relatively simple technology. This increases the
chances for more durable and reliable systems. Other
advantages are related to the ease of installation, independent
or implemented on existing water heating systems.

Even if these systems contribute to an energy saving
for only a small part (10 to 15 percent) of the annual
domestic thermal energy consumption, this is compensated
by the fact that they substitute systems which have mostly
a bad overall efficiency (for example, hot water delivered by
a central heating system in summertime). This increases
the chances for a commercial breakthrough.

Although all systems have a common goal of
heating water, one can distinguish a large variety of designs.
This variety renders even more difficult the choice the user
has to make, He is missing information of the system
performance, durability, and reliability in relation to his
location and climate. This objective information serves not
only the user, but can also be considered as a stimulus for
the solar energy industry to develop high quality products.

The main goal of the research action set up at the
Joint Research Centre on this subject, is to gain insight in
the thermal behavior of the systems and to determine the
main factors influencing the system performance, with the
emphasis on an experimental approach, in the scope of the
development of the test procedures for SDHW systems.

2.5.2 Guidelines of Approach

Although SDHW systems can be easily defined and
described, there remain many possibilities to compose such
a systern, as described in Section 1.1,

A test procedure for the determination of the thermal
performance of these systems should enable 2 comparison of
all systems on a common basis. It should further recognize
the specific demands of the manufacturers and users, before
one can expect that the method will be largely recognized
and accepted later.

The manufacturer is looking for a result which shows
if his system achieves a good thermal performance, taking
account of the limits of the system (namely the collector
surface and characteristics, storage tank volume and heat
exchanger).
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On the other hand, the user expects a value for the
yearly energy savings at a given location. The degree of
precision to be achieved depends on the accuracy of the
information on the hot water consumption behavior and the
local climate. These data are inaccurate due to various
reasons:

A. the consumption:

- total volume: there are large differences in
hot water consumption between individuals,
but measured average values (30-35
liters/person=day) are 40 percent less than
the most general recognized design values

(60 liters/personsday).
- distribution: also here, there are large

differences between individuals. Next to
different profiles over the day, also weekly
cycles of the daily total load are measured.

- main_temperature: the real cold water
feading temperature varies from location to
location and over the year, and is not
known.

B. climate:

- there are variations in the order of 10 percent
of the total yearly irradiance level.

- the irradiance in the collector plane is
mostly not measured. The solar radiation
data available from the meteorclogical
station are mostly referred to a horizontal
plane, or have a different ground reflection
coefficient. They do not consider shadows
due to local obstacles. Also ambient
temperature and wind data can differ.

These different demands from the user and the
manufacturer can be handled if the problem is split up in
two phases:

- asystem characterization: which consists of
a short term test on the whole system under
various reference conditions of climate and
load.

- long term performance prediction: based on
the system parameters {(determined in the
short term test) and climatic data, one can
calculate the system performance for high
and low system load conditions.




2.5.2.1 System Characterization

A SDHW system has essentially two functions: first
to capture the solar radiation and heat up water, and second
to store this energy over a short time (should be less than
one day). It is also composed of different components,
which can lead to interactions which are not expected or
which are difficult to describe (i.e., thermosiphon and
beiling-condensing collector systems).

The determination of the thermal performance of
these gystems has to include a test on the whole system, at
the reference conditions and with a daily (24h) cycle. The
main goal of the test is to determine the system
performance in extreme conditions and to demonstrate
eventual defects or shortcomings in the system.

In general, the thermal performance of a system
depends on the solar irradiance, ambient temperature, wind
and the system load. This last factor should be eliminated
as it cannot be reduced to "normalized" values, neither the
volume, the distribution over the day or the main
temperature. The load is eliminated by testing the system
for extreme user conditions, leading to a system
characterization by a few parameters which have a physical
meaning and can be easily understood by users and
manufacturers, These parameters can be used in simple
calculation routines to estimate the long term performance.
The four system paraemters are:

* efficiency ng

**  efficiency without Ioad

#kk tank stratification coefficient
%% gtorage and heat loss coefficient

The first two parameters are considered on a daily basis, and
with making reference to a collector aperture area.

* The first parameter "efficiency ng" represents an
upper limit of the thermal performance of the system, and
summarizes in one value the optical properties of the
system, including following factors or defects:

- collector incident angle effect (in case of use of
reflector or concentrators, shadow, ...

- threshold value for the irradiance to start a
boiling-condensing collector or a thermosiphon
system.

- decrease of collector performance in a
thermosiphon system due to low flowrates and
fin-effects.

- bad functioning of the solar loop controller or
wrong placement of the sensors.
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The test is performed over one day and the system is
exposed to a specified test solar day. A small continuous
consumption {(about 100 1/hr), with the cold water feeding
temperature equal to the average daily ambient temperature,
is simulated. The solar irradiance energy and the system
energy output are measured and integrated over the day, The
ratio of the net energy output to the total irradiation gives
the "efficiency 1" value. The experiment can be repeated
for different daily irradiance levels, giving a plot of the
"efficiency 1" as a function of the daily irradiance.

** The second parameter "efficiency without load" is
determined with the system exposed to the same solar
conditions as for the first parameter. The test is started with
the storage tank at 5 degrees below the ambient temperature
and there is no draw-off during the day. At the end of the
day all sensible heat available in the system is taken out and
replaced by cold water until the difference between the inlet
and outlet temperature is within a given limit. The ratio of
the energy output to the total irradiation gives the
"efficiency without load" value. This represents the worst
operating conditions of a system, although still realistic.

These two parameters are expressed as an efficiency,
as it eases an evaluation of the system. For commercial
reasons and for cases where a reference aperture area is
difficult to define, one can express the performance in units
of energy (MI or KWh per day). Figures 2.5.1 and 2.5.2
give a graphical representation of these parameters.

*** The third parameter "stratification coefficient”
represents the quality of the delivered thermal heat
(determined in the second parameter). It should reflect the
part of the energy delivered at high temperatures. The
following formula is only a proposal and gives the ratio of
the energy delivered at high temperature to the total heat
delivered:

Daily energy output above (Tamb, average +25 degrees)
Total daily energy output
(for reference weather conditions)

**%* The fourth parameter "tank heat loss
coefficient” represent the tank heat losses which are expected
overnight. The test is performed indoors. The storage tank
is heated uniformly to 70°C. After 12 to 24 hours, the
water in the tank is recirculated to realize a uniform
temperature. The heat loss coefficient is calculated from the
measured data. In case the storage tank has no prevention
for reverse flow in the collector loop or in case the storage
tank is installed outdoors, a radiative shield, at a temperature
of 20 degrees below the ambient, is added in front of the
collectors.,

These four parameters represent the system
performance in extreme user conditions, although they are
still realistic. A test procedure which takes four days will
be sufficient to characterize whatever system and to show




eventual defects. The procedure consists of the
determination of the "efficiency ng" and "efficiency without
load" for two values of the daily total irradiance energy.
Values of 20 and 10 MI/m2.day, with 12 hours of
sunshine, are representative, but it is essential to include
variable and low irradiance levels (200-300 W/m2) in the
daily pattern. The highest value can have a sinusoidal
profile for the solar irradiance with a decrease to 250 W/m2
for 1 hour, from 12 am. to 1 p.m. The solar irradiance
pattern of the low energy day should be more fluctuant. The
validity and accuracy of this approach will be further
investigated.

2.5.2.2 Long Term Energy Saving

The ultimate goal is to use this test procedure to
quantify the energy savings of a solar water heater at a given
location. To achieve this goal, one has to use the climatic
data of that location and information of the consumption
pattern of the user, although here remains the problem of
the unpredictable behavior of the user, as mentioned before.
This means that a long term performance prediction remains
only valid for specified user conditions. A simple
calculation method, based on the measured system
parameters and climatic data in a reduced form, will give a
good approximation and enables one to consider different
user conditions.

The method is basically a graphical method and
makes use of average yearly reference data, which are
classified according to their daily irradiance values, for the
whole range from cloudy to clear days, with a step of 1
MI/m2sday. Figure 2.5.3 shows the results for Ispra,
Brussels and Hamburg, The difference in climate between
the locations comes out as a difference in the number of
days with high irradiance levels (20 Ml/m2+day). A
combination of these climatic data and the test results,
presented in Figure 2.5.1 and 2.5.2 give a prediction of the
long term performance at different locations.

The method using a dynamic computer model of the
system and hourly weather data is not retained for various
TEASONS! '

- some physical phenomena are difficult to
integrate in a model; i.e., thermosiphon systems
and boiling-condensing collector systems.

- it requires a large effort to set up the model, is
costly to run and will not be accepted by
manufacturers and users,

- the physical behavior of the system has a time
constant of one to two days. Long term (yearly)
performance calculations with such model means
that the same physical processes in the system
are calculated many times for slightly different
ambient temperature conditions (in contrast with
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the use of a detailed model to calculate the yearly
performance of a seasonal storage facility).

A detailed computer model is still useful for design
features, to investigate the impact of system modifications
on the daily performance.

2.5.3 Advantages - Limitations
The advantages of this methodology are multiple:

- The method can be applied to all SDHW system
types. ‘

- The test method does not require a 'reference’
draw-off profile. This point is of extreme
importance for the manufacturer, as he retains
the liberty to design a system to what he expects
is the behavior of the user and is not obliged to
meet certain load conditions, which are
arbitrarily determined.

- The procedure requires only 4 days of testing in
specified solar conditions.

- The procedure is not limited to indoor testing.
QOutdoor testing is allowed, although this will
result in a longer testing period.

- The methodology comes up to the expectations
of the users and the manufacturers.

Some disadvantages of the method are:
- The method is limited to single family systems.

- The method does not allow changes in the
system without retesting; i.e., a larger collector
surface.

2.5.4 Future Work

The research program at the Joint Research Centre -
Ispra intends to validate this methodology and to investigate
the experimental limitations. The experiments are going on
for two years now, and consisted in a first phase of outdoor
long term performance measurements on four commercial
forced circulation systems in controlled load conditions.

The program was extended recently to include also
new SDHW system types. Six commercial systems
(thermosiphon systems and integrated collector storages) are
added and are yet in operation.

In the mean time, measurements are carried out on a
second sample of each of the systems in the solar simulator
LS-1. Results obtained so far are available and are




published. Pictures of the test facility are given in Figures
2.54-2.5.7.
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Figure 2.5.4. J.R.C. outdoor test field: general view. Figure 2.5.6. I.R.C. test field: two integrated collector
storages and one thermosiphon system
under test.

Figure 2.5.5. J.R.C. outdoor test field: data acquisition Figure 2.5.7. J.R.C. outdoor test field: one integrated

system for collector efficiency test, DHW collector storage and one forced circulation
monitoring and meteorological data. system under test.
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2.6 DENMARK
2.6.1 Introduction

On the basis of standardized tests of solar collectors,
heat storages and control systems, calculations of the
performance of solar water heating systems for domestic hot
water supply are carried out (Nielsen and Ravn, 1985). To
check the installation, a test of one systemn configuration is
performed. The results are;

- objective and comparable test reports for the
most important components

- models for the thermal behaviour of the heat
storages

- annual output of the system for different loads,
system sizes and collector orientations

- suggestion for improvements of the system
2.6.2 Testing of Solar Collectors
2.6.2,1 The Test Facility

The solar simulator consists of 36 CSI lamps
manufactured by THORN. The lamps are placed in a frame
directing the beams towards the test rig at an angle of
approximately 22.5° from horizontal. The lamps are
directed individually to give a suitable high and uniform
irradiance.

The test rig consists of a frame, adjustable between
vertical and horizontal positions. At the lower part of the
frame a cross stream fan is fitted making it possible to
create a uniform air flow of approximately 5 m/s over the
surface of the solar collector. A fluid system is connected
to the test rig making it possible to supply the solar
collector with fluid at a constant temperature,

As standard, the fluid used is 50% (weight) propylene
glycol. The irradiance is measured in the centers of a
network consisting of 10x10 cm squares by means of a
movable pyrancmeter. The maximum test area which can
be measured is approximately 1.4 m in width and
approximately 2.5 m in length.

2.6.2.2 The Test Method

First the solar collector is exposed to solar radiation
in empty condition for about six hours to ensure that the
solar collector is not immediately damaged by the high
temperatures which may arise. Second the solar collector
efficiency is determined according to the Swedish Standard
(85, 1782). This test method has been developed jointly by
the National Institute for Testing in Sweden and the
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Technical University of Denmark. Only a brief summary is
given here.

The efficiency of solar collectors is the relation
between the power gained and the solar radiation on the
collector. The power gained is the absorbed power minus
the heat loss which is due to the solar collector being
warmer than the ambient air. With a good approximation
the heat loss will increase linearly with the temperature of
the fluid in the solar cellector. From this the following
expression for the efficiency is found:

T = No - ko(Ts - Ta)/G - k1(Tf - Ta)%/G
where

n = efficiency
o = efficiency at Tr= T,
ks = heat loss coefficient at Ty =Ty (WlmZOC)

k1 = temperature coefficient of the heat loss coefficient
(Wim2Cy2)

Tf = mean fluid temperature (°C)

Ta = ambient temperature (°C)

G = irradiance (W/mz)
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Figure 2.6.1 Solar collector test results.

The efficiency is determined at four different
temperature levels of the fluid evenly spread between the
ambient temperature and 100°C. Using the solar simulator
giving an almost constant solar irradiance it is not necessary
to correct the measured efficiency to a constant irradiance.
On the basis of the corresponding values for 1, {Tf -T3)/G

and (Tr -Ta)zlG the values for Mg, kg and k1 are found by
regression. As the efficiency test is carried out at a slope of




67.5° the results are normalized to 45° based on heat loss
tests at different slopes.

Since 1979 a great number of solar collectors have
been tested by this method. Figure 2.6.1 shows some of
the test results.

2.6.3 Testing of the Thermal Characteristics of
Heat Storages

2.6.3.1 The Test Facility

The test facility consists of a loop in which the solar
collector fluid can be heated. The flow rate, the temperature
of the solar collector entering the heat storage, and the
heating power supplied to the heat storage can be controlled.
Furthermore the test facility consists of a hot water tapping
system in which the tapping time, the rate and the quantity
can be controlled.

2.6.3.2 The Test Method

The following thermal characteristics for the heat
storage are measured, according to Nielsen and Ravn (1982):

- the overall heat loss coefficient at three different
temperatures during periods with the solar
collector oop in operation

- the overall heat loss coefficient during a period
with the solar collector out of operation

- the heat storage capacity

- the heat transfer coefficient of the heat exchanger
between the solar collector fluid and the storage
water at different storage water temperatures

- the temperature variations in the storage for a
characteristic period of three days, in which the
power from the solar collector and the water
tapping are simulated (the dynamic test).

The thermal characteristics are based on temperatures,
measured in different levels, inside the storage. On the
basis of the static and dynamic test, mathematical models
for the heat storage are set up and validated (Nielsen and
Ravn, 1982). The validation is done by simulating the
mentioned dynamic test using storage data and results from
the static test as input parameters.

Storages have been tested using this method since
1980 and Figures 2.6.2 and 2.6.3 show some of the results.
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2.6.4 Testing of Control Systems

For various temperature levels, it is tested if the pre-
set start/stop difference value of the differential thermostat
corresponds to the actual one. Also the accuracy of the
sensors are tested at different temperature levels,
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2.6.5 Simulation Program for Calculation of
Solar Water Heating Systems

In order to evaluate different solar water heating
systems, a simulation program has been developed. Using
this program one is able to compare predicted annual output
of the different commercial systems.

Input to the program is test results of the com-
ponents and data on system, weather and load. Data on
weather (hourly values) is the Danish Test Reference Year
developed by Andersen and co-workers (1982). As load data,
a realistic fixed tap procedure is used.

The program is validated by measurements on one
configuration of each system (installed by the dealer) in
order to insure that the different mathematical models used
in the program are working all right. Figure 2.6.4 shows
some results from a validation. These measurements also
show if the installation is done in a praper way.

The program is written in Fortran and runs on an
IBM 3033 mainframe computer. In the program the solar
systems are described by a number of first order nonlinear
differential equations. For each timestep these equations are
solved giving the temperatures in the system. The timestep
varies between a few minutes and several hours depending
on the dynamic behaviour of the system.

Simulation of a system for a year takes about 60 to
180 CPU-seconds, depending on the number of differen- tial
equations describing the system. A detailed description of
the program is given in Nielsen (1983).

Consequently, by this work one is able -- in a
relatively easy way -- to support the producers and the
consumers in their efforts to develop and purchase systems
respectively, see Figure 2.6.5.

TESTING OF TESTING OF TESTING OF
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Figure 2.6.5 Information flow diagram
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2.6.6 Test Results

The results of the component tests and system
calculations are presented in data sheets together with a
description of the component/system. Examples are shown
in Figures 2.6.6-2.6.9.

2.6.7 Conclusion

Testing components and calculating performance in
the way described in this paper has several advantages:

- testing the components only is easier, quicker,
and cheaper than testing all system
configurations. Only one configoration has to
be tested to check the installation

- calculating the yearly performance is a good
basis for comparing the different systems

- both the component testing and the simulation
program give you a good help in developing
components and systems

2.6.8 References

Nielsen, JL.E. and O. Ravn (1985}, Performance Testing of
Domestic Hot Water and Space Heating Solar Systems'.

Swedish Standard, $S 1782. (In Swedish)

Nielsen, J.E. and O. Ravn (1982), 'Description and
Validation of Mathematical Models, Simulating the
Thermal Performance of Heat Storages’. (In Danish)

Andersen, B., S. Eidorff, L. Hallgreen, H. Lund, E.
Pedersen, S. Rosenorn, and O. Valbjorn (1982),
'Meteorological Data for HVAC and Energy Danish Test
Reference Year TRY'. (In Danish, English Summary)

Nielsen, J.E. (1983), Documentation of BSOL Program for
Calculation of Solar Heating Systems for Hot Water
Supply'. (In Danish)



‘981015 J0J 1PRYS BB "£°9°7 2Indi

M\ NISNVH LS3A "L

LOTT E86T
t3In3leubrg ;23eg

ay3 DuTINp PRUTWEXD 10U IIM JUBWSTA BuTieay syl pue dundiwey NI 13533 sy3y o3 sIUGWWO)

T31533

3

Ja/M ‘Do '3 3o arnaeaadwdy 263035 T IW
uatsi 33800 sbueyoxs 19bURYSKS JeeH -~ (LolK
TSoquUAG

ed} §'p ¢ Tttt rteDpSE Inoge aanjersdway
PINTI pue To>Ath suatidesd yps

‘8/BY |70 JO 3IRX MOTJ PINTH v W

TI3BUFQONe 3¢9y U] E50] @anssalid

Do/M BTE P (CRIR
Jo/H BOZ :LOS)H
Da/H L6 :(OZIR
1UsTDTJ 200 abuUBRUOKe JoBUvyoxs Feof

Jo/H G°C S(TTTISPUEYS) - JOOD SEGT 3@y TieIa38D

Jo/M b

gﬂﬂﬁﬂﬂﬂg

Do/T% OTET R3ToTvs TP ouL

PFIUIWIINERIW JO sSITNETY

B L T
=2l wiee—y

merniaimirea

Briaens tesiuas,

IR php nen g /

TUCTISBE

PueEl3IdIndiog /i pg: (F6BUNSTUI/IRTISIRW]} SIPTS

aueyyaan

QUBLIBINATGY MY (G ¢ ($EBUNDSTYI/TRTIesvw) dog

-ATOd M 05-0 = {SERUYRTYI/TRTARARW]) WOIIOR

TuoyIRInsul

¥ SO°T ieale Iabueysxa Jedy

T 9°0 i3uajucd pTnTd

asquen (TRTIDICH

Testds :adAL

idabuvyosxa Jeag

sagaserd
Y3TA P8I8A0D PPTEUI :UDTI0930ad UDTEDIIOD

T&33g TReTISIVH

T 96T isumiGA

wEZ'T X €9bT0 :wig

SPUd XIAUGD YITm TeovIpuirdn 1addy

TUET I=3%A 30H

By To¢ T(popent) Iubiam

w e X §95°0 ‘USTAIPIASUT CTDUT wid

*JuawaTs buriwsy © puw

dundieay e 'butieay LIej(rXne se ‘suyejuad
ITun abezoszs ayl -isurqes padeysIopuiTio

® OJUT JTING UISQ SBL HuRY Syl ‘1032a[[0D
de(os 8yz ©3 PaiIIAUULD ET YOTis Jobumyoxa
3eaY UT-3TING B U3ITA Xue3 383eM 308 TUBTERQ

"I01091100 10] 1235 FIB(T  '9°9'7 2undiy

UISUTN 1538 "L Z2Z-04-¥@6l

:oanqeubrs 1330

13887 8yl 03 SHIUIULOY

1 B8

T

a ‘awerzy ayy jo
3Ted 3aMeT 8yl 03 sMaIss &q apew
2q ued butuaise3y oyl "joed sua wo :EBilTTUnOW

sdupTd &500Y JO sueaw Aq
{ww 5'g5/05 = Op/TP) sisyacs LHuy
-j2T73153INC INOJ Syl 03 IpeEW 57 ued :UOTioouud]d

24 (To2X10
suatddoad xos) S/6Y 9500 30
2303 MOT3I PINTF © 38 B3y (T !FSOT @Inssadd

®d¥ (g :9INS5031d UMUTXPW pop i

aucu BUTUSIYBT.L
e@3e7d untutumie
uw G'p Fo yoRq ATTI

/A 88 = JINYIOVEST R 4

oInjeradusy Ife = Ly
a1njeradwal PIRTF UBSY = L

-

s/u ¢ paads puta ToaL16 suatddoxd xg5
5/0% g9g0'p 9IRI mOT3 PINTI ‘oSk ITTL

TSOGT 31 PUST

S2070- T~ 1's - ze'o= b

et -03d UMTUTUNTR 3O JWRI 9WEXJ AGISS[[0D IE(05

SOUBTPRIIT '= T

w TOOATEISUTW wwt Of Hawg UOTIE[NHUL

AJUITHTIIB = L sJaym

a WNIEIO UOQIFD, PAUTEIS :juawlends 20TFINg

e wu G 'gs/ps = op/Ip {SBIPRIH
‘zaqiosqe Ayl 03 LDIPToM. araneq

sSTIuueyd pswiojowssyy pooseds
AtMoaren rorreTed astmyibual iwazsdsyavuey)

urzarodiod :retIsaEy

ajerdiauueys :adl],

:J{eued 154I08qY

paTresn atqnop
“a3euoqIenitod
uw oT *erhurs

i

by g'sz IOBTIM

TUBTIDAs W pgoT0 X QLZ'T ¥ SIG'Z :'WIP oprsIng

1rou-py =262I03S

[y FIYWNIT 40 ALISHIAIND WIIKHIIL *AHOLYHOSYT NOLLYINSHI T¥udaHL

1Aa03e10qe] S3ISVL

0027 NOD-HY

ONTdUBNS 0256 "8T PIAILLAT “SdY IMEVATOS HOD-WY

SLOA-PLOA-ELOXE

t-ou sapiddy

MHYWNIE 30 ALISYIATNN WIINHIIL - AHOLYY0EYT NOTLYINSHI TeWy3KI

shicaeroge 1s3l

11-004v4 INIdUENS 0256 ‘8T MIAILLAT “Sdv JwdvATOS NODWY

1adAL PI2INADRINUEN

¥zgoz a AINITIII4T H0LIFTI0T HYI0S NO LIINSYLIVT
i'ou 353

sadiL FI2Injoejnuel
¥ OTO0E X
YALYH L0H 3TLSIHO0 HOS SWILSAS INILYIH HYI0S
itou 3593 NI G3SN S39VYOLS LY¥IH ¥Od LIFHSHLIVL
AP BRI PEE X3|BL QL0 0] 504D dnusgy aloy dnuisgLOE9E-%a
AsiBojouey (19966-20 asuasiaboig Pt X0 '0'd
$0Ippo a|qo] auoydaja) SS3JPPD S, JOLISIA SSEUPPD [0j50g

)
i

I
I

>

=

|
i
il

apsu| pBojouy3a) - wawndag Buyoap

Aopiocp) Buiss) - ABisuq J0[0G ysiuo(]

(i

—

AP QL YEE X@|8L -2 6000 60N dnusgy aley dniisgl OEFZ-AH0
ysibojouNa) 1199 85-2Z0 lassusssabaiy trixeq'Gd
SS3UPPR BjqOD auoydajal $5AUPPD S J04SIA $S3JPPD [DISO4

ainpysul (PXBGIOUYIE] - uawedag Sunoay

Alopiogp) Buise| - ABieus 10j0S Ysiu(]

26



SUOHRINEYUCD) IO} WISAS I0] WS BIRG 6977 arn3ig -uoneINgYuo ) PIEPURIS, ) W)SAS JOJ 199YS BIB(]  "§'9°7 MBI

S 1531 ‘¥ E£0L£9 4 3usyseaep uo
a\.\h“\\na\ BP3EIs ST 19393y 22[2 Y3y weisds Iyl IoJ uofjaesy 2vros pue 2IURWIOI 284
CIUOTICINTTAC TRDNIIE og3 203 3eiory oyl Ag pat(dratnu - tpotaad
ST UQEZQUTS AU 0s pus DIUCULIw J I ) THUQZ IO DU J0152[102 04l udanlag »J_DCC ayy st ’ N _u_._@.ﬁm sru1 uy puewap Imr"ﬂumm:ﬁﬂﬂﬂ&m ouy m.\.vN M\Q .Muo.q-ﬂmnm TouLNg (
. . - : .
T - c - . ) s RRNRE] i o
NIL a0 Mﬁ_u U OOULAPY PUPR (1005 DUTILYE 10103 (00 B Y3ITH w3y IE1OS B 20) uoraavay m_na,.lmwm_rﬂpua "PEOT PUP sdururogasd UIBMISQ OTIPI Ayl ST UOTIDEIJ IPTOS (. 153IUALMGY
ApTus Ayl S| Ty TI0IS0[103 Sug3 JO S3I013 PUL SUCIIDIUATIL QUIISTITP A0 J0IoR) LOTIS0IIA)
ZL°0 B9'0G 9970 FB°0 ££°0 SL°D [L6°0 GE'D LB'O [G6°'0 6870 PR 0 [S56°0 68°0 F5°0 o6 HoT3aed; Juies pur souewiozaad ATyiuon NE..;.Ex 0&L1 @{4yinos .qu._ uorIEIpRI IROS
AR ADUBIDIIY ISBL ysTUERQ
. . N B . -0 kg . B - . B . . . 23 AN 1 ) ! SR
L0 PL°0 ZL°0 BB°Q Y8°0 ZB™O0 E6'0 £6°0 060 [66°0 96°0 5670 [00°1 856°0 £6°0 o5t R & ADN 130 das Gny 1op oy ke My JeW gy e . 3755~ 754355A
1870 6L°0 8L°0 B0 9¥'0 <0°0 E6°0 S6°0 £6-0 [60° | G6°0 A0 [20°L tO'L LO*L Dco G o2 A/4My 0Z6Z : o3 butpucdsaxac)
u % B/T 002 :143,5¥-0,01) heprad s21371
L0 LL°0 LL70 BB°0 £8°0 98°0 P6°0 b6 0 £670 [66°0 660 86°0 (001 00°L 001 o5t sk 5L 5857
02- a0t
EL'0 2£7°0 £2°0 FB°0 ¥3°C VB0 P6'0 06°0 060 [F6°0 ¥6°0 v6°C (P60 +6°0 S6°0 o0t ”M ”M“ SUOTICTRITRD 2yl IO sustidunssy
L°D 9470 £L°C PBTO LBTO LB'C P80 P80 tBO0 [G8°0 SB°0 2870 [S8°0 9RO L&°0 a5t [ | | [7a] 2548 09 - +390D sso[ 3Pay
o H i e uu Q| - Suy2TYI [OSUT
%08 0L %09 | 308 0. 509 (%08 t0L 09268 0L 309 | 308 R0L 09 ITIL bl | N | | N | 14 weag - TIEWC TNSUT
0§ i .
TS TEORTIOS TS0, TEONUIOT TSR T ST o | | [l | ot wEGL [} y3ybuat
N " ] - | | - - 00 uww Zz/gL - SUOTSUIWTQ
1% Io Eisd 0 Yyjnos 59 “ “ “ “ )3 zaddn) - TeYaNER
1sED J5EIYINOS 35I| 1svoyInes  RSeaINnasyinos uRIIPIUITIO o [ | - - se mo7arf TISEToH T
5t 1 sig R36R3AT
8- ] ] ooy
L) L 52y
06 95%
< lwoo1 paipayun) 130T Syl uT 305 puw _ [~ mn-m PINTJ 103027100 avfos Jg :adAl/IaInjdejnuey
Iooput 9¢ ‘adid w g oursn ardwexs uvr [ 005 PINT3 UGTIBTNIITS
BIRIISATT SMOI1e Iyl -yipus{odyd jenjaw “{fL6l-6G561 potiad 10 Uory3ey) sepes (4] #3uea Jag PTRTS T3rT T2
243 203 an3sey syy dq partrdrainu st ayz ur aesd ,3saq, E.Mu €L61 pur Mgt Iamed
HOTIOPA] ITTOS pUR 23UPWIEIIBJ "SYIHUDL Lw3530m, BUY 5T 9961} $aedl Juaasazzp )
~adrd 3u0I3131p 30F JOIDE] UGTIIGII0T Ul USTIPTPRI AE[OS PUP DOUBUIOJISJ 0b—0B1 WS 12diL/Izan3aejouey
UMY £%¢ ¢ s50d1d woxy 5507 JesH dang
BL ) UL et fly- — — sauniejsid A1eay B yMy L s 2BRIOIS WOIA) BSO[ IEIH £a0s q : ~ou 1sag
PNy — Uttt fraea) i 1eavay-oa d ' '
V0SS DrSEOE 52RO 5 CLE S 1L Mt 9958 - : 303y 12 30 uoradunsuc)y £5-01 1 ad&,
ibuagatlg o . uMy ZEL ¢ dumd 3o uotadunsuod vog-1y : aeanyseynuey ~
~ % . SMN (entbg : IBUMMNE ‘U0T}0PI] IETOS E33525 76313065 ™~
) i - % 3 ““_u“ fx 325 7 Ararad fuorioery aetos QN :123eay [TOTIIDATE
- _ 3 “““w NE\_."Zx LTSRN § O+ F] 2 ad agurwioirad Araeoy T 961 ¢ Wn1en
N o] = oL UM% 5191 = JoucwaciTad Araweg o0t a : "ou 352
o ““““ S3Tnsay Q0% T XTURG : 2dAL
0wl 00007 uop-ay Iaaniseznuey
b} aead quaaa; jtp ot i Jo5°1L 3 Terausiaz3Tp burddoig BBBISIE
3 104 36t .
S3sSA13d0d I8 JTRaE) UBH1334a0) Baueio 24 pus esiecse F IO 18TIURADI3 T BUTIILIS QU E6'S T @Ay aanizady
s FEEEL Gl TS5 Z ¢ S3TUN JO Jaquny
- -z pu 3 . —a- a
(6/EE-3/6) m:::mv putyvoy aseds ou YITa ngmo G4} "3t} Iouuns 43 07 aingvIoduay JusTquy Z€02 G ¢ rou 1sag
UT § UT UGTIILLI JIPTOS (5 "k UT UOTIDCI] Telos Krawvog s YA/uMy ur oauvwaogxad 3683555 I1-003ed = adAzL
ATI235 14 'SERIC I0IDI[TOT PUR SPEOT IUSIDIFIP IO} UOTIOEI] IRTOS PUT SINLWIOFIAJ PR UINoSs WOIj UoTIETAQ uon-Iy : IsInioeznuey
433 8 oLz bl s olst| - - - 089¢ sz oiF § ITL ECEEETS (]
i873eU5T15" 353057155 SUDTIe3T§705d5
06 E9 0rgl il L5 0891 - - - 0Z6T 0oz
o R 06 ¥s  00vL| 9L 7 OELY 0642 [ gle A *STSeQ UOTILPTIRA
rou dacaddy S0 SJUIWAINSESW WOISAS BUISh IO PaTIIRd 2IT SUSTIETODTES o
pet TooT UL
- - - 26 L. ovoL| S8 09 08g 29t 1 001
FS d . ' -
e LY Sg X 4 s a raksuMy  Aep/1 £l outdzgyis 076 ‘8L [9ae33dp ‘gdy awaearos uog-ay
peon zad4y FYFANLIVIONTH
BZ"8 87§ 9Lz wE oIy
¥ 10£9 g
€ bt L £3TUnI0Y
-2aj{102 Jo IaqunN 110U 159, HWILSAS ¥ILVM LOH DILSANOA HYIOS NO LITHSVIVA
AP U 9L PEE %8[3] FLEO DD 6 041D druisgy aloy dnuispr 069z-Na
ys15ojouys) 11$966-20 laasuasiaba.g kL %eq 'O'd
= $58.pP0 S|qOY suoyda|a) sS3UPpOS,/0 S53IPPL 01504

aingnsu joaiBojeuysey - wawpndag Buybay

Asopoiogo] Bulss) - ABieug 0j0g YsIuo(]

5
=1




2.7 FEDERAL REPUBLIC OF GERMANY
LUDWIG-MAXIMILANS UNIVERSITY,
MUNICH

2.7.1 Introduction

A standardized test method is to be formulated for
solar DHW systems allowing, after short test periods, the
prediction of annual yields with adequate accuracy. The
procedure should be applicable to various types of
commercial systems. The values for the parameters of the
system obtained by the test procedure should be the same
under outdoor and indoor conditions. The method should be
applicable for the investigation of installed solar systems as
well. The prediction of the annual yield should be possible
for arbitrary weather conditions and load profiles.

2.7.2 Definitions

All time dependent values (e.g. radiation,
temperature, state of pumps, actual load) are defined as
variables. Values which characterize the solar system
independent of external influences are defined as parameters.
Three groups of factors which are principally independent of
each other determine the annual yield of a solar thermal
system:

- Parameters of the solar system
- Load, e.g., in form of a load profile
- Meteorological input variables

2.7.3 Course of Action for Developing the
Test Procedure

In developing a short term test method, it should be
based on the physical processes in the solar system
(physical method). It should separate clearly parameters of
the solar system, effects of load profile, and influences of
the meteorological variables. The method will be tested
with data from the test campaign of TUV Bayern* (8 month
test period from August 1985 to April 1986 on 18
commercial systems.)

*Technischer Uberwachungsverein Bayern is an official and
independent inspection and approval institution.

2.7.4 Physical Method

2.7.4.1 Mathematical Representation of a Solar
System

The method is based on a mathematical description of
the behaviour of the system using linear differential
equations. These equations are the basis of the evaluation
program for determining the system parameters, and of the
simulation program for calculating the annual yield. The
scheme in Figure 2.7.1 shows the interconnection of the
various steps.
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For simple boundary conditions, differential equation
systems with constant coefficients yield analytical
solutions. The constant coefficients are derived from the
parameters of the solar system. With such analytical
models the performance of a solar system with a storage
tank of uniform temperature (mixed storage) can be
described. Our improved version of this method permits the
treatment of thermally linearly stratified storage tanks
(stratified storage) too. The simulation program
distinguishes four operating modes (Table 2.7.1). Each
operating mode is related to a different differential equation
system. In non-linear processes, i.e., a change of mode, the
program switches from one to another linear equation
system,

A constant draw off rate with a storage temperature
Tg lower than the set temperature Tset means constant
flowrate through the storage. If the storage temperature is
higher than the set temperature, the draw off rate from the
storage is reduced and cold water is added and mixed for
producing the set temperature.

2.7.4.2 Validation of the Simulation Program

Special emphasis is laid on validating the model. For
that purpose the data from the tests of TUV-Bayern will be
used, According to the locations of temperature and
flowrate measuring points the solar systems can be divided
into subsystems. The program modules related to these
subsystems are submitted to separate validation procedures,
lLe., at the intersections the simulated values of the
variables and their time sequences are compared to the real
test data (10-minute instantaneous values). Subsystems are:

- solar collector array
- heat transfer system
- heat storage tank

2.7.4.3 Sensitivity Analysis

The validated simulation model is used for
performing a sensitivity analysis to the parameters and
variables. Its results specify the dominating system
parameters and the important measuring variables. In
particular, the difference between the annual yield in
systems with stratified storage and systems with mixed
storage is investigated.

2.7.4.4 Development of An Experimental Test
Procedure

To each operating mode a particular measuring code
is applied. The measurements are undertaken with a well
instrumented system. With the measured data a multilinear
regression program (Stoer, 1983) is performed determining
the coefficients {and their variances) of the differential
equations. The steps are modified in interaction with




experience gained from the test and the evaluation in such a
way that the variances of the coefficients become minimal.
The load profile run in the test procedure can differ from a
real load profile regarding volume and time sequence, The
single steps of the procedure are defined by limits of the
meteorclogical variables and specifications for the operating
parameters.

2.7.4.5 Testing the Method for Determining
the Characteristic Parameters

The parameters are determined by the multilinear
regression program with data taken from the TUV-test
campaign. During the test campaign the components of all
systems are tested separately. Comparing the values of
characteristic parameters obtained in this way to those
extracted from the data set permits a qualification of the
multilinear regression program.

2.7.4.6 Testing the Accuracy of the Prediction
of the Annual Yield

The TUV-test covers 8 months. Extrapolation to
annual yields is possible with good accuracy. With
measured weather data, the load profile of the TUV- test, and
the characteristic parameters of the solar system, known
from component tests, the annual yields are calculated using
the analytical simulation model. These yields are compared
to the measured annual yields.

2.7.5 Test Measurements

During the test period all sensitive variables and the
temperature of the room housing the storage are recorded. It
is obvious that at least the following operating parameters
have to be recorded:

flowrate in the load loop

inlet and cutlet temperature of the storage
- temperature of tapped water

- auxillary energy into the storage.

In addition to meteorological and operating data,
variables have to be recorded which indicate the state of the
system for identifying the operating mode. In forced
circulation systems these are the control signals. In
thermosiphon systems, this information is to be taken
indirectly from temperature measurements,

2.7.6 Conclusions from the Investigations

The physical method should be compared to the
correlation method regarding computing time, accuracy,
quantity and quality of required data. For this purpose F-
CHART version 4.1 (Solar Energy Laboratory, 1981) is
programmed on the same computer system as the analytical
model. The advantages of the analytical method are
obvious. If the time sequence of the variables is constant,
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sinusoidal or a rational power function, the differential
equation system yields an analytical solution. With simple
boundary conditions a characteristic curve can be calculated
directly. Arbitrary time sequences can be approximated by
small time intervals. The accuracy of the calculation of the
annual yield can be adjusted within the same program. The
judgement on the performance of the method is based on the
comparison of the results of the TUV-tests to the results
gained with the well instrumented solar DHW-system.
Results from the sensitivity analysis (validation of
simulation of subsystems) can be used for statements on
accuracy, applicability and limits of correlation methods. In
particular, it can be stated to what extent results from
correlation methods can be converted to situations with
different load profiles and meteorological conditions,

2.7.7 State of Development of the Procedure

- The well instrumented solar system is installed
and tested.

- The analytical simulation model is programmed
in MODULA-2 and is working on mini-
computers of the institute,

- The multilinear regression program according to
Stoer (1983) was applied to dynamic test
sequences. Numerical instability can occur; a
more robust procedure is looked for.

- The correlation method F-CHART 4.1 with
variable time base (3 to 30 days) is being
programmed on an 8-bit mP-system,

- Since September 1985 the TUV-test campaign
produces data sets as instantaneous values of
temperatures and flowrates in 10 minute
intervals. The transfer of data into the
minicomputers with 9-track tapes has been
successfully tested.

2.7.8 References
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'Analytical Simulation Models for Solar Heating System
Design', Solar Energy, vol. 32, no. 1, pp. 85-97.

Stoer, J. (1983), 'Algorithme of Householder', Einfuhrung
In Die Numerisch Mathemat Ik I, Springer Verlag Berlin,
Heidelberg, New York.

Solar Energy Laboratory (1981), 'EES Report 50: F-
CHART 4.1, University of Wisconsin, Madison.



Table 2.7.1
Operating Modes of Solar System

MEASUREMENTS ON
ACTUAL SYSTEM

TEST DATA

N/

EVALUATION PROGRAM
FOR EXTRACTION OF
CHARACTERISTIC PARAMETERS

State of
Solar Loop State of Load Loop
mode A pump on constant draw off rate (Tg < Tgep
mode B pump on constant heating load (Tg > Tget)
mode C pump off constant draw off rate (Tg < Tget)-
mode D pump off constant heating load (Tg > Tget)
Femmmmmmmmemmmmmemmmmmm—m— e mmmmmmmeeam———-
1
i MATHEMATICAL MODEL DESCRIBING THE ACTUAL
METEQOROLOGY TEST ! CONDITION OF THE SOLAR SYSTEM INCORPORATING
DATA PROCEDURE ' THE CHARACTERISTIC PARAMETERS
]

r
/ \
\
r' “ METEOROLOGY LOAD PROFILE
'
r’ ‘\
} \
' \
1 \\
! \
\
\
\
\
\
\
\
\
\
\Y}
PARAMETERS OF
SOLAR SYSTEM SIMULATION PROGRAM
SOLAR ENERGY YIELD
SAVINGS OF CONVENTIONAL
ENERGY

Figure 2.71. Interconnection of test procedure and simulation program
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2.8 THE NETHERLANDS - TECHNISCH
PHYSISCHE DIENST TNO-TH TNO
INSTITUTE OF APPLIED PHYSICS

2.8.1. Introduction

The performance of solar domestic hot water systems
under actual weather conditions is often less than expected.
Accurate testing is needed to determine the origin of the
problem. At first it must be established whether the system
is fundamentally correct, then the design of the components
is a matter of interest. The performance of the components
is influenced by their design and by the operating
conditions, so it is important to test under realistic
conditions.

When a system has been operational for several
years, it must be checked if it is still functioning correctly,
a test of the durability of the functioning, Therefore, testing
of DHW-systems at the TNO Institute of Applied Physics
{TFD) will consist of a sequence of several steps:

A. Testing and characterization of new systems
under actual weather conditions or under a solar
rradiance simulator.

B. Check of the functioning of installed DHW-
systems,

2.8.2, Indoor Tests Under the Solar Simulator

The test of a DHW-system starts with a short term
test under the solar simulator, in which two steps can be
discerned:

- Diagnosi

At first, the system is checked to see if it works
as designed by the manufacturer and in
accordance with the installation instructions.
This is meant as a "trouble-shooting” test (e.g.
leakage detection). After the well-functioning of
the system has been established, a test sequence
is performed.

- Test Sequence
This test consists of a fixed irradiation during
several hours, followed by a period of rest of
about 16 hours or more {cooling down of the
storage due to heat losses) and a draw-off until
the tap temperature is constant (emptying the
storage).

The irradiation and the draw-off of water are
separated in time to avoid interaction. During
the test, collector inlet and outlet temperatures,
storage temperature(s}), flows, ambient
temperature and insolation level are measured.
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From this test, the main characteristics of the
system (collector parameters, heat loss of the
storage, stratification of the storage,
effectiveness of heat exchangers, etc.) are
determined. The parameters are input for the
TPD computer simulation model, which gives
an indication for the expected output of the
system,

The general form of this test will be the same
for all DHW systems, but it is, of course,
possible to adjust the test to a specific system.
Until now the method has been used to test
forced circulation systems and an experimentat
boiling/condensing collector system,
thermosiphon system and a forced circulation
system with a hot top.

2.8.3. Outdoor Tests Under Actual Weather
Conditions

2.8.3.1 Interpretation Method

For the interpretation of outdoor tests under actual
weather conditions for all kinds of solar energy systems {not
only DHW systems) an interpretation method has been
developed (van Galen, 1982).

The aim of the method is to equip solar energy
researchers with a tool which enables them to carry out
system tests and system development studies, The ultimate
goal of this type of study is to determine and explain the
performances of all system components and the resulting
system performance in relation to system design and as a
function of weather conditions. Therefore, the method has to
establish the thermal characteristics of the solar energy
system in operation.

The thermal characteristics of, e.g., a solar thermal
collector conversion factor and heat loss coefficient, are
determined by series of steady-state tests under well-defined
conditions. The result is that the collector characteristics
are given as a function of variables, describing these test
conditions.

The basic idea behind the interpretation method
discussed hereafter is that the thermal characteristics of a
solar energy system should be established on the analogy of
such a component test. This means that some kind of
"steady state” must be obtained for the total system in
aperation, for which the conditions are well defined and
known. The main problem is then to find a definition for
“steady state” for solar systems.

Analogous to the commonly used collector efficiency
curves the overall system efficiency curves which result
from this interpretation method can be used to compare and
classify different (DHW) system types.




If an appropriate weather descriptive parameter has
been chosen these curves are independent of the climate.

2.8.3.2 Definition for "Steady State" for Solar
Energy Systems

Apart from the design parameters, which have a
constant value, independent of the system operation, there
are a number of variables in the sytem, which depend on
input and output conditions, such as the temperatures in the
various system components and the energy flows between
components,

Input and output conditions are directly related to the
weather conditions.

"Steady state” for a solar energy system is supposed
to be reached when all interdepending variables in the
systern attain to "steady state" within their own system and
climate depending operating ranges.

So first of all the conditions are to be defined for
which each single variable attains to this "steady state”
independently to the other variables.

The conditions are made upon the cumulative average
of the variable and the standard deviation of the cumulative
average based on afl values of the variable in the preceding
period. For instance:

- Fluctuations of cumulative average values will
be less than 2% of the range of possible values
in the system under consideration,

- The time-dependent standard deviations will be
less than 10% of the range of possible values in
the sytem under consideration,

For each interdependent variable conditions are to be made.
A period for which the conditions for each variable are met,
i.e. "steady state" for all variables is attained, shall be called
a characteristic period (see van Galen [1982]) for more
detailed information).

Once a number of characteristic periods has been
found, a system performance study can be carried out.
Presentation of results in the form of time dependent
relations between physical variables is then possible. This
type of presentation has the advantage that comparisons can
be made between interdependent variables independent of the
way the results are obtained and therefore valid for different
locations and climates.

Each of these variables is represented by the
cumulative average value over the pericd of determination,
the characteristic period and the standard deviation giving
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information concerning the actual values of the variable
during this characteristic period.

Because the weather condition is one of the variables
and performance as a function of weather conditions is one
of the most interesting results of system studies, it is
obvious that a weather descriptive parameter shall often be
chosen as one of the variables in the relations presented.

2.8.3.3 An Example of the System Interpreting
Method for a Solar Heating System

The system interpreting method has been
theoretically tested for the reference system (551) of the
European Solar pilot Test Facilities. Calculations have
been done with the sirnulation programme EMPG. In van
Galen (1982) and van Galen and den Quden (1982) there is
more detailed information about this example. A number of
characteristic periods have been determined. The following
efficiences are defined:

the collector efficiency n1 = SCG/CGR

- the efficiency of the storage system n3 =
IL/SSG

- the performance of the system, i.e. the solar
contribution to the heat demand 14 = IL/HP

- the total system efficiency n5 = IL/CGR

in which;

CGR = Collector Global Radiation
SCG = Solar Storage Gain

1L = Interface Loss, discharged energy
HP = Heating Power required

All these quantities are integrated over the period considered.
The efficiencies are plotted as a function of a dimensionless
parameter that, for a given situation (installation and house)
is entirely determined by the weather conditions and the
heating demand of the house, namely CGR/HP.

Figure 2.8.1 shows the collector efficiency. This
efficiency is a linear function slightly decreasing for higher
CGR/HP values. Figure 2.8.2 shows the storage
efficiency. This plot shows a maximum near CGR/HP =
2.5.

Figure 2.8.3 shows the solar contribution.

Figure 2.8.4 gives the system efficiency.

Efficiencies of single components under working
conditions can be derived by the described method, showing

weak spots in the design. The functioning of the
components under different climatic conditions is




understood. This is a very important result to judge the
economic viability of the components and to optimize their
dimensions.

Analogous to collector efficiency curves, overall
system efficiency curves can be used to compare different
types of systems.

To predict the yearly performance of the system, for a
chosen location and climate, a frequency distribution of the
operating conditons (expressed as weather descriptive
parameter) has to be calculated.

With this frequency distribution, the expected output
can be calculated from the system efficiency curve. This
method allows the user to calculate the output of a solar
heating system for different locations and climates. For one
location and climate different types of systems can be
compared.

2.8.3.4 -Domestic Hot Water Testing

In the latest report of the Dutch solar pilot test
facility (Amerongen and van Galen, 1984) the system test
method is used to interpret the results of the measurement at
the SS2 installation. This installation consists of a
collector field, a thermal storage unit and a simulated
heating demand of a family house. It is shown in this
report that the system test method works out well.

Further experimental and theoretical verification
studies of the system test method are being carried out. For
the experiments a new System Test Facility has been built
which has been in operation since late 1985.

So far the test method has only been used for solar
heating systems. The applicability of this test method for
testing DHW systems will be studied. Experiments are
planned for the second half of 1986,

It is expected that a DHW system test works out in
the same manner as shown in the previous paragraph, The
weather descriptive parameter will be the ratio of the
collector global radiation and the heating demand for
domestic hot water.

For DHW systems the so-called characteristic period
is expected to be 24 hours. The expected period for testing
a DHW system is about 2 months.

2.8.3.5 Check On Installed DHW Systems

After some time of operation a DHW-system should
be checked on its proper functioning. The user of the
system will generally not notice any bad functioning
because the auxiliary heat always helps to provide encugh
hot water, A test sequence has been outlined that is based

on the same idea as the indoor short term test described
above.

The test is simulated with the computer model to
investigate the effects of various parameters on the measured
variables. A method is chosen for which the sytem is
affected as little as possible. The chosen procedure is: at
the beginning of a test day hot water is drawn off without
use of auxiliary heater until the tap temperature equals the
main temperature. The heat content of the water is
measured. During the day no hot water must be used, so no
interaction between irradiation and draw-off will occur.

The following quantities will be measured:

- irradiance G, ambient temperature, temperature
of storage (if possible at several levels to register
stratification), temperature of mains, temperature
of drawn-off water, flow during draw off.

This will result in information about:
A. during daytime: functioning of collector and
primary circuit

heat loss of storage

functioning of heat exchan-
ger (if present)

B. during nighttime:
C. during draw-off ;

This sequence must be done during several days to obtain
sufficient data. The results from the test will be compared
with calculations with the simulation model for the test
sequence. The inputs for this calculation are reference data
either from the manufacturer or obtained from earlier
measurements {e.g. under solar simulator).

This test will give an indication of problems and
where they will occur, If any bad functioning is detected a
more extensive monitoring will be needed to determine the
actual cause of it. When some experience is gained with
this test method it may be possible to extend the test also
to the auxiliary heater.
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2.9 SWEDEN/FRANCE
2.9.1 Introduction

This method has been developed at Centre
Scientifique et Technique du Batiment at Sophia Antipolis,
Valbonne, France and is now being introduced and evaluated
at the National Testing Institute in Boras, Sweden.

In the method, two parts may be distinguished: one
experimental procedure to determine five parameters, which
are independent of the operating conditions, and one
simulation model (OSOL), where input parameters are
system parameters, meteorological data and domestic hot
water demand, and the output is yearly performance of the
system.

The method can be applied to complete systems for
the production of domestic hot water. The systems may be
pumped systems as well as thermosiphon systems. Even
ICS systems can be tested.

2.9.2 Principles of the Method
The following five parameters are measured.

Mo  Collector conversion factor
Ky  Collector loss coefficient
Mp  Collector loop efficiency
Mg  Storage thermal mass

Ky  Storage loss coefficient

The significance of the parameters may be explained
as follows. Four additional parameters are introduced.

n Collector efficiency

A Collector area

G Solar irradiance

AT  Collector overtemperature

The collector efficiency, 1, is given by

M ="Ngo- Ko * AT/G (2.9.1)
where in this case K is a mean value of the loss coefficient
in the overtemperature range AT = 0 - 60°C at an irradience
level of G = 800 W/m?Z,

If G.A.m is the useful power from the collector then
G.Am.1p is the useful power into the storage.

The storage thermal mass, Mg, is the temperature
weighted mass of hot water that can be drawn off the tank
above a given temperature. Thus this mass is a measure
both of the obtainable stratification in the tank and of the
efficiency of the hot water draw off technique.
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In applications where necessary, the quotient of the
loss coefficient, K, to the conversion factor, M, may be
used in place of the parameters themselves.

The main input parameters to the computer program
are the following.

TNg  Collector conversion factor

Ky  Collector loss coefficient

Kg  Storage loss coefficient

Mg  Storage thermal mass

Amp Product of collector area and solar loop
efficiency.

- Collector tilt angle and azimuth

- Yearly meteorological data for the system site
given as hourly data

- Domestic hot water demand given as daily
profiles

The main output data are as follows:
- Solar fraction on a yearly basis
- Back up energy consumption

- Mean temperature of the DHW supplied, in order
to verify that the size of the installation is
sufficient.

2.9.3 Experimental Procedures

Two types of measurements are performed: loss
measurements where no solar radiation is present and
efficiency measurements where the solar radiation is
supposed to remain constant over an extended period of
time.

Collector efficiency and loss coefficient are measurad
using standard test procedures and are therefore not discussed
here.

2.9.3.1 Less Measurements

Loss Coefficient for the Water Storage Tank Kg. It
is first ensured that no water can be circulated between the
collector and the tank. The water in the tank is heated to
60°C. The temperature of the water in the tank is made
constant throughout the volume by recirculation of the
water. The tank is left overnight and the water is
recirculated once more. The cooling of the tank is supposed
to follow an exponential pattern and a loss coefficient is
computed from measured data.

Loss Coefficient for the Complete System. The
above procedure is followed except that the connection




between the collector and the tank is open during the
cooling period. This loss coefficient is compared to Kg. It
is only used as a check of a possible energy consuming
recirculation to the collectors during night conditions.

2.9.3.2 Efficiency Measurements

The system is installed following the instructions
given by the producer. The nominal value of the solar
irradiance should be 800 W/m2. In case the test is
performed outdoors, the mean value of the irradiance should
be 800 100 W/mZ2. In this case the integrated irradiation
during a 4h period should be between 3.15 and 3.25 kWh.
The ambient temperature should be between +5°C and
+30°C and remain stable within +5°C. The temperature of
the incoming cold water should be close to ambient
temperature (£3°C).

At the beginning of the experiment the temperature
of the water in the tank should be that of the incoming cold
water to within +2°C. The collector is then radiated during
a 4h time period.

After the radiation period, a draw off test is
performed. The flow speed during that test should be two
times the volume of the tank per hour and the temperature
of the incoming water should be close to ambient, The
temperature of the draw off water is measured every second
minute and the draw off is continued until the difference
between the inlet and outlet temperatures is less than 2°C.
The maximum temperature of the draw off water is noted.

The storage thermal mass given as the integral of the
draw off water weighted to the difference between its outlet
and inlet temperatures is computed using Equation 2.9.2.

M = (fi (Tj - To)*dM (T - To) (2.9.2)

where

Tg is the inlet water temperature (approximately
equal to ambient temperature),

T is the maximum outlet water temperature.

The data thus obtained contain enough information
for the calculation of the collector loop efficigncy of the
system. The energy balance of the system during the
radiation period is employed for the calculation,

When there are no heat losses from the collector
loop, the power transferred from the solar collector to the
heat exchanger of the tank can be expressed with the
following equation using coefficients 1g and K.

P1(t) =

AsTp(MoG - Ko(Tu(D)-Tamb)) (2.9.3)

37

is the collector overall heat loss
coefficient.

Tamb
Ty(t) is the output water temperature.

where Xo

The heat losses of the tank can for every moment be
expressed with the relationship
P2(t) = -Kg(Tu(t)-Tamb} 294

The power corresponding to intermediate drawings of
domestic hot water is given by

E
P3O =- 47 (2.9.5)
The power supplied by back-up energy
= 2.9.0
P4(t) = it (2.9.6)
with Eg defined as
4180 & e
¢~ 3600-1000 21 Jr,o-Tw -t @97
=l

where  (tj+1-tf} is the duration of the intermediate
drawings.
is the number of intermediate drawings
Q2 is the weight of the water drawn
Tew is the input water temperature.

For the tank, the energy balance is given by
(P1(t)+P2(t}+P3()+P4(0))dt = 4180 M=dTy(t) (29.8)

This equation can be expressed in the following manner

a0
;t - (2.9.9)
¥ [t 'A'K

Tlp A TIO G . npq, 0+Ks (Tu(t) Tamb)

4180-M 4180+M Ate 4180-M

as a linear differential equation of the first order with
constant coefficients, where the solution contains the
temperature conditions at the start.

Tu(t) = (@+Tamb) - (Tamb-Tew+ake bt (2.9.10)




with a=

- +
Mo Astl Ty

b = 7180 M/(A"ne 1)

The result is

Tum = (a+Tamb)-(Tamb-Tew-+a)-e bt (2.9.11)

The solution of this imlicit equation determines the
efficiency of the collector loop, Np.

2.9.4 Simulation Model (OSOL)

The simulation model works for DHW systems,
either solar only systems or systems including an eleciric
heater. The time step of the simulation is one hour,
2.9.4.1 Meteorological Data

The parameters used are

- Air temperature

- Global radiation on a horizontal surface
- Diffuse radiation on a horizontal surface.

The radiation in the collector plane is computed
using solar position, height of obstacles, ground albedo,
collector orientation and global and diffuse radiation as
measured on a horizontal plane. A coefficient for non-
isotropic is put to 0.2, which means that 80 percent of the
diffuse radiation is assumed isotropic while 20 percent is
supposed to originate from the direction of the sun.

2.9.4.2 Domestic Hot Water Load

Daily profiles for the DHW demand are introduced.
Those profiles are obtained from statistical data.

2.9.4.3 Storage Simulation Model

" The tank is divided into a number of layers, usually
five, All controllers are presumed to work ideally.

Each layer is subject to the following heat transfer:
- Heat losses to the environment

- Contribution from the solar loop (only for the
position of the heat exchanger)

- Possible contribution from electric heater
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- Heat transfer from a high temperature layer to a
low temperature layer.

2.9.4.4 Simulation Output

Solar Only System. Yearly solar fraction, which is
available solar energy compared to energy demand
(maximized to one when the temperature from the heater
exceeds the reference temperature).

. Jolar and Electric Heated System. Hot water
production above reference temperature. Yearly electric
energy divided into

- low load hours at night
- full Ioad hours

- wintertime

- summertime

Execution time on a VAX minicomputer for a one year
period is about 30 seconds.

2.9.5 Advantages and Limitations
- Short term testing, long term predictions.
- Measured data are solely system parameters.

- The simulation model connects climate, system
and load.

- Control system not included.

- At present stage only useful for one family
DHW systems.

2.9.6 Experimental Validation

At CSTB at Sophia Antipolis a study was performed
where the same system was run on six different days for
measuring the collector loop efficiency, np. The mean
value of the irradiance was in the range of 858 to 928
W/mZ2, the ambient temperature ranged from +16 to
+27.5°C while the running time was varied from 2h to 6h.
The measured values of 1p was 0.90, 0.91, 0.93, 0.90 and
0.90 respectively,

A parametric study is being performed at the Testing
Institute at Boras where irradiance level, test duration and
draw off pattern are varied. Comparison will be made with
computed performance from the indoor test,



2.9.7 Future Development

At CSTB work is in progress for introducing effects
of the control system and the thermal inertia of the collector
loop.

At the Testing Institute an extension of the method
is planned to include systems which also contribute to the
space heating of the house.
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2.10 SWITZERLAND - SOFAS

2.10.1 Introduction

2.10.1.1 General

The Swiss Professional Association of Solar Energy
Firms (SOFAS) carried out a preliminary study about short-
term solar energy systems tests in order to clarify the
methodology (Schliapfer and Schneiter, 1986). The most
adequate approach had to be selected to meet the
requirements of Swiss Solar energy firms.

This work has been realized in the framework of the
cooperation in the field of research and development projects
of the International Energy Agency (IEA). It has been
supported by the Swiss Federal Office of Energy (BEW).
The conclusions and opinions expressed in this paper are
only binding for the authors. If the authors refer to a
commercial company or product, it does not mean that other
companies or products fulfilling the same requirements are
excluded.

2.10.1.2 Purpose

In Switzerland a short-term test method should be
applicable in situ, the system under test being operated
without interruption of the heat supply to the user, The
test should yield the yearly auxiliary energy saving with a
typical accuracy of 10%. The test should also give
information about subsystems performance in order to
identify possible malfunctions. The test costs should be at
max. SFr. 2500.-(~US $1500). The test period should not
exceed 4 weeks,

Systems tests are thought to be applied as quality
controls, comparison betiween design and real data
{especially the actual heat load), stimulator of owner's
confidence in solar energy technology and tool for
improvement of the experience level of designers and
installers of solar energy systems. The tests should be
performed by qualified engineers using a portable instrument
package and a personal computer.

Short-term system tests should be applicable to the
majority of solar energy systems installed in Switzerland for
domestic hot water and, optionally, space heating.
Variations in system configuration include the type of
auxiliary energy (electricity, oil, gas, wood), the number of
storage vessels, the type of heat exchanger (internal or
external), the circulation mode between collectors and
storage (thermosiphon or forced circulation) and the
organization of the heat transfers between collectors, storage
and load (heat management concept}. Variations occur also
inzsystems size (from a few m? collector area to about 100
m*).
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2.10.2 Methodology
2.10.2.1 Long Term Performance Prediction

In a first step of the preliminary study a few
simplified system models (correlations) have been analyzed
and their suitability as a procedure to predict the Iong-term
system performance has been evaluated. The alternate
approach considered was the use of a detailed simulation
programme. It was concluded that the simplified system
model approach is not appropriate. The arguments
supporting this conclusion were:

- The simulation approach was felt more sure than
the simplified model approach; simulation
programmes running on personal computers are
available, simplified models are still under
development.

- The simulation approach was judged as more
qualified to predict accurately the long-term
performance of the great variety of systems
involved. Especially, concern was expressed on
the accuracy of simplified model predictions
when the system or component parameters not
explicitly considered in the simplified model
strongly deviate from their standard values (such
a sitwation may happen in the practice).
Therefore, simplified models were thought to be
more convenient to systemn design (sizing) than
to short-term system testing.

- Simplified models are not able to give sufficient
information about subsystems performance in
order to identify possible malfunctions.
Additional tests would be necessary in such a
case, leading to increased test costs.

- With the simplified model approach the
measurement results cannot be reproduced by
calculation as well as can be done with the
detailed simulation. This requirement was felt to
be necessary to improve the credibility of the
test method.

It was thus decided to select the detailed simulation
programme approach,

2.10.2.2 Experimental Procedure
Another part of the preliminary study cleared up the
experimental procedure to be used for short-term tests,

Several approaches have been considered:

1. Immersed sengor

Temperature and flow sensors are placed in the
piping, directly in contact with the heat transfer liquid. The




measurements are performed in the same way as in a long-
term monitoring programme, except that the measurement
period does not exceed 4 weeks. The monitored quantities
include the energy flows within the system, the
meteorological data, the heat load(s) and some operation
temperatures. Selected intervals of the monitoring period
are then used to calculate from the measurement results the
component and subsystem parameters required as input to
the simulation programme.

The SOFAS study concluded that this approach
fulfills the accuracy requirements set. However, the test
goal cannot be reached: a test costs between SFr. 2900.-
and 3200.-, depending on system configuration, and even
SFr. 4700.- to 5100.- if the amortization of instrument
package and personal computer (within 50 system tests) is
included. Another severe disadvantage of this approach is
the perturbation of the heat supply during sensor mounting
and removing. In new systems the places for mounting the
sensors could be prepared already when the system itself is
installed. Then, test costs would be reduced by about SFr.
700.- and heat supply to users could be undisturbed by tests.

2. Integral storage temperature sensor as only
indicator for heat flows

This approach tries to minimize the costs for
instruments and sensors. A long resistor wire is used as
unique indicator for heat flows. The sensor is placed in a
flexible tube, This tube is introduced into the storage
vessel (one per vessel if several vessels are present). The
vessel must have a free connection pipe at the top for this
purpose. The sensor, which still has to be developed and
tested, is placed vertically and measures the average
temperature of the storage vessel. The time variation of its
indication is proportional to the difference of the heat flow
rates leaving the store and those coming into it.

This approach has several severe limitations. 1) The
heat flows to and from the store have to be interrupted
successively (all flows but one) and for relatively long
periods (several hours) in order to measure their rates
individually. This is-a major concern for the user of the
system. The heat flow control unit is added to the system
at the beginning of the test. 2) This approach is applicable
to only a few number of system types and its accuracy needs
to be studied experimentally. 3) A cross-check of the
monitored data is difficult since they are recorded
successively instead of simultanecusly. However, the test
cost goal may be reached.

3. Clamp-on sensors

Principally, this approach is identical to #1, except
that clamp-on temperature and flow rate sensors (mounted
on the piping) are used in place of immersed sensors. In
this way, sensor mounting and removing does not disturh
the heat supply to the users. However, use of clamp-on
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flow meters is not so easy as that of immersed flow meters
and approach #3 is expected to be less accurate than
approach #1. Hence, an additional store heat loss test is
necessary. Because of the high acquisition cost for clamp-on
flow meters, only the test costs without amortization are
lower than in approach #1: SFr. 2300.- to 2500.-,
depending on system configuration. The test costs with
amortization amount to SFr. 5700.- to 6300.-.

4. Intepral storage temperature sensor. minimal
number of itional ¢clamp-on sensors plus on

heatmeter for coll rl hi .

This approach was studied in order to take advantage
of the positive aspects of approaches #1, #2 and #3 and
simultaneously reduce the test costs. In particular, the
separate store heat loss test is performed using the integral
storage temperature sensor. The remaining measurements
are performed without disturbing the heat supply to the
users.

This approach is applicable to the numerous system
configurations required. However, the test costs are still
beyond the goal (SFr. 2700.- to 3600.- without/SFr. 4700.-
to 6400.- with amortization) and the accuracy is poorer than
with approach #1.

The SOFAS preliminary study concluded that none
of the approaches #1 to #4 of the experimental procedure
meets all the severe requirements listed in the Introduction.
Hence, some of the goals have to be loosened:

- A first way is the exclusion of the amortization
costs from the test costs, the instrument package
and the computer being financed on another way.
Under these conditions the approaches #1, #3 and
#4 may be considered and further optimized.

- Another approach is a kind of "black-box"
monitoring: only the input (solar/
meteorological and auxiliary energy) and output
(heat loads) data are measured, thus reducing
drastically the test and acquisition costs. The
goal of SFr. 2500.- per test including
amortization should be achievable. However,
such a procedure does not give information about
subsystems performance and possible mal-
functions.  Only the auxiliary energy
consumption is calculated using a simulation
programme, All input data for the simulation
programme except the few measured quantities
are taken from the design sheet of the system.
The calculated auxiliary energy consumption
during the test period is compared with the
measured one. In the case of a satisfactory
agreement, the system works properly and the
yearly auxiliary energy needs may be calculated.
In the opposite case, additional investigations




(not included in the test costs goal) are required
to identify the origin of the discrepancy. The
black-box monitoring approach is thought to be
applied with clamp-on sensors to minimize the
perturbation of the heat supply to the users.
2.10.3 Experience/Validation
The SOFAS preliminary study was based on the
experience gained by the participating firms and institutions
during the course of other research projects or commercial
activities, Let us mention in particular*:

- E. Schweizer AG, Zurich/Hedingen (monitoring
activity within SOFAS research project
‘Guidelines for Optimal Planning and
Construction of Solar Energy Systems’
{Schlapfer, 1986)).

- TNC Consulting, Chur (erergy analysis of
buildings and heating systems (Nordmann et al.,
1982)).

- FATRA SA, Prahins (IEA research programme
‘Energy Conservation in Buildings and
Community Systems' (Elsinore, 1981)).

- Swiss Federal Institute for Reactor Research
(EIR), Wiirenlingen (monitoring programme on
29 commercial solar heating systems (Suter et
al, 1984), investigation of the applicability of
clamp-on sensors for in situ measurements
{Impulsprogramm Haustechnik, in press)).

- Burgdorf School of Engineering {computer
simulation programmes and correlation model
for solar domestic hot water systems (Zogg and
Rieder, 1986)).

- Rapperswil School of Engineering (IEA solar
heating and cooling programme, Task III,
research project 'Reliability and Durability of
Solar Energy Systems.'(Frei, 1983-84)).

2.10.4 Future Work Needed

The follow-up programme (main project} will now
be started. The most promising approaches identified during
the course of the preliminary study will be investigated in
detail (experimental programme and validation) and the
instrument and software packages will be developed and
implemented. At the end of the project a practical tool for
in situ testing at acceptable costs of most solar energy
systems types of Switzerland without serious perturbation
of the heat supply to the users should be available.

*The parentheses indicate activities from which experience
was gained.
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2.11 UNITED KINGDOM - SEU

2.11.1 Introduction

From parametric studies of open-loop solar heating
systems J. P. Kenna (1981 and 1984) has shown that the
monthly solar fraction of a SDHW system with a fixed
daily draw-off pattern depends on the monthly values of four
dimensionless 'system parameters', which he denoted by M,
K, R, and Lg. Each of these parameters can be given a
physical interpretation: M is a measure of the energy which
the system can collect, the inverse of K a measure of the
maximum temperature at which energy can be collected, R a
measure of the storage capacity of the system, and Lg a
measure of the storage losses.

The motivation for Kenna's study was the
development of a simple design method for SDHW
systems. He assumed that any well-designed system would
have well-insulated storage, so that the influence of Lg on
the solar fraction could be ignored. He then fitted formulae
to the correlation between the monthly solar fraction and the
remaining parameters M, K and R, for different forms of

draw-off pattern. The design method based on these

correlations Kenna called the 'SEU Design Method.'

At the SEU an investigation is planned to establish
the feasibility of developing this approach into a test
method for SDHW systems,

2,11,2 Notation

Al effective normalized collector area (including
the effects of any heat exchanger and pipe
losses)

AgUgs  product of store surface area and store loss
coefficient

f monthly solar fraction

G* monthly average daily maximum possible

rate of energy input into store

H monthly average daily energy input into
store

L monthly average daily load

MsCp  product of mass of water in store and water
specific heat capacity

Tm monthly average daily mains water
temperatute

T DHW demand temperature {(assumed
constant)

U effective normalized collector loss

coefficient (including the effects of any heat -

exchanger and pipe losses)
At constant time period having a value of 24 h
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2.11.3 Definitions

For a SDHW system the system parameters M, K, R
and Lg are defined as follows:

M = A'H/L (2.11.1)
Thus M is the ratio of the monthly average daily energy

collected (solar -+ ambient) to the monthly average daily
load.

K = U(Tw-Tm)/G* (2.11.2)
Through its dependence on G*, K indicates the
quality of energy that can be collected by the system. It is
one of the advantages of Kenna's correlation that it can take
this into account. More insight into the significance of K
can be obtained by noting that G*/U' is equal to the
monthly average daily maximum possible temperature gain
from solar, i.e., the monthly average daily maximum
difference between the temperature of water entering the
store and the mains water temperature. Therefore, K can be
interpreted as the ratio of the storage capacity of the system
at the demand temperature to the monthly average daily
maximum possible storage capacity, each capacity specified
relative to the temperature of the mains water supply.

R = MsCp(Tw-Tm)/L (2.11.3)
Thus R is the ratio of the storage capacity at the demand
temperature to the monthly average daily demand,

Ls = UsAsAt/M;Cp (2.11.4)
Thus Lg is the NTU of the store for a discharge time of
exactly one day.

2.11.4 Monthly Correlations

From the results of detailed computer simulations
Kenna found that the monthly solar fraction for a SDHW
system with a well-insulated store was strongly correlated
with M, K and R. The correlation curves can be used
directly to predict f, but for convenience Kenna fitted the
data to a formula of the type

f e aM/(b+MK*) (2.11.5)
with

K* = K/(1+0.11K) for K > 0.65 (2.11.6)

K* = (K+cM)/{0.69+0.87K) for K < 0.65 (2.11.7)

It was assumed that whenever the store temperature
exceeded the demand temperature the demand would be met




by mixing mains water with water from the store. Equation
2.11.7 takes into account the reduction in volume of hot
water which would then be supplied by the system. If there
is no mixing, then Equation 2.11.6 is appropriate for all
values of K.

In general, the constants a, b and ¢ are functions of R
which depend on the demand pattern. These too are found
by fitting the results of a large number of detailed computer
simulations, and examples are given in Kenna (1984) for
specific demand patterns.

2.11.5 Basis for SDHW Test Method

The performance of a SDHW system can generally be
described by equations containing physical variables which
can be measured directly, as well as constant parameters that
are characteristic of the system. The performance of the
system can thus be predicted for a specific set of conditions
provided estimates can be found for the values of the system
parameters. To estimate these parameters from measure-
ments of the physical variables, methods of system
identification can be used. This approach can form the basis
of a system test.

To base a test method of the system-identification
type on the parametric studies described above, a number of
problems need to be overcome.

Firstly, it should be noted that the correlations
2.11.5, 2.11.6 and 2.11.7 were deduced under the
assumption that the system under consideration has a well-
insulated store. A test should establish whether this is true
rather than assume it. Thus, either these correlations need
to be generalized to include the effect of Lg on the
performance, or the assumption of low losses has to be
established separately,

Secondly, Kenna's so called system parameters M, K
and R are not true system parameters, but depend on the
conditions under which the system is operating. It is easy
to separate constant system parameters from measurable
variables in R, but in M and K the variables H and G* are
each dependent on collector incident angle modifiers, whose
values depend on both the system and the test conditions,
The simplest way of overcoming this problem is to assume
that the modifiers are constants and to identify effective
values for them from the data; alternatively, it may be
possible to calculate them or measure them separately.

Thirdly, and more seriously, there is a problem
arising from the time-scale of the correlations. As the
equations were developed they are formulated in terms of
monthly average daily values of the variables. To gather
sufficient data to identify up to six independent system
parameters from these correlations could require many
months of data, which is clearly impractical. A formulation
using variables in something like the form of daily average
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hourly values is needed, but correlations appropriate for
short-term values -- if they exist -- need to be established.
It may be that correlations of the same form are also valid
for short-term data, and that only the constants are affected
by a difference in time-scale and demand pattern. A more
likely possibility is that more parameters are needed to
model the thermal performance of the system in the short
term,

2.11.6 Likely Form of Test Method

Assuming that correlations using hourly data can be
found, the test method that could be envisioned might
consist of the following steps:

- A short-term demand pattern would be specified
for the test, and computer simulations would be
used to find the coefficients (analogous to a, b
and ¢ in equations 2.11.5 and 2.11.7 that occur
in the short-term correlation appropriate for this
demand pattern.

- The system parameters A', U', MgCp, AgUs, and
the collector incident angle modifiers would be
estimated by best fit of test data to the short-
term correlation functions. (Some, of course,
may be determined separately by more direct
methods.)

- A long-term demand pattern would be specified
either by the user or according to test
specifications.

- Coefficients would be determined for the long-
term correlations, given either by equations
2.11.5, 2.11.6. and 2.11.7 or by a generalization
of them that included the dependence on Lg.
These coefficients would normally be known,
but in the case of a novel demand pattern they
would have to be evaluated specially using
computer simulations,

- The long-term performance of the system would
be predicted using the long-term correlations
together with the values for the system
parameters that were estimated from the short-
ferm test.

2.11.7 Experimental Validation

The correlations contained in Equations 2.11.5,
2.11.6 and 2.11.7, which would be used to predict the long-
term system performance from the estimated values of the
system parameters, have been validated against detailed
computer simulations using data from a wide range of
localities (Kenna, 1984). The short-term correlations, on
which the test would be based, are likely to be generated by
a similar method, and would therefore also be validated




against detailed computer simulations. The experimental
validation of the test method depends therefore on the
validation of the detailed-simulation computer program,

2.11.8 Future Development

Clearly the approach outlined above remains
somewhat speculative, and much needs to be done to
develop it into a practical and reliable SDHW test method.
Among the steps which need to be taken are to

- establish short-term correlations

- determine from the scatter about these
correlations the quantity of data needed to
identify the system parameters with sufficient
accuracy,

- determine the test conditions required and the
necessary accuracy and precision of the
measurements,

- determine the most appropriate numerical
method for the system-parameter identification,

- specify a format for reporting the results of the
test.

Two research projects at the SEU, one to study short-
term correlations as a basis for a test method and the other
to study appropriate methods of system identification, are in
progress.
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2.11.9 Potential Advantages of the Method

- The method could be used in sity.
- A few, simple measurements would be required.

- It would be easy to predict the long-term
performance for different locations and demand
profiles.

It may be possible to take account of different control
strategies in the same way as different demand patterns, and
the possibility should also be investigated of using the
same or other correlations to extend the approach to non-
conventional systems, such as thermosiphon systems or
integrated systems.

2.11.10 Potential Disadvantages of the Method

- The identification of grouped system parameters
does not permit diagnosis of individual
component failures.

- The test method is not fully developed, and its
practicability is not yet certain.
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2.12 UNITED STATES - ARIZONA STATE
UNIVERSITY

2.12.1 Introduction

A proposal is made that commercial SDHW systems
be rated by their annual fractional energy savings under site-
specific solar/meteorological conditions, the method of
estimation to be interpolation between indoor test points by
means of the f-Chart 4.0 performance correlation (Beckman
and Klein, 1977) and the indoor test method to be ASHRAE
Standard 95-81.

The concept of a performance correlation for solar
domestic water heating systems is analogous to the concept
of an instantaneous efficiency curve for a collector. The
efficiency curve of a collector is, generally speaking, a
straight line relationship between the collector efficiency
and a parameter involving insolation, ambient temperature
and inlet water temperature. This line characterizes the
thermal petformance of the collector. We envision a
performance correlation for SDHW systems to be a linear
relationship between the solar fraction carried by a system
and a correlation parameter involving average solar/weather
data and collector/storage parameters. Such a correlation
could capture the thermal performance of a system in much
the same manner an efficiency curve captures the thermal
performance of a collector.

2.12.2 Scope

Promising correlation parameters have been derived
by others from computer simulated performance of SDHW
systems. Most notable among these stands the f-Chart
version 4.0 correlation for solar fraction which employs
Ifong-term collector utilizability statistics. The validity of
the correlation for monthly performance figures of actual
systems remains to be shown. Linearities may appear in
simulation results owing to linearity assumptions rather
than physical fact. The major thrust of investigation in this
area has been to determine the degree of linearity actually
existing between two selected correlation parameters and
actual monthly performance of four generically different
SDHW systems.

2.12.3 Resulis

Initial consideration for a correlation variable went to
one proposed by Liu and Hill (1979) based on TRNSYS
simulation of long-term SDHW system performance. Their
correlation variable, labelled F, is formed by multiplying
total insolation on the aperture plane by the collector
optical factor, FR(ta)e,n and subtracting a figure for
collector heat losses to a reference temperature, The
difference correlates with useful energy gain of the system
and when ratioed to the hot water load correlates with the
solar fraction carried by the system.
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A more refined correlation parameter is the estimated
solar fraction defined by the following formula:

sf{estimate)=

[AFR(00) G 0 - (UAYT-T(env))At-Cg(Tr-Tj)/Q(load)

where the symbols have the following meanings:

0 A statistical insolation parameter

defined as the fraction of radiation

during a specified interval which is

above the utilizability threshold of the

collector in question.

G = Total solar irradiation per square area
on the collector aperature integrated
over the time interval in question,

(Ta) = An estimated time averaged value of
the collector transrnittance-absorptance
product (ta).

Fr = The collector heat remaval factor
according to ASHRAE standard 93-77
testing,

A = Gross area of the array.

(UA) = Storage overall heat transfer

_ coefficient.

T = An estimate of average storage
temperature.

T(env) = Average temperature of the storage
tank environment,

At = Length of the time interval.

Cg = Thermal capacity of the storage tank.

T = Final storage temperature.

T; = Initial storage temperature.

Qoad) = The hot water thermal load on the

system,

The parameter sf(estimate) will follow variations in
system performance more closely than F because 1) the
utilizability concept more accurately reflects how systems
operate and thereby gives better estimates of useful energy
collection, 2) diurnal variation in optics of collection are
accounted for in (to), 3) storage losses are taken into
account, and 4) changes in stored thermal energy are figured
into the monthly energy balance.

Figure 2.12.1 shows the correlation of sf (actual) yg
sf (estimate) for a double tank direct system monitored by
the National Bureau of Standards (Wood, 1981) for a period
of 11 months. The coefficient of determination for this
correlation is 0.97 -- a significant improvement over the
correlation of the same data using the F parameter which
yielded r2 = 0.91.




Figure 2.12.2 shows the performance correlation for

a Drain Down system based on the data gathered in the

long-term evaluation experiment. (Balon and Wood, 1980)
The ten monthly data points are represented as circles. The
data point on performance obtained by ASHRAE Standard
95-81 testing of the system is shown as a cross.

Figure 2.12.3 shows the performance correlation for
a concentrator system. The points designated by an F
‘epresent months in which the system experienced a
significant freeze-protection burden. The sysiem employs
recirculation freeze-protection so freeze-protection activity
appears as additional heat loss. The correlation line drawn in
Figure 12.2.3 excludes consideration of the points
designated F.

2.12.4 Discussion

The extension of the utility of the correlation to a
variety of generic types is important if the correlation is to
be used for rating of commercial systems. Cognizance must
be given to factors which change performance such as the
burden of freeze protection. As evidenced by the data for the
concentrator system which used a significant amount of
energy for freeze protection pose some difficulty for the
proposed rating method or any rating method. A reasonably
accurate method of estimating freeze-protection losses will
be necessary to resolve this problem. The indirect type of
system should present no difficulty since the effect of the
heat-exchanger can be modelled as a change in the collector
performance parameters.

A second source of encouragement on the proposed
rating method is the accurate prediction of outdoor
performance by the indoor test method, ASHRAE Standard
95-81. The cross in Figure 2.12.2 represents a laboratory
test point on performance of the Drain Down system
obtained in four days of testing. The close proximity of the
indoor data point to the performance line established in
outdoor testing encourages the belief that the performance of
this system could have been established with indoor testing
alone.

Thus the proposed rating method as illustrated in
Figure 12.5.4 consists of two ASHRAE 95-81 tests for two
different rating days. One of the days could be a non-solar
day. A computer algorithm such as f-Chart 4.0 can then be
used to interpret these data in a variety of ways. For
example, the sensitivity of annual system performance to
various hot water loads can be determined for any location
as illustrated in Figure 2.12.5. Moreover, the change in
annual system performance for various cities is also readily
available as illustrated in Figure 2.12.6.
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2.12.5 Summary and Conclusions

A proposal has been made that SDHW systems be
rated by their estimated annual energy savings under
location-specific solar/meteorological conditions, the
method of estimation to be interpolation between laboratory
test points by means of the f-chart 4.0 performance
correlation, and the laboratory test method to be ASHRAE
95-81. Evidence for the workability of the proposed rating
method has been gathered, including a demonstration of the
correlation on Drain Down and Concentrator systems. In
one case a laboratory test point was available to compare
with the outdoor performance correlation and good
agreement was shown. The data correlations show that heat
loss due to freeze-protection was substanctial for two of the
systems examined and poses a difficulty for rating the
systems. Nevertheless, the evidence encourages a belief in
the workability of the proposed rating method.
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2.13 UNITED STATES - ASHRAE 95

2.13.1 Irniroduction

A repeatable test method, independent of outdoor
environmental conditions and laboratory geographical
location, was developed to provide a means by which
SDHW systems could be tested and compared. Two
methods were employed. One uses a solar irradiance
simulator to irradiate the solar collectors which are part of
the SDHW system being tested. The other requires that the
energy normally furnished by an outdoor irradiated solar
collector array be replaced by an equivalent amount of
energy supplied by a conventional energy source such as an
electric resistance heater,

2.13.2.1 Test Apparatus

A representative test configuration is shown in
Figure 2.13.1 for the case where a non-irradiated collector
array is used and the collector loop heater is downstream of
the non-irradiated collector array. The purpose of the by-
pass loop is to circulate the transfer fluid through the
collector loop heater during those times when solar
irradiation occurs but the solar domestic hot water system
controller does not require the collector loop pump to be on.
The by-pass loop pump should not operate when the
collector loop is on. For the case where a solar irradiance
simulator is used, the heater and by-pass loop shown in the
solar collector loop of Figure 2.13.1 shall not be used.

The test is done by assembling the complete system
in the laboratory and testing it under a prescribed set of
conditions until its performance is the same for two
successive days and then data are taken for rating purposes.
For all system, either the solar fraction, sf, or the fractional
energy savings, e, can be determined. In addition, a test to
determine the energy delivery capability of the system
during a continuous draw-down is conducted.

2.13.3 Test Procedure
For the thermal test method, the solar collector shall
have been previously tested according to ASHRAE Standard
93 and the following determined:
1. avalue of the collector time constant,
2. acurve of collector efficiency as a function of
(tf,i-ta)/G¢ with the collector operating at near-

normal incidence to the beam of the sun,

3. acurve of incident angle modifier as a function
of incident angle 8,

4. the mass flow rate and the specific heat of the
fluid used during the 93 tests.
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The fluid used in the solar water heating system shall
be the same as that used in the 93 tests.

The storage device(s) shall be filled with water at a
specified temperature, tmain, on the morning of the first
day. The system shall be energized, including integral
heaters and controls, and shall be allowed to operate in its
normal mode during the day and each successive day of the
test. The time for the beginning of the first and subsequent
24 hour test days shall be specified in an associated rating
standard. Any device which is intended to limit or control
the operation of the solar energy collection equipment shall
be set as recommended by the manufacturer. If the system
is designed so that the temperature of the delivered water is
controlled by a thermostatic control on the auxiliary energy
delivery system, this thermostat shall be set to deliver water
at tgee. If the system is designed so that the temperature of
the delivered water is controlled by a mixing valve, the
mixing valve shall be set to deliver water at tge¢ and the
control of the auxiliary heating system shall be set as
recommended by the manufacturer. On each test day, water
shall be withdrawn from the system at times, rates,
duration, and temperature, tget, as specified in an associated
rating standard. If the outlet water temperature from the
system is not maintained at tget, an energy integrator may
be used and the length of time of the draw adjusted so that
the same total amount of thermal energy output, measured
above tmain, is delivered, The energy content of the water
withdrawn shall be determined. Although the use of an
installed flow meter and temperature sensors is allowed, a
preferred method is to collect the water in an insulated
container of known thermal capacity and tare weight. The
water in the container is thoroughly mixed during the
withdrawal period and its temperature, tyj, measured within
30 seconds after withdrawal is complete. The reported value
should account for the thermal capacity of the weigh tank
and/or the time constant of the temperature sensor. The
weight of the collected water is measured. If an instailed
flow meter and temperature sensors are used, the delivery
temperature shall be measured and recorded at no greater than
4.5 kg (10 1b) intervals throughout the withdrawal period.

The test shall be performed until the daily system
supplemental energy required (QAUX) is within three
percent of the value on the previous test day.

2.13.4 Measurements

During the test pericds, measurements of the daily
energy consumed by the circulation system (pumps,
controls, solenoid valves, etc.) and the energy consumed
every 30 minutes for auxiliary heating shall be made. The
energy consumed by the bypass loop controls, pump, fan,
and valves if measured, shall be obtained separately form the
energy consumed by the solar domestic hot water system
components. The daily thermal energy output from the
collector loop heater (if used) shall also be determined from
measurements. All daily quantities shall be recorded at the




end of each test day. During the withdrawal periods, the
mixed temperature of the incoming water and the mass and
mixed temperature of each withdrawal shall be measured. If
the collector loop heater is used, the thermal energy cutput
from the heater, the mass flow rate through the collector
array, and the entering fluid temperature to and temperature
increases across the collector loop shall all be recorded for
each 30 minute time period when the collector loop is in
operation,

2.13.5 Calculations

The daily system hot water load shall be calculated
as:

I
Qp =2 Cpw (L, -t . Yo
L _]g PW(WJ mam) j

The daily net energy supplied by solar energy shall be
calculated as,

n
Qs =j§;l Cpw tsj h tmain)mj

The fraction of the daily system hot water load supplied by
solar energy shall be calculated by '

QS - QPAR
= QL

sf

All measurements used in this calculation shall be
those for the final test day.

2.13.6 Test Day

The test day is generally specified by a rating and
certification organization such as SRCC (see second
reference).

Variable Setting
Tilt angle of collectors  a. 45° if collectors are non-
irradiated,

b. 45° for irradiated collectors,
unless manufacturer requires an
alternate tilt angle for normal
operation and so specified in
writing.
Solar conditions Table 2:13.1
Average air temperature
surrounding the system

A single ambient temperature of
22°C (#2°C), 71.6°F (¥3.6°F),
will be maintained,

Input water temperature ~ 22°C (+1°C)
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(tmain) 71.6°C (1.8°F)

Water draw Three times daily at 0800, 1200,
and 1700, at a draw rate of
0.2kg/s (3.17 gpm) for a variable
time period until for each draw:

QDEL is energy load delivered.

QL = [ mjcp w (ti- tmain)d(time)
= 14,000 kI/draw (13,373 Btu/draw, 3.92)

QDEL is equal to Q. for Solar
Plus Supplement or Solar Only.

Qs = J mjep,w (ts- tmain)d(time)

QpEL is equal to Qg for where tg is equal to temperature

Solar Preheat Systems ~ at outlet of preheat systems.
Unless and until t drops below
35°C (95°F) at which time the
draw is terminated and the total
energy is recorded. Qi shall be
measured, in the case of solar
plus supplemental and solar pre-
heat systems, at the outlet of the
supplemental tank. Thus, for a
solar preheat system, a load as
defined as Qr, is withdrawn from
and measured at the outlet of the
specified supplemental tank.
The delivered load from the
preheat system is concurrently
measured at the outlet of the
preheat system and is defined as
Qs.

Set Temperature Tget shall not be less than

48.9°C (120°F), but can

otherwise be set in accordance

with manufacturer's instructions.

Preheated water tempera-  Up to and including 45°C
ture of solar system (tpre) (113°F)

Time considered for 1700
beginning of first and
subsequent test days for

energy calculations

Mass flow rate during
draw (mj)

0.2 kgfs (3.17 gpm)

Wind Requirement The requirement for wind speed
shall be 3.4 m/s (+0.8 m/s, 7.6

mph (+1.8 mph), across (parallel




to) the aperture of the collector
during the simulation period.

2.13.7 References

Methods of Testing to Determine the Thermal Performance
of Solar domestic Water Heating Systems, ASHRAE
Standard 95-1981', The American Society of Heating,
Refrigerating and Air Conditioning Engineers, Inc,, 1791
Tullie Circle NE, Atlanta, GA 30329

"Test Methods and Minimum Standards for Certifying Solar
Water Heating Systems', Standard 200-82, Solar Rating and
Certification Corporation, 1001 Connecticut Ave. NN'W_,
Washington, D.C. 20036, Revised Nov. 1984
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Table 2.13.1

SOLAR INSOLATION CONDITIONS

Solar Irradiance Profile
Total Total
Trradiance Irradiance Incident”
Time W.h/m?2 Btu/ft2 hr Beta
0800-0900 315 100 . 60
0500-1000 470 150 45
1000-1100 570 180 30
1100-1200 660 210 15
1200-1300 700 220 0
1300-1400 660 210 15
1400-1500 570 180 30
1500-1600 470 150 45
1600-1700 315 100 60
4,730 W.H/m? 1,500 Btu/ft2

*For solar simulation incident angles with respect to 45° reference plane.

B (Beta)} - the angle between the direct beam of the radiation source and the normal to the
45° reference plane

45° reference plane - a plane at 45° to the local horizontal intersecting the collector
aperature along a horizontat line,
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Figure 2.13.1 Schematic of SDHW system test facility using a
thermal simulator for the solar energy input.
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2.14 UNITED STATES - NATIONAL
BUREAU OF STANDARDS

2.14.1 Introduction

A rating procedure for solar domestic hot water
systems is described which combines the advantages of
short-term system tests and correlations of long-term
thermal performance (Klein and Fanney, 1983). The testing
procedure consists of two indoor tests which are in
accordance with ASHRAE Standard 95-1981, except for one
additional measurement needed only for systems employing
a heat exchanger between the collector fluid and the potable
water. The test results are plotted in 2 manner in which
they can be used to estimate the long-term performance of
the solar water heating system for any location where site-
specific, monthly-average meteorological data are available.
The annual solar function obtained in this manner provides
the recommended rating indicator. This method is very
similar to that given in Section 2,12,

2.14.2 Theoretical Development

The basic problem faced in developing the rating
procedure proposed in this paper was to devise a technique
in which the ASHAE Standard 95-1981 steady periodic one-
day test results could be used to estimate the long-term
performance of a SDHW system., A solution to this
problem was found by using the concept of solar radiation
utilizability. The utilizability concept allows SDHW
performance to be presented in a manner independent of
meteorological conditions,

Utilizability, ¢, is defined as the fraction of the solar
* radiation incident on a surface which is above a specified
level referred to as the critical level, I. Utilizability is a
solar radiation statistic, analogous to degree-days, an
ambient terperature statistic. When hourly (or shorter time
period) radiation data are available for the period of interest,
utilizability can be calculated directly from

2 ()
S

(2.14.1)

In Equation 2.14.1, IT is the average solar radiation
per unit area incident on the surface of interest for a given
time period, and n is the number of measurements of IT
used in the summation. The superscript "+" sign is used to
indicate that only positive values of (IT-I¢) are considered;

negative values are set to zero.

Using the ASHRAE Standard 95-1981 test method,
the solar radiation at short intervals is known and the
utilizability for any critical level can be calculated directly
from Equation 2.14.1 for the test day. Long-term average
values of utilizability (referred to as ¢) depend on the
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distribution of solar radiation (i.e., the relative numbers of
poor, average, and excellent days of sunshine which together
compose the long-term average). Methods of estimating the
long-term average value of utilizability without using actual
hourly data have been developed on both monthly-average
(Klein, 1978; Mitchell, Theilacker and Klein, 1978; Evans,
Rule, and Wood, 1982) and annual (Rabl, 1981) bases.

2.14.3 Correlations of Steady Periodic One-
Day Thermal Performance

Solar fraction is used as the index of system thermal
performance. The solar fraction, f, is defined here as

Quux
3

f=1- (2.14.2)

where QAUX is the auxiliary energy required including that
needed to supply tank energy losses, but excluding the
energy to operate pumps, blowers and controls, Q. is the
energy required to heat the require amount of water from the
mains supply temperature, tpy, to the delivery temperature,
td. Q1, is measured by summing the products of the mass
of water drawn, m, the specific heat, Cp, and the difference
between the delivery and mains supply temperatures over
the test day as indicated in Equation 2.14.3. Tank energy
losses and parasitic energy consumption are not included in

QL.

QL = ¥mCp (td-tm) (2.14.3)

Both an energy balance and previous investigations
(Klein and Beckman, 1979; Liu and Hill, 1979) suggest that
the solar fraction can be correlated to the product of ¢ and a
dimensionless parameter, Y. Y is defined as

Aq
Ay X; Fp (ra)e'nE(ITK o )AT
Y= 2.14.4
Q. ( )
where
Ag = the gross collector area
f- FR(':a)e,n = the intercept of the collector
s efficiency curve determined in
accordance with ASHRAE Standard
93-77 (ASHRAE, 1978)
At = the time period over which IT
is measured.
Krg = the incidence angle modifier

averaged over the hourly
period.




The product of IT and Ky is summed over the test
day. Physically, Y is related to the ratio of the total energy
absorbed on the collector surface to the total load during the
test period.

The utilizability, ¢, for the test day can be calculated
from Equation 2.14.1 once the critical level, I, is specified.
Collector theory (Duffie and Beckman, 1980) indicates that
the critical level should be defined as follows:

A

a
'K;FRUL
I. = =~ (2.14.5)
éFRcw)e,u
where
Ay )
- RUL =  the magnitude of the slope of the
Ag collector efficiency curve determined

in accordance with ASHRAE 93-77
(ASHRAE, 1978).

tg =  a daily average system operating
temperature,
ta = a daytime-average ambient

temperature.

The final choice for tg is the daily average
temperature of the water in the solar-heated portion of the
storage tank during the period in which the collector pump
is operated. The solar-heated portion of the storage tank is
defined as that portion of the tank which can be heated by
solar energy, but is not heated by an auxiliary energy
supply. In a double-tank system, the solar-heated portion
constitutes the entire preheat tank, but excludes the
auxiliary tank. In a single-tank system having an electric
heating element in the upper section, the solar-heated
portion of the tank consists of that portion of the tank
located below the electric heating element. tg can be
measured in either of two ways. For system configuration
in which water is pumped from the tank to either a collector
array or a heat exchanger, tg is the average temperature of
the water exiting the tank during the period in which the
collector pump is operated. For indirect heat exchanger
systems, tg must be determined by measuring the
temperatures at several representative positions within the
solar-heated portion of the tank and averaging these over the
period in which the collector pump is operated. Thus, for
all systems employing heat exchange between the collector
fluid and the potable water, a measurement of the average
temperature in the solar-heated portion of the storage tank is
required in addition to those measurements specified in the
ASHRAE Standard 95-1981 test method.
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2.14.4 Correlation of Long Term Thermal
Performance

The monthly and annual performance calculated using
the steady periodic one-day results is compared with the
performance predicted by TRNSYS simulations for a yearly
period.

The monthly solar fraction, f, is defined as in
Equation 2.14.2, except that in this case QAUX and QL
represent the monthly auxiliary energy use and water
heating load. A monthly value of the dimensionless factor
Y is defined analogously to Equation 2.14.4 as follows:

A, _ i
A, i Fplten AR K, o

Y= — (2.14.6)
Q

where

H = the monthly-average daily radiation per

unit area on a horizontal surface

the ratio of the monthly radiation on the
collector plane to that on a horizontal
surface

the monthly-average incidence angle
modifier

Z
=1
I

Qr, = the monthly-average daily hot water load
Monthly-average daily horizontal radiation data are
available for more than 200 locations in North America
(Knapp, Stoffel and Whitaker, 1980). R can be estimated
(when tilt radiation data are not available) as described in
Klein and _Theilacker (1981). A method of
calculating Krq can be found in Klein (1979).

Methods in estimating ¢, the monthly-average solar
radiation utilizability, are available (Klein, 1978; Mitchell,
Theilacker and Klein, 1981; Evans, Rule and Wood, 1982);
in the results which follow, the algorithm of Mitchell,
Theilacker and Klein (1981} is applied. In order to
estimated, a monthly-average critical level, I must be
specified. I is defined in analogy with Iz in Equation
2.14.5.




Ay
~~R
- AgRL
I. = ts (2.14.7)
Aa
gFR(W)e,n
where
tg = a monthly-average system operating
temperature
Tty = the monthly-average ambient temperature.

{As indicated by Evans et al. (1982), using
the daytime-average in place of the 24-hour
monthly-average ambient temperature has
little effect on the calculated value of ¢.)

The system operating temperature for the short-term
tests is measured during the test procedure as described in
Section 2,143, On a monthly-average basis, however,
measurements are not available. A monthly-average system
operating temperatures, tg_is needed in order to evaluate the
utilizability and thereby use the steady periodic one-day test
results to estimate monthly performance An appropriate
definition of tg, for this purpose is the monthly-average
temperature of stored water heated by solar energy. tg was
calculated in the TRNSYS simulations. For single-tank
systems, tg was taken to be the monthly-average value of
the average temperature in the lower three sections of the
storage tank. (The top section is maintained at the delivery
temperature by the heating element)., For double-tank
systems, tg was simply the monthly-average temperature in
the preheat tank,

This procedure for estimating the long-term average
thermal performance from the steady periodic one-day test
results is as follows:

Step 1: Y is evaluated using Equation 2.14.6.

Step 2: A guess is made for tg.

Step 3: I is calculated using Equation 2.14.7.

Step 4: ¢ is evaluated at a critical level of Tc using
the algorithm in either Mitchell, Theilacker
and Klein (1981) or Evans, Rule and Wood
(1982).

Step 5: The product of ¢ and Y is calculated and
used (in place of ¢Y) to obtain a value of f
from the correlation based on short-term
ASHRAE Standard 95-1981 test results.

Step 6: tg is calculated using Equation 2.14.12. If

this value of tg differs significantly from
that used to calculate I; in Step 3, steps 3-
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6 through six are repeated until convergence
is obtained. Convergence can be achieved
by successively substituting the newly
calculated value of tg back into Step 3;

however, at high solar fractions, the use of
an iterative solution technique such as
Newton's method greatly reduces the number

of iterations required.
Step 7: The annual solar fraction, F, is calculated
from
. 2
E_osss(ﬁf).»ozol(ﬂf) (2.14.12)
12
X
i=
F= T (2.14.13)
2Q

The annual solar fraction should be used (along with
a consideration of parasitic energy consumption reported
with the short-term test results) as the basis for rating
SDHW systems.
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2.15 UNITED STATES - OREGON
DEPARTMENT OF ENERGY

2.15.1 Purpose
This document is a guide for determining the thermal
performance of ICS and thermosiphon systems. The
methods are written to be consistent with testing procedures
specified in ASHRAE Standard 93-77, ASHRAE Standard

95-81, ISCC Standard 80-1 and ISCC Standard 82-3. (See
Section 2.15.4.)

2.15.2 Scope

This document applies to passive solar water heating
systems and is intended to provide data for determining
thermal performance of those systems. Systems must also
meet the design criteria and durability standards specified in
ISCC 82-3. The manufacturer may submit ISCC approval
or sufficient information t0 enable the Oregon Department
of Energy to determine that the system complies. In
addition, Oregon has specified requirements for freeze
tolerance which must be met by all systems.

The procedure does not include a specific standard for
safety. Safety must be considered and attention is directed
to the following documents.

A. Underwriters Laboratory (1979), "Underwriters
Laboratory Standard for Solar Collectors:
Proposed Standard UL1279'

B. The Council of American Building Officials

(1980), 'Recommended Requirements to Code

Officials for Solar, Heating, Cooling and Hot
Water Systems’, (Model document for Code
Officials on Solar Heating and Cooling of
Buildings [CABO])

C. Local Building and Plumbing Codes.

2.15.3 Test Methods for Solar Systems

2.15.3.1 Volume Measurement

The volume of the storage unit in the solar system
shall be measured. During normal operation, it is quite
possible for an air bubble to fill a portion of the storags
tank. The tank should be filled as if it were in normul
operation at a typical installation tilt, with no attempt to
dislodge a normally occurring air bubble. The volume of
water in the storage tank shall be determined by draining the
water into smaller containers which can be weighed, The
temperature of the water shall be recorded. The volume
shall be calculated as V = (W - Wo)/R where: V =
volume, WF = filled weight, W = empty weight, and R =
density of water at the specified temperature. The sum of
all the volumes shall be reported as the storage volume,
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The volume is used for estimating annual performance
although it is not necessary to the thermal performance test.

2.15.3.2 Thermal Performance Test

The thermal performance test determines the heating
efficiency of the solar collector over a range of operating
temperatures. Efficiency is defined as the ratio of collected
energy to the total available solar energy falling on the
collector area. Collected energy is determined by the
product of the fluid thermal mass times the change in
temperature of that mass. Available energy is determined by
the integrated solar irradiance. Typically, two installations
are set up side by side and data points of five hours duration
are taken at two different starting temperatures. The
collector is allowed to cool at night in order to establish the
night cooling losses. The procedure is repeated for a second
and third day. The test procedure is written for an outdoor
test; however, it is possible to test under a solar irradiance
simulator according to procedures specified in ASHRAE 95-
81,

Instrumentation. Instrumentation specifications are as
specified under ASHRAE 93-77. The recording
pyranometer should be capable of integrating the solar
irradiation over the test period. Both direct and diffuse
irradiation fractions shall be reported.

Experimental Configuration. The unit to be tested
shall be installed with a configuration as indicated in the
figure:
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To shorten the number of test periods, two solar
systems are tested side by side. The collector units are
covered until the start of the test. The configuration
includes a 3-way diverter valve at #1, immersed
thermosensors at #3 and #4, and a pump at #2. The pump
must be capable of circulating the storage volume in about
10 minutes. Usually a 1/30 horsepower circulator is

adequate.




The experimental set-up allows for cold water to
enter through the pump with the three-way diverter valve #1
rotated to an outflow position. After the unit has been
filled, three-way diverter valve #1 is rotated to permit
pumped flow of the fluid from the top to the bottom of the
storage tank. A temperature sensor is inserted at the storage
tank outlet and the make up water inlet. All pipelines and
the pump are insulated with a minimum of R-4 insulation.

Test Sequence. The thermal test sequence is as
follows:

1. System inspection and inventory of all
components.

2. Verify system installation as specified above and
as specified in manufacturers documentation.

3. One system charged with cold water not
exceeding 57°F (14°C) water initially. The other
is charged with hot water at approximately
110°F (43°C). Both systems are circulated to
uniform temperature and that temperature
recorded before start of the test.

4. Collectors are uncovered and exposed to solar
radiation for the specified measuring period from
0930 to 1430 hours relative to solar noon at
1200 hours.

5. At the end of a measuring period, recirculate the
tank water in both systems by turning on the
pump until the temperature is uniform
(approximately 10 minutes) prior to recording a
temperature measurement,

6. Record the circulated tank temperature at 0930
and 1430 hours,

7. Leave the tanks overnight to measure the
cooling loss.

8. Repeat steps three (3) through six (6) for two
more days. On the second day use the test period
from 0800 to 1350 hours.

9. Perform the specified water withdrawal test to
measure the thermal mass.

10. Report preparation.

11. Data analysis.

During the testing procedure, the ambient air
temperature shall be monitored and recorded at 15 minute

intervals. The use of a datalogger which will average the
readings is recommended.
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_from the water main.

Document that the components are correctly and
completely assembled according to manufacturer's recom-
mendation. List and describe all components. The
installation must conform to usual installation practice as
described in the manufacturer's installation instructions.

Install the system with the configuration specified in
2.15.3.2 (Experimental Configuration). The solar collector
unit shall be oriented due south and tilted to allow an
incident angle at solar noon that is as close as possible to
normal. An exception may be allowed for units whose
supporting documentation specifies a different tilt. The
system is tested without any external reflectors.

The pyranometer shall meet the requirements
specified in ASHRAE 93-77 and shall be mounted with its
sensor coplanar to the plane of the collector aperture. It
shall not cast a shadow onto the collector aperture at any
time during the test period. The pyranometer shall not be
mounted so as to receive a percentage of reflected radiation
that is disproportionate with that received by the collector.
It is recommended that the pyranometer be mounted near the
upper-half periphery of the collector and in the upper center
of the collector array. The pyranometer should be oriented
sc that the emerging leads or the connectors are located
north of the receiving surface or are otherwise shaded to
minimize solar heating of the electrical connections. Care
should be taken to minimize reflected and reradiated energy
from the collector onto the pyranometer. The pyranometer
must be capable of integrating readings over the test period.

Identification of the aperture plane may be difficult
for curved or cylindrical collectors. Generally, the aperture
plane will be the plane that contains the long axis of the
collector and also faces due south.

Charge one system with cold water at a temperature
of 57°F (14°C) or less entering through the pump. This
requires that three-way valve #1 be rotated to allow flow
from the collector to the outlet port, The method ensures
that air is purged from the pump subsystem. After the unit
is filled, rotate three-way valve #1 to allow flow from the
collector to the pump. Circulate the fluid until the
temperature is uniform (approximately 10 minutes). Stop
circulation and record the initial temperature on Sensor #4,
Repeat the same process to charge the other system with
hot water at 110°F (43°C). The easiest method to charge
the systerm is to fill it with water one day ahead of the test
and allow it to be solar-heated. It can also be charged with
hot water from a conventional hot water heater. For
subsequent tests, the unit with the hottest water can be used
for the hot filled unit. The cold filled unit should be filled
The purpose is to ensure that
duplicate tests are performed under different inlet parameter
conditions. Errors are minimized by testing two units under
the same irradiance.




Initiate the test at 0930 hours relative to solar noon
at 1200 hours. Uncover the collectors and expose the unit
to solar radiation. Make sure that the pyranometer begins
to collect integrated readings starting at the same time.
Record ambient temperatures at intervals of 15 minutes.

At 1430 hours the test period ends. Cover the
collectors and circulate the water until a uniform
temperature is established. Record the temperature on
Sensor #4. Repeat the same process for both systems,

Night Cooling. Circulate the water in the warmest
tank at 1700 hours. Record the time and the temperature
after it reaches uniformity. Shade the collector from any
sunlight but do not cover the collector overnight. Continue
to record ambient temperature at 15 minute intervals. On
the next morning, circulate the water at 0800 hours or
before the sun rises. Record the water temperature after it
has stabilized. Record the precise duration of the cooling
period,

Continue the test procedures as described in steps 3
through 5 for two more days. On the second day use the
test period from 0800 to 1300 hours. On the third day, use
the test period from 1100 to 1600 hours.

Thermal Mass Measurement. At the end of the last
test period, use the storage unit which is filled with the
hottest water and which has been circulated to achieve a
uniform temperature. Cover the collector to prevent further
solar gain. Rotate valve #1 to allow a draw from the
collector to the outlet port. Draw approximately 10 gallons
(40 liters) of water out of the unit. Rotate Valve #1 to
permit flow from the pump to the collector unit. Circulate
the unit again until it has reached a new uniform
temperature. Record the inlet temperature on Sensor #3, the
initial circulated temperature, the final circulated temperature
and the precise volume of water removed.

2.15.3.3 Reporting of the Data

The raw data will be reported in the following
format. List for each model tested the tank temperatures at
start and end of the test period. For the same periods of
time, list the solar irradiation and average ambient
temperatures during the measurement intervals. List the
direct and diffuse fractions as specified in ASHRAE 93-77
Section 8.3.2. For the intervening night cool-down, list
the tank temperatures at the start and end of the period, the
duration of the period, and the recorded hourly average
ambient temperatures. For the thermal mass measurement,
list the initial temperature, the final temperature, the make-
up water temperature and the precise volume drawn off.

2.15.3.4 Data Analysis

Heating efficiency of the unit will be calculated by
the following procedure. First, establish the thermal mass
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of the system. Second, establish the heating efficiency for
the test intervals. Third, establish the inlet parameter for
the measurement intervals, Fourth, plot the results
graphically to establish the slope and intercept parameters.
Fifth, establish the exponential night cooling constant.

A. Calculate the thermal mass of the unit:

) v [(CPiTi) - (CPme)]

Ti—TF
where
M = Thermal mass
v = volume of water withdrawn
{(Cp)}i = specific heat of water at initial
temperature
(Cp)m = specific heat of water at water main
temperature
TR = final temperature
Tm = water main temperature
B. The heating efficiency is established for each of
the test periods:
M(TF - Ti)
M=—7
where
n = heating efficiency
M = thermal mass
TF = final temperature
Ti = initial temperature
I = integrated solar irradiation over the 5 hour
period.
C. The inlet parameter is established for each of the
test periods:
5 Ti-Tamb)
P-— —~
I
where
P = inlet parameter
Tj = initial temperature
Tambh = average ambient temperature during the
test interval
I = integrated solar radiation during the 5
hour period.

D. Results are plotted graphically as 1 versus P for
each test period. A least squares fit of the data




points is used to establish the intercept and slope
of the efficiency curve.

At least six data points must be used. No points
may exhibit excessive departure from the calculated least
squares line. Excessive departure will be considered as a
difference in the efficiency value which exceeds the least
squares line at the same inlet parameter by one or more
standard deviations compared to the differences of the other
data points. The test procedure may need to be repeated if at
least six good quality data points are not apparent. The data
points must also represent equal numbers of morning,
noon, and afternoon test pericds. A slight difference in ef-
ficiency may occur during these different periods and the
reported result must be the equally weighted average.

E. Calculate heat loss coefficient. The exponential
cooling coefficient is calculated from the natural
logarithm of the initial and final temperature

differences.
(Ti_Tamb)
In ——————— = kt
(TF_Tamb)
where
Tj = the temperature at the start of the
cooling period
Tr = the temperature at the end of the
cooling period
Tamb = the average ambient temperature during
the night
t = the time interval, in this case 10 hours
k = the exponential cooling coefficient

The exponential cooling coefficient is related to the
heat loss as follows:

k=UA /M
where

M
(UALL

the thermal mass
the heat loss coefficient

Solve for (UA)L, and report this result. This result
should be very similar to L, the heat loss coefficient
calculated in the test procedure ISCC 81-3, The difference is
that the ISCC procedure specifies a fan to duplicate wind
cooling effects, Results from the ISCC test can be
substituted if a manufacturer chooses to simplify the
procedute.
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2.15.3.5 Use of the Solar Simulator

A similar test procedure may be followed using a
solar simulator as specified under ISCC 82-3. Under these
conditions, the ambient environment shall be controlled to
22.0 £2°C (71.6 £ 3.6°F). Ambient temperatures shall be
recorded at 1 hour intervals. Input water temperature shall be
as specified in Section 2.15,3.2 (Test Sequence). The
collector unit shall be mounted at 45° tilt and exposed to the
same irradience profile as specified under ISCC 82-3. The
test may be performed on a single collector unit.

The collector is initially charged with cold water. The
water is circulated as previously described and the
temperature recorded. The test period shall be from 0800 to
1230 hours. At the end of the test period, the water will be
circulated and the temperature recorded as described in
Section 2.15.3.2 (Test Sequence).

A new test period shall be started from 1230 to 1700
hours. Procedure is as described in Section 2.15.3.2 (Test
Sequence).

A night cooling test is performed on the unit from
1700 to 0800 hours the next morning, Procedure is as
described in Section 2.15.3.4 (Test Sequence). The
manufacturer may substitute the night heat loss results from
the ISCC 81-3 test procedure.

Following the cooling test, the unit should already
be filled with water at a uniform temperature. A new test
period is started from 0800 hours to 1230 hours as described
in Section 2.15.3.2 (Test Sequence).

Thermal mass test shall be as specified in Section
2.15.3.2 (Thermal Mass Measurement).

Data analysis proceeds as described in Section
2.15.34 (Data Analysis). Calculations involving the
length of the heating period are corrected to use a duration of
4.5 hours. The slope and intercept must be calculated from
at least four data points composed of equal numbers of
morning and afternoon test periods,
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3.0 REVIEW AND CONCLUSIONS
3.1 SUMMARY

Section 1.1 indicated the many factors including the
system design, meteorological variables, control strategies
and usage, which influence SDHW system performance, and
which may or may not be taken into account in a test. The
form of approach adopted when developing a procedure for
testing SDHW systems is largely determined by the relative
importance given to these various elements. In the section
that follows there is a discussion of the features which
would be desirable in a general-purpose test method designed
to meet the different needs of the IEA participating
countries.

In Section 3.2, a brief overview is given of the
different types of SDHW system testing that are presently
available. The test methods described in Chapter 2 are
classified according to common features that have suggested
ways in which they could be synthesized into perhaps two
or three distinct methods. In each case, an indication is
given of the direction in which the collaborative work of
Task III is intended to proceed.

Finally, in Section 3.3, the conclusions of the report
are summarized.

3.2 TYPES OF APPROACH ADOPTED IN
THE METHODS CONSIDERED

The methods described in Chapter 2 can conveniently
be classified firstly according to whether the test
measurements are made on the whole system, on individual
components, or on both, and secondly according to whether
the procedure results in a characterization of the system
performance as a function of external {meteorological)
variables, in terms of internal (thermal) variables only, or as
a single-valued rating. Accordingly, we have the following
types of method:

A. System performance for a range of weather
conditions characterized by parameters determined
from individual component tests

In this approach, the test consists of a battery of
separate component tests to identify individual component
parameters such as the collector efficiency with the inlet
ternperature equal to the ambient temperature, the collector
loss coefficient, heat-exchanger effectiveness, store loss
coefficient, and so on.

The prediction of long-term performance is generally
by detailed simulation, but could also be by some form of
simplified model whose parameters can be calculated from
the measured values of the component parameters.
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Measurements on the whole system are used only to
verify that with the measured values of the component
parameters the simulation model provides an accurate
description of the system performance. The more detailed
the model, and the more variables that are measured in the
shart-term validation, the more easily can this approach be
used as a diagnostic test of system malfunction.

Examples of this kind of test are the TPD indoor
method (2.8.2) (the component parameters in the TPD test
are. actually determined from a whole system test.), and the
Danish test method (2.6). It is not always necessary to
determine the component parameters from completely
separate component tests. Often it is possible to get the
relevant information about the component parameters out of
the system test. The Danish test method can be used both
indoors and outdoors. For convenience, methods of this

type could be referred to as 'simulation methods’,

As a contribution to the development of simulation
methods the Task IIT Participants have begun to draft
procedures for component tests which, after careful
validation, will be published as joint recommendations. It is
also planned to draw up recommendations on the form of
presentation of the long-term performance predictions and
on requirements for the validation procedures. The detailed
or simplified simulation models used in these methods will
not be the subject of any collaborative development or
validation, as this lies outside the scope of the Task.
Clearly, however, the validity of a particular test method
depends critically on the applicability of the simulation
model to the system under test.

B, System performance for a range of weather
conditions determined from measurements on the
whole system

These are methods in which the performance of the
system is characterized by a correlation or by a model, and
where the form of the correlation or the values of the model
parameters for the system under test can be determined
directly from measurements on the whole system. The
same correlation or model, suitably weighted or
extrapolated, provides the method of long- term performance
prediction.

Among methods of this type are the Australian
indoor_and outdoor methods (2.1) and (2.2), which use a
simplified f-chart type correlation, the TPD outdoor method
(2.8.3), which produces input-output subsystem efficiency
curves, the UK SEU method (2.11), based on the
correlations by Kenna, the S ASU method (2.12), based
on f-chart utilizability type correlations, the CEC JRC
method (2.5) which produces an input-cutput correlation,
the Munich University method (2.7.1), in which sufficient
measurements are to be taken on the system that individual
component parameters of a more detailed simulation model




can be identified, and the Swiss SOFAS method (2.10), in
which the individual component parameters of a more
detailed simulation model are calculated from in-situ
measurements for a few weeks under real operating
conditions. Note that it is the only possibility of using
system measurements alone which characterizes these
methods; in many cases partial information may be also
obtainable from individually-measured component
parameters, In view of the methods of data analysis required
by these methods, it may be useful to refer to them as
" m- identification m "

System-identification methods have an advantage
over simulation methods in that the long-term performance
prediction is based directly on system measurements. The
prediction will therefore reflect any difference between actual
system performance and the design performance of the
system. For this reason, the Task III Annex proposed the
development of methods of this type as the objective of
Subtask E, and this has a strong influence on the direction
of the work.

C. System performance for a range of weather
conditions determined from a combination of
separately-measured component parameters and
whole system measurements

These methods include those in which the
performance of the system is characterized by correlations or
mode] parameters that cannot be determined solely from
measurements on the system. Examples are the
Sweden/France method (2.9) and the US NBS method
(2.14).

In the Sweden/France method, the usual collector
parameters are measured using established test methods, and
the storage-tank loss coefficient is measured in an overnight
heat-loss test, while estimates of the storage thermal mass
and a collector-store loop efficiency are obtained from indoor
or outdoor measurements on the whole system. These
parameters are fed into a simplified simulation program
(OSOL) which predicts the long-term performance.

The US NBS method was devised to provide a means
of long-term performance prediction from the measurements
performed in the ASHRAE-95 procedure. The method
makes use of correlations involving short- and long-term
daily utilizabilities, which gives it a much wider
applicability than methods based on correlations of the
original f-chart type. In order to compute the utilizabilities,
however, values of the collector parameters have to be
determined by separate test measurements.

Variants of the system-identification methods, where
some of the system parameters are calculated in terms of
separately-measured component parameters, could also be
included among these methods. If all the system parameters
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were determined in this way, of course, the method would
count as a simulation method.

Because they lie somewhere in approach between the
simulation methods and the system-identification methods,
it will be convenient to refer to this methods as "hybrid

In view of the advantages seen for system-
identification test methods, it may be felt better to identify
model parameters from system measurements whenever
possible. When this is not possible, however, the
development of a hybrid method may be amply justified by
other inherent advantages. There are features of the methods
described which would be of considerable advantage in any
type of method, and which are likely to have a strong
influence on the final outcome of the programme.

D. System performance determined as a function of
internal variables from measurements on whole
system

The methods of this category were developed for
systems with thermosiphon operation. They are the
Belgium Mons_method (2.3), which is directly applicable
only to integrated collector storage (ICS) systems, and the
Oregon DOE method (2.15). Both can be used indoors or
outdoors, and, in both, the system performance is
characterized by correlation between the efficiency of
operation and the operating temperature. Separate
parameters describe the heat loss from the store,

Because these methods provide a partial solution to
the long-term prediction of system performance, they could
be described as "partial methods"”.

In view of the considerable and growing interest in
thermosiphon systems, a study within Task III of how these
methods could be developed would be of great value. In
particular, correlations or simplified models that can be
extended to thermosiphon systems would provide a means
of predicting their performance for given demand patierns in
terms of meteorological data.

E. System performance determined for specific test
conditions only.

In these methods the performance of the system is
measured in a specific set of conditions, and this
performance is taken as a measure of the quality of the
system. If the conditions are repeatable, as in a solar
simulator or cutdoors in a very dependable climate, then a
comparison of the performances of different systems in the
test can be used to compare the systems. If the conditions
can be such that the test performance is representative of the
long-term performance of the system in a given climate and
with a specified usage, then {(by simple multiplication} the
method provides an estimate of long-term performance.




However, the method does not as a rule provide a means for
predicting the performance in other conditions.

Examples of such methods - commonly described as

“rating methods" - include the ASHRAE-95 method using a
solar simuylator (2.13), and the Canadian Method (2.4),
which was developed from ASHRAE-95 but with test
conditions typical of Canada.

Also included in this group are methods in which the
performance rating is determined from a combination of
separately-measured component parameters and
measurements on the whole system. An example is the
ASHRAE-95 method using a thermal simulator (2.13), in
which the solar-collector parameters are determined, and in
the test the collectors are replaced by a heater giving the
same thermal output.

Because rating methods do not provide a flexible
means of predicting long-term performance, they do not in
themselves meet the objectives of the Task. They can,
however, with additional measurements or analysis, provide
an experimental basis for a more general test method - as
the US ASU and the US NBS methods using results from
the ASHRAE-95 method. Hence within Task III rating
methods are being studied on the same basis as the other
methods for the contribution they can make to the common
procedures under development.
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3.3 CONCLUSIONS

A variety of methods of testing SDHW system
performance exist or are under development. These methods
have generally been designed to meet different specific
requirements. In this document the authors of a number of
methods have described the principles of their methods,
outlined the experimental procedures, and indicated the state
of development of the method. They have also drawn
attention to the possible advantages and disadvantages of
each approach.

The IEA Task III participants have identified a
number of common objectives in SDHW testing, and are
undertaking a joint programme to develop common test
procedures that incorporate the best features of the individual
methods. The report has indicated the way in which this
development is taking place.

During the period 1986 - 1987, following the
drafting of agreed test procedures, an experimental
programme of validation will be carried out within the
participating laboratories. This work will culminate in the
publication of joint recommendations for testing SDHW
systems and reporting the results, in 1988,
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