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ABSTRACT

Four years of thermal performance, operation, maintenance, and
longevity for eleven evacuated collector installations in the United
States, Canada, Europe, and Australia are reported. Also presented are
details on each installation’s system, controls, loads, climate,
components, and experiments. All installations have used a common set of
definitions and reporting format so that different installation’s results
may be easily and unambiguously compared. Thermal performance results
are provided on an instantaneous, daily, monthly, and seasonal basis.
Comparisons are made to show what effect differences in collector type,
evacuated tube type and size, reflectors, tube spacing, preheating,
capacitance, snow cover, season, climate, and end use patterns have on
thermal performance, operation, maintenance, durability, and longevity.
A concise 1ist of conclusions are presented for evacuated collector and
system thermal performance, operation, maintenance, and Tongevity.
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EXECUTIVE SUMMARY

OVERVIEW

This report covers the experimental activity in eleven installations
of an International Energy Agency Solar Heating and Cooling Program
evacuated collector systems research project. The multi-national effort
spans seven years. Installation applications range from single family
residential heating and cooling to large scale industrial process heat
and district heating. The thermal performance for each installation is
reported, as are a great many particulars regarding system components,
controls, loads, climate, installation, operation, maintenance,
longevity, and snow cover. A previous report addressed the first three
years of the project. This report covers the last four years of
experimental activity. A 1ist of Task VI reports covering additional
subjects investigated during the course of the research is found in the
References and Bibliography section. :

OBJECTIVE

The project objective was to further the understanding of the
performance of evacuated collectors in solar heating, cooling, and hot
water systems and to study, document, and compare the performance
characteristics of such collectors in various systems and climates.

RESEARCH APPROACH

To accomplish the objective, research teams from the ten participat-
ing couniries performed experiments, analyzed the results, modeled
component and system performance, and reported the findings.

Each of the ten countries provided at least one well instrumented
installation with at least two full time scientific staff members and a
full time data engineer who was responsibie for the instrumentation and
data acquisition equipment and the timely correction of system faults.

A mandatory uniform reporting format was adopted which facilitated
comparison of performance among different dinstallations and allowed
material to be conveniently assembled into Task reports.

EVACUATED COLLECTORS

More than twenty different evacuated collectors were studied during
the 1979 to 1986 period of the research project. There were evacuated
collectors with round and flat absorbers; glass and metal absorber
substrates; soft and hard glass vacuum enclosures; close, moderate, and
wide tube spacing; U-tube, heat pipe, thermosyphon, straight through, and
direct contact heat extraction; black chrome, cobalt oxide/sulfide, and
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Table 1 Philips VIR361 Collector Performance Data
for January 2, 1984, CSU Solar House I.

AVERAGE AVERAGE
TOTAL COLLECTOR AMBIENT TOTAL COLLECTOR AMBIENT
SOLAR FLUID AIR SOLAR FLUID AIR
RAD, TEMP. TEMP. COLLECTOR RAD, TEMP. TEMP.  COLLECTOR
TIME W/m oc o EFFICIENCY | TIME w/m 2 oC EFFICIENCY
8:45 458 41.3 -8.5 .545 12:30 1028 69.5 -1.8 .613
50 495 42.0 -8.4 .547 35 1028 70.0 -1.8 .610
55 520 42.7 -7.9 .554 40 1027 70.5 -1.1 .605
9:00 546 43.4 -8.0 .561 45 1024 71.0 -1.3 .603
5 572 44,1 -8.1 .5B6 50 1015 71.5 -1.0 .597
10 598 44.9 -7.6 .573 55 1006 71.9 -1.0 .592
15 621 45.7 -7.2 576 13:00 1005 72.3 -1.0 .583
20 644 46.3 -7.2 .578 5 1002 72.8 -0.6 .578
25 £68 45.4 -7.2 .555 10 994 73.2 -0.8 .573
30 691 46.8 -6.8 .B11 15 986 73.7 -0.8 .570
35 712 47 .4 -6.7 .587 20 974 74.2 -1.0 .569
440 731 47.9 -6.8 .530 25 959 74.6 -1.1 .568
45 751 48.3 -6.8 .592 30 944 75.0 -0.6 .568
50 771 48.8 -6.8 .590 3s 938 75.5 -0.7 .564
55 730 49.4 -6.4 .59? 40 926 76.0 -1.0 .566
10;00 809 50.0 -6.3 .589 45 813 76.4 -0.5 .564
5 827 50.6 -5.9 .500 50 900 76.8 -0.5 .565
10 843 51.3 -5.9 .590 55 888 77.2 -0.2 .565
15 857 52.1 -5.8 .592 14:00 873 77.8 -0.5 .565
20 872 52.9 -5.7 .592 5 856 77.9 -0.3 .563
25 889 53.6 -5,4 .588 10 839 78.4 -0.2 .566
30 904 54.2 -5.1 .588 15 819 78.7 0.2 .565
35 917 54.7 -5.0 .587 20 798 79.0 0.0 .587
40 929 55.4 -4.7 .51 25 778 79.4 0.3 .570
45 942 56.0 -4.7 .592 30 755 79.8 0.4 575
50 954 56.7 -4.5 .595 a5 731 80.1 -0.1 .576
55 366 57.3 -4.2 .594 40 709 80.4 -0.3 .574
11:00 976 58.0 -4.1 .598 45 684 80.5 0.0 .574
5 986 - 58.7 -4.1 600 50 §57 80.8 -0.2 571
10 998 59.4 -4.0 .602 55 630 80.9 -0.3 .589
15 1004 60.2 -3.6 .§07 15:00 606 81.1 -0.4 .564
20 1007 61.0 -3.4 .B01 5 583 81.2 -0.4 .558
25 1012 61.6 -3.5 .B11 10 562 81.3 -0.4 .551
30 1017 62.2 -3.4 612 15 537 81.4 -0.4 .546
a5 1029 62.9 -3.1 616 20 514 81.5 -0.2 .538
40 1025 63.4 -3.0 ,614 25 492 81.6 -0.3 .522
45 1029 64.1 -3.0 .618 ag 464 81.6 -0.5 512
50 1029 64.6 -2.5 .618 35 434 81.6 -0.4 .497
55 1028 5.3 -2.5 624 40 405 81.5 -1.0 .481
12:00 1027 5.9 -2.4 .623 45 376 81.4 -1.1 460
5 1028 66.6 -2.4 .622 50 344 81.3 -1.1 .434
10 1028 §7.2 -2.2 620 55 315 81.2 -1.3 .407
15 1028 §7.8 -2.0 .620 B:45 503 74.5 3.7 .514
20 1023 68.3 -1.8 ,619 50 528 75.1 4.1 .509



sintered carbide selective surfaces; and diffuse and mirrored reflectors
-~ and no reflectors.

NEW EVACUATED CCLLECTORS

Though not ready in time for testing as part of this project, some
new highly promising evacuated collector tubes are under development. A
125 mm wide tube with an internal mirror is expected to extend the
temperature range where evacuated collectors achieve high seasonal
coTlection efficiencies to about 2009C. A 150 mm wide tube with a
storage tank internal to the tube is expected to provide the basic
buitding block for a high performance low cost integral tank DHW system.

MAJOR FINDINGS

Efficiency of Energy Collection

For all evacuated collector types efficiency of energy collection
reaches a high value when solar radiation levels are high and collector
operating temperature differences to ambient are low. As solar radiation
levels fall or collector operating temperature differences rise, energy
collection efficiencies decline. This decline is significantly slower
for evacuated collectors than for most other collector types.

0 Instantaneous collection efficiencies around sixty percent were
attained for temperature differences up to almost 809C during
most dayiight hours.

Five minute interval readings for the United States’s Colorado State
University Solar House I on 2 January 1983 are given in Table 1.

Thaugh high collection efficiencies can be attained over the short
term, monthly and seasonal collection efficiencies are invariably Tower.
For evacuated collectors these longer term efficiencies are still quite
high.

0 Monthly collection efficiencies above fifty percent were
consistently attained for a DHW and space heating application
in a climate with a high level of diffuse radiation.

As can be seen in Figure 1, monthly collection efficiencies above
fifty percent were vroutinely attained by the Federal Republic of
Germany’s Solarhaus Freibur% while operating at average temperature
differences between 21 and 459¢C.

0 Monthly collection efficiencies of close to fifty percent were
routinely attained for a space cooling application.
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As can be seen in Figures 2 and 3, monthly collection efficiencies
of about fifty percent were attained by the Commission of European
Communities’ Ispra, Italy Solar Laboratory while operating at average
temperature differences between 40 and 61°C.

o Monthly collection efficiencies as high as forty four percent
were attained while operatiq? at average monthiy temperature
differences between 88 and 969C.

The Monthly collection performance for the United States’s Colorado
State University Solar House I for four months in 1984 is shown in Figure
4. During April and May there were several days when the system was not
operated for substantial periods and these days were included in the
computations of Figure 4. Thus, collection performance for these months
is Tower than it would have been under normal circumstances.

Performance at Off-Normal Solar Incidence

Collector efficiency is ordinarily stated for solar radiation
directly normal to the plane of the collector. For most collectors
efficiency falls off only slightly for most other solar radiation angles.
This is not the case for evacuated collectors.

0 Evacuated collector efficiencies were greater at nearly every
time of day all year long when compared with efficiencies
determined when radiation was normal to the collector plane.
For some types the difference was substantial, up to greater
than twenty percent during the times of the day that most
energy is collected.

Solar collector efficiencies are commonly stated at a solar
incidence angle normal to the plane of the collector. When contrasted to
flat plate collectors, the efficiencies of most evacuated collectors were
greater for incidence angles off normal fo the tube in the transverse
direction. As can be seen in the experimental data in Figure 5 and the
calculated curve for the round absorber in Figure 6, the efficiency
response for the round absorber Sydney University collector with wide
tube spacing is nearly flat and substantially above that for radiation
normal to the collector plane. Exceptions were evacuated collectors with
CPC reflectors. Here efficiency at first increases with increasing
incidence angles and then declines rapidly once a high incidence angle is
exceeded. However, the CPC reflectors are usually designed with an
incidence angle cut-off that is sufficiently high to allow collection of
most of the available incident energy.

Other Performance Resulis
0 Two evacuated collectors, the Corning collector and most
versions of the Tong tube Philips collector, outperformed ail

other evacuated collectors and significantly outperformed the
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flat plate collectors at all but the Towest applications temperatures.

Figure 7 shows such  a comparison for a set range of operating
temperature differences. At these temperature differences the two best
evacuated collectors outperform all the other collectors for every daily
solar radiation level.

0 Long tube evacuated collectors exhibited significantly better
performance than short tube evacuated collectors.

Longer tubes reduce the manifold area needed and therefore reduce
per unit collector area Tlosses. In two instances both short and long
tubes of basically the same design manufactured by essentially the same
companies were used. In both cases lengthening the tubes substantially
increased performance. One of these cases is Shown in Figure 8.

0 Poor system design or installation was the most common cause of
poor system performance, not the performance of the evacuated
collectors. :

Reliability and Maintenance

0 In most cases no measurable loss of performance occurred during
nearly seven years of operation.

In one case there was no measurable loss of performance over almost
thirteen years. A collector array began operation at Colorade State
University over twelve years before, was dismantled and shipped to
Germany three years later, and was reinstalled there. This collector
continues to operate today.

o Evacuated collectors required no maintenance in virtually all
cases,

0 Once shipped and installed in a properly functioning system
tube vacuum loss and breakage from other than natural hazards
has been on the order of one percent.

Hail damage has occurred to one of the thinner-walled types where
hail was over four cm in diameter. Breakage or Toss of vacuum during
shipping was about one and one-half percent, with most losses occurring
in the small shipments. Breakage or vacuum loss during installation was
nol a problem except when a Dewar type was filled when hot. Precautions
.are necessary with this type during installation and operation to see
that this does not occur.

0 In most collectors individual tubes, if damaged, can be

replaced easily, often without draining the system or shutting
it off.

11
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Installation

o Horizontal mounting, possible with some evacuated collector designs,
reduced interarray piping, mounting structure, installation Tlabor,
and thermal losses.

Collectors with close packed tubes, no reflectors, tiltable metal

fins, and flow through heat removal were mounted nearly horizontally with
Tittle or no loss of individual module seasonal performance.
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1. INTRODUCTION

This report provides experimental results and analyses of a multi-
national solar energy system research project on evacuated collector
systems. For each of the eleven installations covered in this report,
the thermal performance for essentially all operating periods during a
four year span is presented as well as a great many particulars regarding
system components, controls, loads, climate, installation, operation,
maintenance, longevity, and snow cover.

Task VI of the International Energy Agency Solar heating and Cooling
Programme was intiated in October 1979. The project objective was to
further the understanding of the performance of evacuated collectors in
sotar heating, cooling, and hot water systems and to study, document, and
compare the performance characteristics of such collectors in various
systems and climates. To this end, research teams from ten countries
performed experiments in well instrumented installations over a period of
seven years. The applications ranged from single family residential
heating and cooling to large scale industrial process heat and district
heating. A report on eight of these installation covering the period
1979 through 1981 was published in November 1982 [1]. The eleven
installations and periods covered in this report are shown in Table I-1.
Some supplemental installation results for 1985 and beyond are provided
in Appendix E.

Each IEA task is managed by an Operating Agent. Professor William
S. Duff of Colorado State University served as Operating Agent for Task
VI on behalf of the United States Department of Energy.

1.1 RESEARCH APPROACH
1.1.1 Instrumentation

Each of the ten countries provided at least one well instrumented
installation. Instrumentation was sufficient to calculate the primary
reporting quantities to the high degree of accuracy specified in "Data
Performance Requirements and Thermal Performance Evaluation Procedures
for Solar Heating and Cooling Systems," published for the International
Energy Agency by the United States National Bureau of Standards[157].

1.1.2 Staffing

Each country agreed to commit to the project at least two man years
of scientific staff time each year as well as the equivalent of one full-
time data engineer to be responsible for instrumentation and data
acquisition equipment and the timely correction of system faults.
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Table 1-1

Task VI Installations

Installation
Type

Typical Solar
Collector
Temgeratures
in °C

Period Covered in
This Report

Industrial
Process Heat

Industrial
Process Heat

District
Heating

District
Heating

District
Heating

Single Family
Residential

Single Family
Residential

Multifamily
Residential

Offices

Laboratory

SimuTated
Loads

Bottle
Washing

Process
Heat

Space
Heating,
DHW,

and IPH

Space
Heating
and DHW

Space
Heating
and DHW

Heating,
Cooling
and DHW

Heating
and DHW

Heating
and DHW

Heating
and

Cooling
Cooling

Heating
and DHW

50-60

80-120

40-110

40-80

40-80

70-90

80-90

30-60

1-2

Edmonton,
Canada

Hallau,
Switzerland

Sddertorn,
Sweden

Knivsta,
Sweden

Geneva,
Switzerland

Colorado, USA

Eindhoven,
Netherlands

Freiburg,
Germany

Sydney,
Australia

Ispra, Italy

Bracknell,
UK

December 1982 to
November 1984

March 1984
to February 1985

May 1982 to
October 1984

September 1982
to June 1983

July 1982 to
March 1984

December 1982
to September 1983

January 1984 to
September 1984

January 1982 to
September 1983

December 1882 to
February 1985
May 1982 to
September 1984

June 1981 to
August 1983



1.1.3 Reporting

The adoption of a mandatory common reporting format[2] greatly
enhanced the exchange of performance results within the Task. This
format facilitated comparison of performance among different installa-
tions and allowed material to be conveniently assembled into Task wide
reports. During the experimental part of the project a full report for
each installation was written every year and number of Task wide reports
on collector characterization, modeling, and so forth have been written.
See [80-134] and [1-6].

1.2 EVACUATED TUBES

A1l evacuated collectors used in the Task installations consisted of
a selective absorber surface enclosed in a vacuum and a means by which
heat absorbed by the absorber surface can be removed from the collector
tube.

Designs of currently available evacuated collectors can be
categorized into two groups. One group is the Dewar type and the other
the metal fin in vacuum type. Within each of these two basic designs
many variations are possible.

1.2.1 Metal Fin in Vacuum Tubes

The metal fin in vacuum configuration uses a metal absorber plate in
a single walled glass vacuum tube. Heat is removed from the absorber
plate by circulating liquid through a metal tube bonded to the plate.
Glass to metal seals are needed to pass the heat extraction tubes through
the wall of the vacuum envelope. Collectors in this group differ mainly
in the way that heat is transported out of the vacuum enclosure:

1. A U-tube heat removal design is shown in Figure 1-1.

2. An alternative configuration uses a straight through metal
tube. In this design it 1is necessary to incorporate bellows in
order to absorb the dimensional changes of the metal tube which
result from temperature changes.

3. A third heat extraction technique shown in Figure 1-2 uses a
heat pipe bonded to the metal absorber plate. Heat collected by the
plate converts liquid in the heat pipe to vapor, the vapor flows to
the condenser, it gives up its heat in converting back to a liquid,
and the Tiquid then flows back down to the heat pipe.

4. Another variant uses two concentric metal tubes with the outer

tube bonded to the metal absorber plate. Fluid flows in through the
inner tube and out through the annulus between the tubes.
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Figure 1-1 Metal Fin in Vacuum Tube Type =~ U-tube Heat
Extraction
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Figure 1-2 Metal Fin 1in Vacuum Tube Type =~- Heat Pipe Heat
Extraction




1.2.2 Dewar Tubes

The second type of evacuated tube construction is a Dewar flask.
The selective surface is deposited on the outside of a domed glass tube.
This tube is then inserted into a second larger domed glass tube and the
tubes are joined at the open end. The space between the two tubes is
then evacuated. It is not necessary to penetrate the glass envelope in
order to extract heat from the tube. All methods of heat extraction
involve circulating fluid into and out of the space inside the inner
glass tube:

1. Heat can be extracted by using a liquid in contact with the
inner glass tube. One way of doing this is shown in Figure 1-3.
Liquid enters the inner Dewar tube through a constriction at the
bottom. The tube fills and the liquid subsequently overflows into a
drain down tube and then flows into a header pipe.

2. An alternative is to have the inner tube filled with 1liquid and
connected directly to a header pipe. A natural thermosyphoning
effect in the evacuated tube results in efficient heat extraction
from the tube into the header.

3. A cylindrical metal fin attached to a U-tube design as shown in
Figure 1-4 can be used. In such configurations the metal heat
transfer fin enhances the heat transfer between the inner glass tube
and the heat extraction piping, but satisfactory heat extraction
will occur without it. The metal fin may be in contact with the
inner glass tube, but heat transfer will be adequate even with no
contact.

4, In addition, a heat pipe with or without the cylindrical metal
fin can be used.

5. Another possibility is a single tube, with or without the
cylindrical metal fin, with heat extraction by thermosyphoning.

1.2.3 New Designs

Some new evacuated collector tubes are being developed. A 125 mm
wide tube with an internal mirror is expected to extend the temperature
range where evacuated collectors achieve high seasonal collection
efficiencies to about 200°C. A 150 mm wide tube with a storage tank
internal to the tube is expected to be the basis for a high performance
Tow cost DHW system. Other research focuses on evacuated receivers for
line focus tracking concentrating collectors, where normal operating
temperatures exceed those of current evacuated collectors.
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Figure 1-3 Dewar Tube Type ~- Direct Liquid Contact and Overflow
Heat Extraction
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1.3 EVACUATED COLLECTOR MODULES

1.3.1 Absorber, Aperture, and Gross Collector Area

Throughout this report task collection performance results are
stated on the basis of collector aperture area. The aperture area is the
clear area between the support and manifold boxes at either end of the
~module’s evacuated tubes. It includes tubes, spaces between tubes, and
reflectors, if they are present. Absorber areas are always less since
the absorbers are contained within the evacuated tubes.

To calculate gross area, the support and manifold boxes at either
end of the module’s evacuated tubes are included. Conversion of
properties and performance of specific collectors from one area basis to
another can easily be made by multiplying by the appropriate ratio. In
some new evacuated colliector designs the aperture area to gross area
ratios run as high as 0.87, comparable to that of many flat plate
collectors.

1.3.2 Incident Angle Effects

Solar collector performance data are most often quoted at an
incidence angle normal to the plane of the collector. Such performance
data may substantially understate overall evacuated collector performance
because nearly all evacuated collector tube/module geometries result in
collection performance increases compared with collection at normal
incidence[3]. For some geometries this can be quite substantial, as much
as 40 percent, during different times of the day and during different
seasons. Thus, performance data at normal incidence should be treated as
a Tower Timit for an evacuated collector. Experimental performance data
in this report include incident angle effects.

1.4 EVACUATED COLLECTORS USED IN THE TASK VI INSTALLATIONS

Table 1-2 provides a cross reference between evacuated collector
types and the Task VI installations. Listed for each different collector
are the Task VI installations that have used it.

1.5 ORGANIZATION OF THE REPORT

Chapter 1 provides an introduction to the report. Chapter 2
provides photographs and descriptions of the installations, Toads, and
current activities. Chapter 3 describes the climate at each installa-
tion. Chapter 4 provides a detailed treatment of each component. The
collectors are thoroughly described.
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Installations Using

Collector

Table 1-2

Different Evacuated Collector Types

Installations

Corning Cortec
Metal Fin in Vacuum Type
Long Tubes
U-Tube Heat Removal
Closely Packed Tubes
Diffuse Reflector or None

General Electric TC-100
Dewar Type
Short Tubes
U-Tube Heat Removal
Widely Spaced Tubes
CPC Mirraor Reflector

Owens-I11lincis Sunpak
Dewar Type
Short Tubes
Direct Contact Heat Removal
Widely Spaced Tubes
CPC Mirror Reflector

Philips VTR141
Metal Fin In Vacuum Type
Short Tubes
Heat Pipe Heat Removal
Closely Packed Tubes
Diffuse Reflector or None

Philips VTR261
Metal Fin In Vacuum Type
Long Tubes
Heat Pipe Heat Removal
Closely Packed or Moderately
Spaced Tubes
Diffuse Reflector or Ripple
Mirror Reflector

Philips VTR361
Metal Fin In Vacuum Type
Long Tubes
Heat Pipe Heat Removal
Moderately Spaced Tubes
Rippie Hirror Reflector

Philips Mark VI
Non-Standard Tube/Module
Short Tubes
Non-Standard Heat Removal
Closely Packed Tubes
No Reflector

Sanyo
Metal Fin In Vacuum Type
Long Tubes

Flow Through Heat Removal
Closely Packed Tubes
Diffuse Reflector

Sanyo Heat Pipe
Metal Fin in Vacuum Type
No Data Reported

Solarhaus Freiburg, Federal Republic of Germany
SOLARCAD District Heating Project, S8dertdérn, Sweden
SOLARIN Industry Project, Switzerland

Solar House 1, Colorado State University, United States

Osaka Sanyo Solar House, Japan
Knivsta District Heating Project, Knivsta, Sweden
Sydortern District Heating Project, Sédertdrn, Sweden

Knivsta District Heating Project, Knivsta, Sweden

Knivsta District Heating Project, Knivsta, Sweden
Stdertdrn District Heating Project, S#dertdrn, Sweden
Evacuated Collector System Test Facility, United Kingdom
Solar House 1, Colorade State University, United States

Ispra Solar Heated & Cooled Laboratory, CEC
Solarhaus Freiburg, Federal Republic of Germany
Eindhoven Technological University Solar House,
The Netherlands

Ispra Solar Heated & Cooled Laboratory, CEC
Solar House 1, Colorado State University, United States

Solarhaus freiburg, Federal Republic of Germany
Solar House 1, Colorado State University, United States

Ispra Solar Heated & Cooled Laboratory, CEC
Osaka Sanyo Solar House, Japan
SOLARCAD District Heating Project, Switzerland

Osaka Sanyo Sclar House, Japan
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Table 1-2
Installations Using Different Evacuated Collector Types

Collector Installations
Solartech Mountain Spring Bottle Washing Facility, Canada
Dewar Type

Short Tubes

Direct Contact Heat Remaval
VWidely Spaced Tubes

CPC Mirror Reflector

Sunmaster (0-1 tubes} Solar House 1, Colorado State University, United States
Dewar Type
Long Tubes
Direct Contact Heat Removal
Widely Spaced Tubes
CPC Mirror Reflector

Sydney University Sydney University Solar Heating & Cooling System,
Dewar Type Australia
Short Tubes
U-Tube Heat Removal
Widely Spaced Tubes
Diffuse Reflector
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Chapter 5 describes the systems experiments. Included are the modes
of operation and components involved, the ranges and average of the
environmental conditions, the time period, the loads experienced, the
systems schematics, and a written description for each experiment.

Chapter 6 presents the results of the experiments. Thermal
performance is presented in many ways: instantaneous performance by means
of efficiency curves, daily performance by means of energy input/output
curves, monthly and seasonal performance by means of energy flow
diagrams, energy supply and delivery bar charts, energy use bar charts,
and system efficiency and solar fraction diagrams. Shipping, reliabil-
ity, maintainability, and operation experiences are also provided in some
detail.

Chapter 7 discusses the results and makes comparisons among the
results. Instantaneous effects. such as incident angle effects, snow
cover, capacitance, performance temperature dependencies and other
factors are seen to influence Tlonger term performance in various
installations. Daily performance graphics are used to show the
performance consequences of the many differences among the collectors,
climates, and installations. Among the factors showing up in the daily
results are effects of tube size, evacuated collector type, reflectors
and spacing, seasonal differences, preheating, capacitance, and snow
cover. The differences between evacuated and flat plate collectors can
also be easily seen. Monthly and annual performance is also discussed as
is system efficiency and solar fraction. Comparisons of shipping,
jnstallation, and operation experiences are also given. Specifically,
vacuum loss, thermal shock, stagnation, thermal cycling, outgassing, gas
permeation, boiling, heat pipe operation, tube replacement, freezing,
reflector degradation, hail, and design are covered.

Chapter 8 presents conclusions on thermal performance, shipping,
reliability, maintenance, operation, and measurement.

Appendix A presents the detailed objectives, work plan and
background of the Task. Appendix B provides the addresses of key Task
researchers. Appendix C gives the meanings and structure of most of the
nomenclature used in the report, Appendix D acknowledges the primary
contributors to this report, and Appendix E provides supplemental
installation results.
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2. INSTALLATION DESCRIPTIONS

The Task VI installations comprise a wide range of evacuated
collector applications. As of January 1984 there were two district
heating systems in Sweden, a district heating system in Switzerland, a
solar heated and cooled single family residence in the United States, a
solar heated and cooled Taboratory in Italy, a solar heated single family
residence in the Netherlands, a solar heated multi-family residence
emphasizing solar DHW production in West Germany, an industrial process
heat application in Canada, an industrial process heat application in
Switzerland, a domestic space heating system with simulated Toad in the
United Kingdom, and a solar heating and cooling system for university
offices in Australia.

Figures 2-1 through 2-11 are photographs of the instaliations.
General installation descriptions are given in Table 2-1. Table 2-2
describes the installations’ loads, and Table 2-3 outlines the current
activities of the installations.
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Figure 2-1. Sydney University Solar Heating and Cooling System
Sydney, Australia.
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Figure 2-2. Mountain Spring Bottle Washing Facility Edmonton,
Alberta, Canada.
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Knivsta District Heating Project, Knivsta, Sweden.

Figure 2-6.
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Figure 2-10. Evacuated Collector System Test Facility Bracknell,
United Kingdom.

2-11




i
ol

Figure 2-11.

e
"",IJ

A4 *
-

TS
4 .
-

.
P Worrerers?
st
L4

-

" i Rad
A . 3
SLL OB PO B NEIIELCOI LD AL 0000000800 e 20008 P42 P2
h ve .

(rrY

[ 4

Colorado State University Solar House I Fort Collins,
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Table 2-1.

Sydney University Solar
Heating and Cooling System,
Department of Mechanical
Engineering, University of
Sydney

Sydney, AUSTRALIA

Mountain Spring Bottle
Washing Facility
Edmonton, Alberta
CANADA

Ispra Solar Heated and
Cooled Laboratory
CEC

Solarhaus Freiburg
FEDERAL REPUBLIC OF GERMANY

Eindhoven Technological
University Solar House
THE NETHERLANDS

Knivsta District
Heating Project
Knivsta, SWEDEN

Sodertorn District
Heat{ng Project
Sodertorn, SWEDEN

SOLARCAD District Heating
Geneva, SWITZERLAND

SOLARIN Industry
Project
Hallau, SWITZERLAND

BSRIA Solar Test Facility
with Simulated Loads
Bracknell, UNITED KINGDOM

Colorado State University
Solar House I

Fort Collins, Colorado
USA

Installation Descriptions

Four offices located on the top floor of the Mechanical
Engineering Bullding are cooled in summer using a heat
driven absorption cooling cycle. Solar energy 2lso used for
space heating in winter._The total flocr area of the air-
conditioned space is 52 m<.

The solar system, installed in a bottling plant, was
designed to assist in maintaining the temperature of a
caustic seda solution used for the washing of reusable empty
soft drink bottles.

The Solar Laboratory was buiit for the study of active solar
heating and cooling systems, It is a small office building
with a floor area of 160 m%, The solar cooling system is
used for air-conditioning the butlding during the summer
months. The heating is done with a separate solar heating
system.

The solar house has a conditioned 11ving area of 652 m2. The
three-story apartment building has approximately 25 per-
manent occupants in the 12 apartments. Solar enerqgy is used
for space heating and hot water.

The solar house at the Eindhoven University of Technology, a
rather spacious detached house, is situated in the outskirts
of Eindhoven, some 4 km NNE of the city centre.

Knivsta 1s sftuated 45 kilemeters north of Stockholm,
Sweden, and 20 kilometers south of Uppsala. About 60
percent of the buildings are connected to a 1ocal heating
network fed from a bfomass—-fired plant. The landscape in
the area 1s rather flat, consisting mainly of open fields
and some small areas of forest.

The Sodertorn plant is situated 20 km south of Stockholm,
Seven different solar coilector systems are connected
directly to the Tocal district heating system and can be
compared under tha same cperating conditions.

Two solar systems are connected directly, without

intermodiate storage, to the district heating network.
The minimum heat demand is always much higher than the
heat produced by scldr. The district heating network
supplies space heating and domestic hot water to surround-
tng buildings.

Nearly 400 mZ total area of evacuated collectors are
installed on the roof of a food processing factory. They
contribute to space haa%ing and p ocess heat, Hot water is
stored in 2 tanks (10 m? and 23 m”), Existing canventional
burners provide auxiliary heating.

The solar domestic space and hot water heating system is
installed at the 1laboratortes of the Building Services
Research and Informatfon Assocfation. The 1Instaliation is a
complete sotar system including storages, but the loads are
imposed by a subsystem which simulates the space heating
and hot water requirements of a single family dwelling.

Sotar House I, completed in 1974, {s a wood-frame, two
story, three bedroom residential building utilized for
offices. The conditioned 1iving area is 249 mZ, Solar
energy is used for space heating and space cooling.
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Table 2-2.

Sydney University Solar
Heating and Cooling System,
Department of Mechanical
Engineering, University of
Sydney

Sydney, AUSTRALIA

Mountain Spring Bottle
Washing Facility
Edmonton, Alberta
CANADA

Ispra Solar Heated and
Cooled Laboratory
CEC

Solarbaus Freiburg
FEDERAL REPUBLIC OF GERMANY

Eindhoven Technological
University Solar House
THE NETHERLANDS

Knivsta District
Heating Project
Knivsta, SWEDEN

Sodertorn District
Heating Project
Sodertorn, SWEDEN

Description of Loads

The cooling/heating system attempts to maintain office room
temperatures between 21 and 25 C. As the four air-condi-
tioned offices are located on top of a large 5 story build-
ing which is generally not air-conditioned, the load is
relatively high and remains fairly constant compared to the
size of the offices. Daily loads fluctuate between 120 to
150 Ml/day. During summer, the constant dafly loads are
significantly Increased by solar gains through a large
glass area along the western side of the building.

The load 1s composed of two components. Firstly, sensible
heat required to heat the bottles for washing and
sterilization purposes. Secondly, heat is required to
overcome parasitic losses from the washing unit. The tem-
perature of the caustic soda soTution used for washing and
sterilfzatfon 1s maintained between 72 C and 82 C by a gas-
fired heater, The actual gas consumption from 1 May 1982
to 31 December 1983 far the washing process was 4055 GJ.
The load for the same period was 2420 GJ. The gas consump-
tion from 1 January 1984 to 31 December 1984 was 1685 GJ and
the Toad was 1239 GJ.

During wintertime the 1ndoor temperature s kept at 20 C,
This requires about 240 Ml/day for 160 days. There is no
DHW Toad in the building. The cooling season includes about
130 days with an average load of about BO MI/day. In the
cooling season the room temperature is regulated as a
function of outdoor temperature.

The indeor winter design conditions vary with each individ-
ual apartment, thus anty the actual average daily
heating loads are known, They ranged from 1341 M]/day in
1980 to 1213 Ml/day in 1981, The average daily heating load
has been reduced to 960 Ml/day (based on 214 days of heating
period} due to a reduction of the ventilation rate to
approximately 0.5 air cycles per hour. There is no summer
cooling. The average daily energy consumption for the warm
water supply was consistant with previous years {185 to 190
Ml/day), corresponding to daily hot water use of 1300
Viters. Special energy saving designs include improved
thermal fnsulation; triple-glazed windows, a better ventila-
tion system and micro-computer control of the system.

The load consists of the domestic hot water system (13
GJ/year) and the heating system of the house (B3 Gl/year).
Tge heated floor area amounts to 220 m<, the volume is 810
m-. The area of double glazed windows 1s 40 m® {theoretical
heat transmission coefficient 3.2 W/m<K), The total outside
area is about 313 m< including the roof area. Both roof
and walls have a theoretical heat transmission coefficient
of 0.4 W/m2 K, Ventilation and infiltration amounts to
about 800 /hr.

Three d¢ifferent types of evacuated solar collectors have
been mounted on the roof of the district heating plant in
Knivsta. The district heat load {s always much larger than
the energy production from the collectors. so the heat from
the collectors s transferred to the return pipe of the
district heating systems. There is no storage. The district
heating piant is fired with biomass and the heating system
has a peak demand of 15 MW,

The district heating Ioad is always much larger than the
energy production from the collectors so all the collector
input can be used. The collectors are normally connected to
the return pipe of the network where temperature Jevels
around 50-60 C can be used most of the year,
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Table 2-2 (cont). Description of Loads

SOLARCAD District
Heat{ng Project
Geneva, SWITZERLAND

SOLARIN Industry Project
Hallav. SWITZERLAND

BSRIA Solar Test Facility
with Simulated Loads
Bracknell, UNITED KINDGOM

Colorado State University
Solar House I

Fort Collins, Colorado
UsA :

Three different networks jointly deliver heat to sur-
rounding buiidings for space heating and domestic hot water
purposes. Separate loads cannot be identified. The test
systems are conaected to the return branch of cne par-
ticular network {called Libellules). The lcad of this
branch is characterized by the following: power capacity
of the installed gas- fired furnace, 16 MW; delivered power
ranging from 0.1 to 6 MKh/h; average dafly load for the
heating season 120 GI/day; average daily load in summer
(DHW onlyl), 21 GJ/day. The solar systems usually operate
above 80 C. The total district heating system (3 networks)
1s typifcally 15 times grsatar than the figures given.

Hot water is needed for fndustrial processing and space
heating. In the former case (i.,e., pasteurization, bottle
and case washing) the load is 2900 GJ/year ranging between
35 and 430 Gl/month with a peak demand fin avtumn; the
required temperature f§s between 90 and 110 C. In the latter
case and for the heating season, the load amounts to 640 GJ
with a peak demand of 130 GJ/month; the temperature never
exceeds 70 C. The total monthly load varies betwean 120 and
560 GJ/month, with a yearly average valus of 290 GI/month.
The heat produced by solar 1s used for to industrial pro=-
cessing fn supmar, and space heating in winter. The load 1s
divided into different and complicated loops for processing
and heating, and thus is considered as a whole. It is
possible to direct solar gains to Yow temperature uses.

The load on the solar system is imposed by a physical load
simulator controlled by a computer, which calculates the
required load from measured prevailing weather parameters
every five minutes, The simulated house is maintained at
20 C provided the outside air temperature is less than 18 C.
The house temperature may freely evolve above 18 C to a
maximum of 25 C. The space heating load averages 146 Ml/day
during the heating seasan with an annual total of 37 GJ.
The domestic hot water load is 90 litres/day at 55 C distri-
buted intermittently over 16 hours.

The indoor winter design temperature of 21 C produces an
avarage daily load ranging from 235 Ml/day to 305 MJ/day
during the heating season. The summer indoor design
temperature of 24 C produces an average daily load of about
445 MJ/day. Special energy sav1n3 features include a wall
heat loss coefficient of 0.51 W/m<-C and celiing haat loss
coefficient of 0.30 W/m? C, triple-glazed windows and
reduced infiltration by use of a vestibuie entry. The
calculated heat loss cosfficient of the buflding 1s 390 W/C.

2-15




Table 2-3.

Sydney University Solar
Heating and Cooling System.
Department of Mechanical
Engineering, University of
Sydney

Sydney, AUSTRALIA

Mountain Spring Bottle
Washing Facility
Edmonton, Alberta
CANADA

Ispra Solar Heated and
Cooled Laboratory
CEC

Current Activities

The current working programme includes the evaluation of a
prototype evacuated collector using Sydney University's
avacuated tubes and a "liquid-in-metal™ type manifold.
Long~-term performance and durability in a heating/cooling
application is of particular interest. The installation
allows performance comparison between evacuated and flat
plate collectors in the same system application.
Investigations on the overall solar heating/coaling system
performance are an on-geing project task as wall as
identification of problems and limitatfons and methods for
improvements. A new prototype ammonia/water absorption
cycle incorporating a novel printed circuft heat exchanger
design is being evaluated. Application and development of
new computer simulation models and experimental validation
is about to start.

During the commissioning process it was found that the
system was deficient in several areas. The heat exchanger
between the sclar system and the caustic loop was found to
have an opasrational effectiveness of 0.24, This Tow
affectivensss was attributed to a low fluid flow rate on the
caustic side and the determination that the heat exchanger
was thermodynamically under-sized. The 1nadbility to
transfer the required heat flux resulted in higher storage
tank temperatures which often led to premature solar system
shut down due to over-temperature of the storage tank. This
problem has been remedied by the installation of a plate-
type heat exchanger and a new pump in the caustic 1c0p.

The initial effectivenass of the plate-~type heat exchanger
was 0.65 to 0.7. However, due to fouling of the caustic
side of the heat exchanger, the effectiveness is presently
0.54.

Since November 1982, a number of changes have been made to
the system. These include:

1. Replacement of the controlier to imprave heat
transfer across the exchanger. The controller
presently operates at 2.5 C on differential and
1.5 C off differential,

2. A timer was installed to control the time at which
the gas-fired heater was activated. This minimized
waste of auxiliary energy by stopping heater use
under no load condition, i.e.. weekends and
nighttime.

In October 1984, the scutheast collector array composed of
16 Solartech ETC modules employing tubes four feet long was
replaced by 12 new Solartech ETC modules employing tubes six
feat long.

As a result of these modifications, the performance of the
systemis being monitored and analyzed in a continucus
fashion. System analysis and simulation activities are
continuing. It 1s expected that active monitoring of the
system will be discontinued May 15, 1985.

The system will be operated during the summer of 1984 in the
same way as 1t operated in 1983. Some improvements
concarning the insulation of the storage systems will be
made., The variations in collector performance compared to
previous years will be studied in further detail. This
will be dons through monitoring, detailed analysis of data
and scanning with infrared thermovision equipment. The
replacement of the Sanyo collectors is foreseen for 1985.
Model1ing activities include detailed TRNSYS simulatfons of
combined salar heating and cooling systems for Mediter-
ranean c¢limates and work on simplified models using a daily
time step.
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Table 2-3 (cont). Current Activities

Salarhaus Frefburg
FEDERAL REPUBLIC OF GERMANY

Eindhoven Technological
University Solar House
THE NETHERLANDS

Knivsta District

Heating Project

Knivsta, SWEDEN
and

Sedertorn District

Heating Project

Sodactorn, SWEDEN

SOLARCAD District

in operation since May 1982.
Heating Project

Geneva, SWITZERLAND

SOLARIN Industry Project
Hallau, SWITZERLAND

After termination of the SOLARMAUS FREIBURG project, re-
search activities on systems with evacuated collectors will
include both experimental and theoretical investigations,
Severa) kinds of simulatfon techniques are used to investi-
gate the performance of these systems in fields ranging from
domestic hot water (DHW) to industrial process heat (IPH}
systems.

Tha models used have been carefylly validated with SOLARHAUS
FREIBURG data, Complex models {with up to 90 temperature
nodes) will be used to numerically investigate the range of
confidence of simplified models, using the Input/Qutput
relationship of the collector systems. In the area of DHW
applications, simplified systems with thermosyphon ¢ircula-
tion are being tested exparimentally. System tests of
Industrial Process Heat Applications with various types of
ETC collectors with simulated load conditfons are planned
within the DFYLR laboratories at Stuttgart.

The Solar House of the Efndhoven Univarsity of Technology
has had flat plate collectors from 1976 to 1981, and evacyi-
ted tube collectors since 198l. Because of this it is
possible to compare a flat-plate solar heating system with
a second generation solar heating system using evacuated
tube collecters under similar conditions. By axtensive
monitoring of the solar heating system the control strategy
will be {mproved and simpiified, step by step. System
components such as the integrated auxiliary burner, the
floating inlet and the swing arm, actfng as feed 1ine for
the air heater, are tested under real conditions.

Presant plans call for a national reduction in the dapen=-
dence upon o1l to 20 percent 1n 1985, and lower in the
1990's. This 1s to be accompiished thraugh increasad energy
recovery from the incineration of garbage, use of biomass
and heat pumps, instead of o!1, Salar energy wiil give a
rather {nsignificant contribution by 1985 but is expected to
contribute approximately 10 percest in 1990 and 20 to 30
percent at a later stage. In Sweden solar enargy ¢an supply
up to 10 percent of the demand for heating and domestic hot
water by feeding directly into a district heating network.
In order to reach a higher percentage, seasonal storage must
he applied.

Corning collectors have been 1n operation since May 1982,
Relevant data from precise measurements are avaflable from
July 1982. Sanyo collectors were mounted in 1980; they ware
equipped with accurate sensors in 1983 and relevant data are
available from April 1983, Data 15 transmitted by phone line
from site to the labaoratery. Data have been carefully an-
alyzed on the behaviour and the performances of the solar
systems. Dotailed studies on the Corning callector have been
carried out, including determination of afficlency curves,
stagnation temperature, and absorber emissivity. Working in
conjunction with the manufacturer, improvements have been
achieved. Thermal losses through fnsulation due to capacity
effects are under investigation. The losses play an fmpor-
tant role especially when dealing with high temperatures.
Studfes are continuing in all areas to improve simulation
and modelling.

The solar enargy system has been in operation since Juty
1983. The inftial, unimproved control system should be
replaced by a microprocessor based controller by the end of
1983.

A1l measuring equipment has been buiit, calibrated and in-
stalled. The 50 sensors are connected to a microprocessar
data acquisition system, which can be controlled ané read
the University of Geneva (300 km away) by phone 1ine. The
analysis is carried out at the University.
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Table 2-3 (cont). Current Activities

BSRIA Solar Test Facility
with Simuiated Loads
Bracknell, UNITED KINGODOM

Colorade State University
Solar House I

Fort Collins, Colorado
USA

Measurements and control are independent. Status signals
from the controllers to the data acquisition system have
not been incorporated yet so that some measured energy flows
cannot be fdentified properly. This probliem should be
solved by the end of 1983. Nevertheless the measurement
and data acquisition system has been debugged and prelimi-
nary figures on performance cbtained. Good relfable results
should become availabie starting in January 1984, Data
hand1ing and analysis programs are ready, but modifications
and adaptations will probably stil1 need to be made.

Dismantling of the system will follow withdrawal from task
membership.

During the summer of 1983, the Solar House I system was
modified to include a 3600-11tre high-temperature {120 C)
phase-change storage unit and 500 kg of low-temperature
{12.6 C) salt storage for the chiller. These storage units
wera integrated intc a system comprised of Phitips ¥TR 361
evacuated tube heat pipe collectors and a Carrier air-cooled
absorptfon chiller. During May 1983 the original reflectors
for the VTR 361 eollectors, which were known to be mal=
formod, were replaced with properly shaped reflectors. Since
the high-temparature storage failed after only a few days of
operation, the unit was taken out of service. The system
will be operated as an Indirect heating system for the
winter using an ethylene-glycol solution as the heat trans-
port medivmn,
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3. CLIMATE

Long term average climate information for each Task location is
given in Table 3-1. Climate varies substantially among installations.
Elevations vary from sea level to almost 1600 meters. Heating Toads vary
from about 620 K-days to about 5200 K-days. Daily horizontal inso]atiog
for a mid-winter month varies from about 1.3 l‘*lJ/g-2 to about 10.7 MJ/?
and for a mid-summer month, from about 15.8 MJ/me to about 23.3 MJ/mé.
Diffuse radiation varies from 30 percent to 79 percent., Average daily
temperatures vary from -15°C to +22°C.

3-1 .




$11v13 auisn

BHab et U0 eddeng ri ¥ at- ol e st (& & L1 &1 [ 814 L'e 1g-eung o130 9t k111 n sol L1
Ajuredn ajtredey e LM 3 (314 1 79 LA ”% L8] 891 et w YH N Kopydeg L0z ac L) L3 nOooN A 034N
vk LLR L LPjU RS FYE[O 120800) IR0 ¢l [ a'n e it - 14 L1 2oL e ™ wH N tne-320 (1241 oLy iw Har “H TN IGIZL RS
P RTCRTUITTO MRS T LU Lol Lt ] (1] Q- Ll 14 a'ol o'sl o L1 4] 581 5% ™ L] vh =130 ored 0e 1t LR "0 YUY TH LIRS
Sammwhd 1097 FRULIIW {PISITONEE BLEny on [ [t a'l- Las-1} e ”" Sr 981 ©1 L] L] AL Lry- 1305 oate o 1 N IR T
AEwant (00D feu)dte | NLISYICI Py o'l iy [ M1 o1~ et 1 13 L1 761 [ 3 L w ™ doy-ydeg [ of 31l » 09 "M CHINS
supivm PR IGEaw DR [ a1} o QT a'r T L] 3] L1} 51 |9 b1 ™ v L3 b1t st 19 LA SOMV LN
abek {LF LLWVITS S3NL08 C19830) | 10T0y 6 1791= [ 41 [ 1} 501 [ (3] [} [ 11 e ™ wm ™ Lry-1deg 1144 (11 1 LR 1] e 12 40
IR Va3
SIRMEPON | LIS I0EI DB [ 11 - M 14 re [ 3814 6’1 or ot 032 s n 1] yes-sunp | RAOY-10 L1114 14 e a k=]
Samasns
Pt T PR T L TTER L] L 1] 61~ [ 74 L1 il L 184 te 9 [ 44 [ 1] N h W lo2s LIt » €1l L 4 YOYD
saejus KIp pur 2Law .
Ty pud Lavnaneg uz PRS0 (LI EL L e e [l (314 [l L1 ir ot i [ 14 " &6l Y 1ddy-130 RIL T 419 oz 1161 s K WIWdasny
(3) Il 130 a3l 0F il (D) 3L e 1%/ 3
Avad A Aivg Alvg 130 M1l 3 ML L ¥ LRMuBT1a0n1  19IUBEEI0H)  RITOIWH il S5
“HInW “NIM DAY i) “TrM DAY Mivd  21¥9 Ty whaile  ISNAAIG FYSKY ANLYG CWEHL ATNO ALV BVH LA SHLNON SHEWOM 33030 (L1 (abeabepy qraaibeny
NOLIAIEE X Ui oAy AWC  AOWE DAY AWML AWYTRYD "Oay ANE vl At LEYIRYT Amt Lnerwy Fred v Ty K100 DHEIYH v HOLLVADT) IAIMAT LT WYY

SUoL3ed07 IA ¥se]l a8yl 1e Ijeul])

"1-€ 9lqel

3-2



4. COMPONENTS AND SUBSYSTEMS

Since the focus of Task VI work is on systems using evacuated
collectors, the evacuated collector itself is addressed in greater detail
in this section than other components and subsystems. Even more
information on collector characteristics such as incident angle modifi-
ers, stagnation temperatures, flow rates, etc. and on other components
and subsystems such as controls, site features, and energy conserving
measures may be found in the Task VI collector and systems charac-
terization report of Guisan et al[3] and in the individual Task VI
installation reports[80-134]. These latter reports also contain
information on instrumentation, sensor specifications, and calibration
procedures.

4.1 COLLECTION

Task VI installations have used nearly every evacuated collector
type that has reached commercial development, and many of those collector
types are used in more than one installation. See Table 4-1 for
collector types used.

A wide range of possibilities for evacuated collector designs,
materials, and other characteristics result in many very different types
of evacuated collectors. Collector specifications are noted in Table

4-2. Specific details for each application, such as tilt and total
collector area, are given later in this section.

4.1.1 Definition of Collector Aperture Area
The task definition of collector aperture area is:

AOOl = L x W x cos @

Where L = exposed transparent part along the collector tubes
(excluding boxes, black cups, headers, etc)
W = the width of the collector module. This is taken as:
W=nx?P
Where n = number of tubes, and p is the pitch of the tubes, or
the distance between the centers of adjacent tubes.
8 = tilt angle of absorber surface with respect to the
collector plane. For most Task VI evacuated

collectors @ = 0 degrees and cos § = 1.
Figure 4-1 illustrates several of these points.
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P —f ! P
Area AQOCI = Wx Lcos ¢
W =nP
n = § Tubes
¢ = O (for horizontal planar absorbers)

© 0 e

p

Figure 4-1. Aperture Dimensions
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4.1.2 Aperture Areas Used by Fach Installation

The aperture areas of each installation have been calculated using
the definitions given in section 4.1.1. This definition was modified for
subsequent Task work by replacing cos 4 by 1 and incorporating the
consequences of non-planer absorbers into the incidence angle modifier.
See Guisan et al.[3, 47, 67].

4.1.3 Incident Angle Modifiers

The geometry of evacuated collectors is asymetric and thus
incidence angle modifiers depend on collector orientation. In contrast
to flat plate collectors, evacuated collector incident angle modifiers in
the direction perpendicular to the tube axes are equal to one or are
greater in nearly every instance. Thus, when performance data for solar
collectors are quoted for a solar incidence angle normal to the plane of
the collector, this should be considered a lower limit for evacuated
collectors and an upper limit for flat plate coliectors.

Complicating the issue of incidence angle modifiers is the pos-
sibility for non-planer orientation of the absorbers in the tubes, as
seen in Figure 4-1. Incident angle modifiers have been measured for
different collectors and detailed Jinformation is included in Guisan et
al.[3].

4.1.4 Additional Collector Parameters

Figure 4-2 and Table 4-3 provide information on absorber surface
properties and collector capacitance.

Whenever experimental conditions resulted in a wide range of
collector fluid to ambient temperature differences (AT}, non-linear
behavior of collection efficiency as a function of AT/H100 was observed.
The non-linearity can easily be seen in many of the diagrams in Section
6.1. Because of this, the standard Hottel-Willier-Bliss characterization
of collector performance based on a single line on the efficiency versus
AT/H100 diagram is inadequate for evacuated collectors. An alternate
characterization is provided in Section 7.2. This characterization is
further elaborated in Guisan{3].

If one is willing to use multiple curves, rather than a single Tine,
then evacuated collector performance can be adequately characterized on
the efficiency versus AT/H100 diagram. Switzerland’s experimental
results were fit to: ‘

0112 . b AT . o _ATZ
Hioo - 7% moo Y ¢ oo
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Flia extrapolated from hourly measurements

F'ra extrapolated from hourly measurements

CORNING GLASS

B 4 Collector
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Fo ) R .- r-'_:;t:—z::?-&::‘-—-...___
10 ¢ X
B5 +
5O 4
55 4 - = Day Nr. 154 / 1982
x = Day Nr. 125 / 1983
501 —._._ = F'ra of Regression-Analysis
Yz
un + $ 4 + + + + t
i H g 13 4 15 IB i1 i
Time.of Day (local time)
BD + PHILIPS VTR 261 / Stiebel-Eltron SOL 50 Collector
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F'ra of Regression-hnalysis

g {4 » = Day Nr. 189 / 1982
* = Day Nr. 125 / 1983
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Figure 4-2. Extrapolated Transmittance-Absorptance-Product from

Hourly Measurements Close to Ambient Temperature for
the Corning Glass and Philips/Stiebel-Eltron
collectors.
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and U.S. experiment results were fit to:

012 _ 5 4+ p AT _ATZ | 4AT + e H100
Hioo 2 Hoo ¢ 100 Te

4.1.5 Task VI Collector Designs

Subsequent figures provide more detailed information on the task
collectors. Cross sections, photographs, isometrics and manufacturer
efficiency curves are given.

4.1.5.1 Evacuated Tubes

An evacuated solar collector tube contains a selective surface
surrounded by vacuum, and a mechanism to remove the heat which is
absorbed by the selective surface. There are two basic configurations
for the evacuated tubes themselves, and a large number of variations on
these configurations. One configuration, illustrated in Figure 4-3 (a,
b, and c), uses a metal absorber plate in a single walled glass vacuum
tube. Heat is removed from the absorber plate by circulating liquid
through a metal tube bonded to the plate.

In this construction, as in almost all metal-in-glass collectors, it
is necessary to incorporate glass-to-metal seals in order to pass the
heat extraction tubes through the wall of the vacuum envelope. A U-tube
heat removal design is shown in Figure 4-3 (a).

An alternative configuration for single walled tubes, illustrated in
Figure 4-3 {b) uses a straight through metal tube. In this design it is
necessary to incorporate bellows in order to absorb the dimensional
changes of the metal tube which result from the large temperature
fluctuations.

A third heat extraction technique shown in Figure 4-3 (c) utilizes a
heat pipe bonded to the metal absorber plate. Heat collected by the
plate converts liquid in the heat pipe to vapor which is transported to
the condenser, subsequently returning to the absorber end in liquid form.

The second basic form of construction for evacuated collector tubes,
i1lustrated in Figure 4-3 (d) 1is essentially a Dewar flask. The
selective surface is deposited on the outside of a domed glass tube.
This tube is then inserted into a second glass tube and joined at the
open end. The space between the two tubes 1is evacuated. In this
construction, it is not necessary to penetrate the glass envelope in
order to extract heat from the tube.

Various heat extraction technigues for Dewar flask tubes are
i1lustrated in Figure 4-4. A1l methods involve circulating fluid into
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Figure 4-3. Different Configurations of
Collectors
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{a)

U-Tube Heat Extraction with a Metal Fin

Single Tube Heat Extraction with a Metal Fin

{c) ‘li::!!!!!|||||||||lll’
| R/

Overflow Extraction with Direct Liquid Contact

(d) ‘||||||||||||||=:t

Thermosyphoning Heat Extraction with Direct Liquid Contact

Figure 4-4. Heat Extraction Methods for All1-Glass Evacuated
Collectors
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and out of the space inside the tube. This fluid could be contained in a
U-tube a shown in 4-4 (a), or in concentric tubes. 1In addition, a single
Tiquid filled pipe, or a heat pipe as in Figure 4-4 (b) can be used. In
such metal manifold configurations a metal heat transfer fin can enhance
the heat transfer between the inner glass tube and the heat extraction

piping.

Heat can also be extracted from the Dewar type evacuated tubes by
using a liquid in contact with the inner glass tube. Two methods of
doing this are shown in Figures 4-4 (c and d).

In Figure 4-4 (c) Tliquid enters the evacuated tube through a
constriction at the bottom. The tube fills over a period of about 20
minutes and the liquid subsequently overflows into a drain down tube and
then to an outlet header pipe. The constriction on the inlet side {of
flow) is used to equalize flow through a multiplicity of parallel
connected tubes. The design is drainable and this feature is used to
provide freeze protection and to prevent excess heat being delivered into
the thermal storage.

An alternative liquid-in-glass configuration is shown in Figure 4-4
(d). In this configuration the evacuated tube is filled with liquid and
connected directly to a header pipe. A natural thermosyphoning effect in
the evacuated tube results in efficient heat extraction from the tube
into the header. However, the configuration is not drainable.

Many other configurations of evacuated collector tubes have been
described in the literature and some of these have proceeded a certain
distance towards commercialization. One design shown in Figure 4-3 (e)
uses a metal absorber plate in vacuum but also incorporates the Dewar
flask construction. Heat is absorbed by the metal plate and transferred
by contact to the inner glass tube. It is then transferred to a metal
heat extraction U-tube inside this glass tube and from there to the Toad.

Evacuated collector tubes are invariably built with cylindrical
geometry because of the intrinsic mechanical strength of such a shape.
The possibility of direct evacuation of a flat-plate collector construc-
tion has obvious attractions. There are, however, very great difficul-
ties in realizing such a construction in practice, due primarily to the
necessity for strengthening the glass cover plate and the difficulty of
making a Tlarge rectangular vacuum seal to this plate. Despite many
attempts, no evacuated flat plate collector has been constructed
successfully on a commercial scale.

Evacuated tubes have been produced in a wide range of sizes. Dewar
design tubes have been produced with outer diameters ranging from 30 to
53 mm and in Tengths of 1.2 to 1.8 meters. Metal-in-vacuum designs have
been produced in tube diameters ranging from 75 to 300 mm and lengths up
to 8 meters, though commercial versions only range up to 2.4 meters.
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Different types of glass have been used in evacuated tubes. Metal-
in-vacuum tubes often utilize soda Time glass. In this configuration,
the glass temperature remains close to ambient and is not subject to
thermal shock except in the vicinity of the glass-to-metal seal. This
latter effect can be minimized by suitable design. The types of seals
used in such configurations include metal oxide-glass seals from
conventional sealed beam headlight technology and glass frit seals.
All-glass collector tubes of Dewar flask construction have been made
using both soda lime glass and hard glass. Early installations using
soda lime glass tubes experienced excessive tube breakage. This glass is
susceptible to thermal shock since it is less strong than hard glass.
One mechanism leading to breakage is damage to the inner tube which
occurred during manufacture or during insertion of a metal heat transfer
fin. Thermal stress results in propagation of cracks from this damage.
All-glass collectors using liquid-in-glass heat extraction have invariab-
1y been made from hard glass such as Pyrex. Significant breakages were
experienced during the early stages of development of such tubes.
However, at this stage the breakage problem appears to have been largely
solved provided that control subsystems work correctly. Should such
controls fail, however, resulting in cold water entering stagnating
tubes, glass breakage can occur.

Despite the very serious problems experienced with soda Time all-
glass tubes, it is possible that the breakage problems associated with
them could be overcome.

4.1.5.2 Selective Surfaces

Considerable advances have been made in selective surface technology
over the past decade. A wide range of selective surfaces is available
for evacuated tube and flat-plate collectors. These surfaces vary in
their optical and thermal properties, and stability. Some early
all-glass tubes utilized a chromium oxide-on-aluminum selective surface
which was deposited by vacuum evaporation. More recently a three-layer
surface consisting of an aluminum base layer, a graded chromium oxide
intermediate layer and a magnesium fluoride top layer has been used.
This surface has substantially improved optical properties and appears to
be stable for extended periods at high temperature. A graded metal
carbide cermet on copper selective surface has extremely good optical
properties and is very stable for extended periods at high temperatures
in vacuum. Electroplated chrome black is used as a selective surface for
some metal fin in vacuum designs. A black anodized aluminum oxide
selective surface has also been used as has an electro-deposited cobalt
sulphide selective surface which has good optical properties and
stability.

4.1.5.3 Vacuum Stability

Vacuum can be lost in an evacuated tube by tube breakage due to
leaks in the vacuum envelope, or by outgassing of material in the vacuum.
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A1l such problems have been experienced in evacuated tubes. Tube
breakage and 1leakage, which have both been discussed above, can be
virtually eliminated by proper tube and system design.

Some metal-in-glass collectors have exhibited problems with
degradation of vacuum due to gas emission from the absorber plate.
Gettering and other measures are used to eliminate this problem. Such
degradation is also partially reversible. The performance of a degraded
tube has been observed to improve after extended storage at low tempera-
tures as a result of reabsorbtion of emitted gas by surfaces in the tube.

In the early stages of evacuated tube technology there was concern
that vacuum degradation due to helium permeation of the glass envelope
could have a significant effect on tube performance. It has been shown,
however, that heat loss due to thermal conduction through the helium
which accumulates in the tube results in only very small degradation in
tube performance. Heljum permeation is therefore known to not present a
problem for long-term tube stability.

4.1.5.4 Reflectors

At the present time, the evacuated tubes represent the major cost
component of an evacuated tubular collector. At high tube prices the
cost-effectiveness of these collectors can be impraved by reducing the
number of tubes and using reflectors to concentrate the incident solar
radiation. Several different reflector configurations have been used.

Figure 4-5 (a) shows a diffuse reflector which is mounted behind a
spaced array of evacuated tubes. Such a construction increases the
absorbed energy on each tube by 20 to 25 percent at normal incidence for
absorber tubes spaced one tube diameter apart. Because of incidence
angle effects, the net increase in energy absorbed by the collector over
a full day relative to normal incidence is approximately 10 percent.

Greater enhancement per tube can be achieved by using specular
reflectors. The most popular of these is the compound parabolic
concentrator shown schematically in Figure 4-5 (b). Another variation is
the circular configuration ripple reflector used by PhiTips.

Some prototype evacuated collectors have been built which eliminate
reflector degradation by placing the reflector in the vacuum envelope.
In one experiment design shown in Figure 4-5 (c) a CPC reflector was used
in a cylindrical vacuum envelope. In another design, shown in Figure 4-5
(d), the outside glass envelope is shaped in the form of a CPC
concentrator and the reflecting surface is deposited on the inside.
Neither of these designs has proceeded beyond the laboratory stage
?1though these designs promise a very high efficiency and extremely low
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Fiat Diffuse Reflector

(b)

External Compound Parabolic Concentrator

(¢c)

Internal Compound Parabolic Concentrator

(d)

Tube with Draped Envelope

Figure 4-5. Reflectors Used with Evacuated Collectors.

4-14



4.1.5.5 Metal Fin In-Glass U-Tube Collectors

Figures 4-6 and 4-7 show the Corning US/Corning France collector.
These collectors do not employ a reflector. Metal fin-in-glass U-tube
collectors have also been manufactured by Nippon Electric Glass and Sharp
of Japan.

4.1.5.6 Metal Fin In-Glass Collectors with Straight Through Tubes

Figures 4-8 and 4-9 show the Sanyo collector. These collectors do
not employ a reflector.

4.1.5.7 Metal Fin-In-Glass Collectors with Heat Pipes

Figures 4-10 through 4-14 show the PhiTips collector. Philips has
produced a number of versions of this collector, some with reflectors and
some without. Other firms which have produced collectors of this basic
design are Thermomax of the United Kingdom, Philco of Italy, and Nippon
Electric Glass and Sanyo of Japan.

4.1.5.8 Al1-Glass Collectors with U-Tube Heat Extraction

Figure 4-15 shows the General Electric collector and 4-16 shows the
Sydney University collector. These designs are also manufactured by
Energy Design Corporation of the United States and Nitto Kohki of Japan.

4.1.5.9  Al1-Glass Collectors Using Overflow Extraction with Direct
Liquid Contact

Figure 4-17 shows the Owens-IT1inois collector and Figures 4-18
through 4-20 show the Solartech collector. Sunmaster 1in the U.S.
manufactures a collector of the same design.

4.1.5.10 Flat Plate Collectors

Figures 4-21 through 4-23 show some flat plate collectors used in
Task VI installation experiments. The Teknoterm collector of Figure 4-22
uses a second glazing of close packed evacuated tubes. The Scandinavian
Solar collector of Figure 4-23 uses an outer glass and two teflon films
as inner glazings. This latter collector has good optical performance
combined with low losses.
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Figure 4-7. View of the Corning Cortec ("A" and "B") Tubular
Collector.
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Figure 4-8. Structure of the Sanyo Collector (STC-CU250), Geneva,
Switzerland.
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Figure 4-9. View of the Sanyo STC-CU250 Tubular Collector,
Geneva, Switzerland.
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Figure 4-10. Individual Philips VIR 261 Collector Tube and
Condenser, Federal Republic of Germany.
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Figure 4-11.  Aluminum Clamps Transfer Heat from the Condenser to
the Heat Transport Pipe, Colorado State University.

Figure 4-12. A Collector Module of Philips VTR 361 Evacuated-Tube
Heat Pipe Collectors, Colorado State University.
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Figure 4-13.

CROSS SECTION

Dimensions of Typical Philips VTR-361 Heat Pipe

Collector and Ripple Reflector Position,
State University.
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Figure 4-14.  Philips/Stiebel-Eltron VTR 261 Collector Array,
Federal Republic of Germany.
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Figure 4-15. General Electric Collector.
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Figure 4-18. Cross Section of the Solartech Collector, Mountain
Spring Bottle Washing Facility, Canada.
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Figure 4-19. Module Assembly of the Solartech Collector, Mountain

Spring Bottle Washing Facility, Canada.
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Figure 4-20. Close-up Photograph of Solartech Collector, Mountain
Spring Bottle Washing Facility, Canada.
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Figure 4-23. The Solar <(Collector from Scandinavian Solar,
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4.2. STORAGE

Storage is the next most important subsystem in most solar energy
systems. This section gives descriptions of the storage systems used by
each of the installations. The range is from no storage to multi-tank
systems. Any additional storage features, such as stratification
enhancement devices, are also described.

4.2.1 Sydney University Solar Heating and Cooling System,
Sydney, Australia

Hot Water Storage:, The storage capacity of the corrugated copper
hot water tank is 3.2 m®>. The vessel is open to atmosphere and heavily
insulated (300 mm polyurethane foam). Weather protection is accomplished
with a second outer shell of corrugated iron. The tank does not have a
heat exchanger. Connecting pipework is steel reinforced high temperatuEe
rubber hose. The theoretical overall loss coefficient is 0.053 W/meK
yielding a loss factor of 1.15 W/K.

Chilled Water Storage: A chilled water tank can be used as a buffer
between the absorpfion cooling machine and the Toad. The storage
capacity is 1.35 m®. The inner and outer skins are galvanized iron,
separated by 100 mm of polyurethane insulation. The theoretical overall
loss coefficient is 0.159 H/mzK, the overall loss factor 1.79 W/K.

4.2.2 Mountain Spring Bottle Washing Facility, Edmonton,
Alberta, Canada

Due to the nature of this application in which the load occurred
concurrently with available solar energy, a storage tank was not needed.
Instead, an accumulator tank of 5.7 m3 (gross volume) was utilized. The
capacity of this tank was adequate to fill the entire collector Toop and
still have sufficient fluid inventory so that the heat exchanger
circulating pump operated satisfactorily. During periods when the bottle
washing facility was not operating, as on weekends, and solar energy was
available, heat could be transferred from the accumulator tank to the
soaker tank, effective}y increasing the storage capacity of the system by
the soaker tank’s 14 m°® volume.

The accumulator tank is a steel tank lined with dense concrete,
i.e., alcrete, precrete. The heat capacity is 4190 J/kg-K with maximum
and minimum operating temperatures of 93°C and 719C respectively. The
overall heat loss coefficient is 9.43 W/K. Stratification is insig-
nificant. A1l Tosses from the accumulator tank are non-useful.

4.2.3 Ispra Solar Heated and Cooled Laboratory, CEC

;he cooling system has two heat storages: a hot water storage of
0.5 m* and a chilled water storage of 50 mS.
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HOT Water Storage: Hot water storage is used to stabilize the inlet
temperature of the absorption chiller. Its function is not to provide
cooling capacity during the evening or night, but to permit the chiller
to continue operation when short interruptions in solar radiation occur.
The cylindrical storage tank, is 0.85 m high and 0.75 m in diameter. The
insulation is 0.7 m thick. The inlet and outlet connections have been
designed to enhance stratification. The heat capacity is 2.1 MJ/K,

Chilled Water Storage: During May and part of June in ISPRA, there
js excellent insolation with rather low outdoor temperatures. On the
other hand during July and August the cooling load is high and there is
less sunshine than previous months. There was a large underground
storage tank available in the Solar Laboratory, therefore, it was decided
to store the overcapacity of cooling available at the end _of the spring
for use during the summer. The storage consists of a 50 m3 water-filled
concrete vessel built under the Solar Laboratory. The inlet and outlet
connections are designed to achieve maximum stratification. As the
temperature in the storage is close to the ground temperature, the heat
losses in the storage are almost negligible.

4.2.4 Solarhaus Freiburg, Federal Republic of Germany

Domestic Hot Water Storage: A storage capacity of 2.5 m3 of water
has been determined as optimal by computer simulation runs. This stogage
capacity has been separated into 1.5 m® of preheat storage and 1.0 m of
hot water storage, to increase system efficiency. The storage tanks are
connected in series to the cold water mains. Both are cylindrical
pressurized steel tanks with a height of about 2.0 m and a diameter of
1.1 and 0.9 m respectively. They are insulated with 20 cm of rock wool
and covered with a thick galvanized sheet-steel envelope, giving loss
factors of 9.0 and 5.86 W/K respectively. Delivery of solar energy
occurs via immersed tubular heat-exchangers in the bottom of each tank.
A 12 kW resistance electric heater, located in the upper half of the hot
water tank, is used to supply electrical auxiliary energy. It should be
noted that solar energy is directly used in the drinking water system.
There is no danger of contamination by the collector fluid because of the
higher static pressure in the DHW system.

Solar Heating Storage: The storage cagacity of the solar heating
system is subdivided into two parts: a 15 m® of low temperature storage
and 5 m® of conventional heating storage, as a buffer tank. There is
storage for 7-10 days of heating when the average heaging Toad is 100
kWh/day, which is typical for May or October. The 15 m” storage tank is
a cube 2.5 m on a side insulated with 10 cm of mineral wool. It has a
loss coefficient of 25-35 W/K, depending on storage tank temperature.
The time constant is about 25-30 days. The tank is made of welded 3 mm
sheet-steel and withstands only the static pressure of its contents.
Solar energy is delivered through two internal tubular heat exchangers at
the bottom part of the tank, and heat is withdrawn through another heat
exchanger inside the top part of the storage.
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The other heating storage tank of 5 m3 capacity is designed for
daily storage or direct use of solar energy. It is a cylindrical
pressurized tank, insulated with 15 cm of mineral wool, has a loss
coefficient of 15 W/K and a time constant of about 15 days. Energy input
is either from solar or thermal energy from the oil burner. The energy
output is shared between heating and auxiliary energy for the DHW system.

4.2.5 Eindhoven University of Technology Solar House, The

Netherlands
Mass of working medium 3700 kg
Heat capacity 15.54 MJ/K
Maximum temperature 809C
Minimum temperature 129¢C
Heat loss factor 6.2 W/K (theoretical)
Stratification Enhanced by floating inlet,

bottom to top heating of domestic
hot water, and swing arm

There is a nitrogen-filled expansion tank in the top of the vessel,
serving both the collector Toop and the heater circuit.
4.2.6 Knivsta District Heating Project, Knivsta, Sweden

No storage is used.

4.2.7 Sadertdrn District Heating Project, Sodertorn, SWEDEN

No storage is used.

4.2.8 SOLARCAD District Heating Project, Geneva, Switzerland

No storage is used. Heat is transferred through heat exchangers
directly to the district heating system.

4.2.9 SOLARIN Industry Project, Hallau, Switzerland

Two horizontal steel cylinders filled with water and insulated with
150 mm of mineral wool are used for heat storage. Their volumes are 10
and 23 m®. They correspond typically to one day and one weekend of heat
storage. Heat losses are theoretically 14 and 28 W/K, but experimental
values are twice as Targe. For processing needs (summer time) the
temperature ranges from 90°C to 120°C. For space heating (winter time)
temperatures down to 15°C can still be useful (preheating of air taken
from outside).
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Two tanks allow more flexibility than one for control of heat
storage strategy. Although natural stratification occurs, it is not
important due to frequent mixing and small temperature differences.
Nevertheless, ten temperature sensors per tank are used to give a
detailed thermal picture.

4.2.10 BSRIA Solar Test Facility with Simulated Loads,
Bracknell, United Kingdom

The system contains two storage tanks, one for the space heating
system with a working mass of 1400 kg and the other for the hot water
heating system with a working mass of 117 kg.

The space heating storage consists of a vertical steel tank filled
with water. It contains a helical copper coil the full height of the
tank through which the hot fluid from the collectors is pumped. The coil
has connections at top and bottom and also at the center to permit
investigation of the effect of using only the Tower part of the coil.
The storage has connections at top and bottom for flow to and return from
the space heating distribution subsystem. Expansion of the contents of
the storage is accommodated by connecting it to an open expansion tank at
a high level. The stgrage has a height of 2.35 m, a diameter of .90 m
and a volume of 1.40 m3. The heat loss coefficient is about 10 W/K. No
Josses are useful losses. The domestic hot water storage consists of a
vertical copper cylinder, the Tower half of which contains a copper
heating coil through which the solar collector fluid is pumped. The
cylinder is fed at the base with cold water from a storage cistern at
high level and the preheated water is drawn off from the top. The
cylinder has a height of 0.90 m, a diameter of 0.45 m and a volume of
0.118 m3. It has an overall heat loss coefficient of about 6 W/K. No
losses are useful losses.

4.2.11 Colorado State University Solar House I, Fort Collins,
Colorado, USA

A 3600-1itre cylindrical pressure storage tank filled with ap-
proximately 2400 kg of high density polyethylene (HDPE) pellets was
intended for use during the summer of 1983. The pellets are generally 6
mm in diameter and have a heat capacity of about 209 KJ/kg at a phase-
change temperature of about 1309C. The material is stable to a tempera-
ture of 1509C, at which point meiting occurs.

Although water temperature was kept below 135°C, the plastic pellets
fused together after a few cycles of operation. This reduced the
porasity of the mass and its overall capability for heat storage. The
material also fused to the filters and as water expanded, the mass moved
vertically within the tank and sheared off the filters and clogged the
system. A standard 4000-]itre pressurized water storage tank was used
for the balance of the season.
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4.3 SITE SPECIFIC COLLECTOR INFORMATION AND DETAILS OF OTHER COMPONENTS
AND SUBSYSTEMS

This section provides collector information that is specific to each
installation and details of other components and subsystems. Unusual
features of an installation are also presented.

4.3.1 Sydney University Heating and Cooling System, Sydney,
Australia

Collection: Two types of collectors are used in this installation,
a good quality flat plate collector incorporating low iron glass and a
selectively coated stainless steel absorber and a prototype Sydney
University evacuated collector using "liquid-in-metal"™ tube and fin heat

removal. The two collector types can be operated independently or
Jjointly.
YAZAKI FLAT PLATE S.U. EVACUATED TUBE
No. of Modules 18 32
Total Aperture Area 34.4 m 40.0 m?
Coliector Tilt 33.59 12.59
Surface Azimuth 12.59 East of North 00
Working Fluid Water Water
ModuTe Connections 3 rows of & modules 4 vrows of 8 modules

(per row: two sets of
60 tubes in parallel)

Cooling: A Yazaki water/lithium bromide absorption chiller (WFC
600) has been used during the reporting period. The chiller has a
nominal cooling capacity of 7 kW for a chilled water temperature of 89C
and a generator inlet temperature of 889C. The required heat input is
11.6 kW and heat rejection is via a wet cooling tower at 29.59C. The
resulting coefficient of performance (COP) is 0.6.

Heat supply to the absorption chiller is from a 3200 litre hot water
tank. The tank acts as a buffer for periods of inadequate solar supply
(mainly early morning and late afternoon).

If the generator inlet temperature drops below 759C a back-up
instantaneous electric heater (13 kW) is turned on. During the auxiliary
mode the hot water tank is by-passed.

The cooling system can be operated with or without chilled water
storage (manual changeover). The chilled water storage has a capacity of
1350 Titres and plumbing to and from the tank is designed to enhance
stratification.

Heating: Space heating is accomplished via circulating water from
the hot water tank to the air handling units within the air-conditioned
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offices and back to the energy storage. The auxiliary heater is turned
on if supply water temperatures drop below 40°C. The hot water tank is
then by-passed.

Controls: System control uses conventional electronic controllers.
The collector pumps are activated by differential temperature controllers
(adjustable set-points and switching differentials).

A time-switch governs operation of the air conditioning plant. The
offices are air-conditioned during day-time only (e.g., 09.00 to 18.00),
seven days a week. A room thermostat is connected to a 2-stage con-
troller and to a proportional controller. Depending on the set condi-
tions and the actual room temperature, the system will operate in one of
the three modes: cooling, neither cooling nor heating, or heating.
Chiller, pumps, motorized valves, auxiliary heater, etc., are controlled
by separate thermostats and component interlocking is via control wiring
and relays in the main control switch box.

4.3.2 Mountain Spring Bottle Washing Facility, Edmonton, Canada

Collection: Three collector loops, consisting of 24, 86, and 106
Solartech evacuated tube collectors (equivalent to the Sunmaster, DEC-8A
model) are mountéd on the flat roof of the soft drink bottling plant.
The collectors are fitted with CPC reflectors. During the winter months
(November to February), there is considerable mutual shading among some
of the collector rows.

SOLARTECH
Number of Modules 216
Absorber Area 284 mé
Total Aperture Area 281 m2

Array Capacitance per me

of aperture ayea (kJ/mé-K)  45.8 (includes fluid)

Fluid Vo1ume‘p3r m< of aperture
)

area (1/m 9.30 {collectors and array piping)
Working Fluid Deionized water
Fluid flow rate per m? of

aperture area (1/hr—m2) 30
Piping Material Copper in collector headers;

steel in array piping

Module Connections A1l in parallel
Collector Tilt Angle 500
Surface Azimuth 09
Tube Orientation North-South

Heat Transfer: The three collector loops are connected to a central
solar accumulator tank. A separate transfer loop transfers heat from the
solar tank (when demanded and available) via a heat exchanger to the
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caustic Toop, which maintains the temperature of the bottle washing tank
near 65°C,

Controls: Both the collection loop and the transfer loop are
controlled by differential temperature controllers.

COLLECTOR On-Differential, 130cC; Off-Differential, 30C
TRANSFER On-Differential, 2.50C; Off-Differential, 1.59C

4.3.3 Ispra Solar Heated and Cooled Laboratory

Collection: Three different types of collectors were used during
the reporting period. The Sanyo collectors are used with and without
reflectors. The different arrays are connected in parallel at the same
storage.

SANYO PHILIPS VTR PHILIPS VIR
261 361
No. of Modules 12 5 3
Total Aperture Area 29.04 m 11.1 m@ 6.81 m2
Collector Tilt 300 300 300
Surface Azimuth 00 09 Qo
Working Fluid water water water
Fluid Flowrate 1700 kg/h 1080 kg/h 680 kg/h
Module Connections 2 rows of 1 row 1 row
6 modules

(one row with
flat reflectors
in front)

Cooling: The hot water from the collectors goes through a small
buffer storage to the generator of the absorption chiller. The chiller
cools the Targe chilled water storage. The Laboratory is cooled with the
chilled water from the storage. No auxiliary boiler is provided.

Controis: Each collector type has its own differential controller
with a sensor in the buffer storage and in the collector itself. The
chiller is switched on when the temperature in the buffer storage is 859C
and switched off when the temperature drops below 770C.

4.3.4 Solarhaus Freiburg, Federal Republic of Germany
In the period from January 1982 to May 1983 the following four solar

systems were operating in SOLARHAUS FREIBURG with the DHW “and Heating
systems.
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Philips MK IV - Heating System: January 1982 - May 1982

Corning Glass - DHW System: January 1982 - May 1982
Philips VTR 261/Stiebel-Eltron
DHW System: June 1982 - May 1983

Corning Glass - Heating System: June 1982 - May 1983

Collection: Four different solar systems have been tested by the
alternative coupling of the two collector systems (Corning and Philips}),
with two DHW and heating systems. As there is no principal change of the
solar system design, the energy flows are affected by these experiments
only in magnitude. The heat capacity of one Corning collector module has
been estimated at about 5 kJ/K per module and 300 kJ/K for the entire
array including piping etc. This is considered Tow as the collector
reaches system temperature within a rather short time. The Philips
collector field has a thermal capacity of 947 kJ/K causing a pronounced
heatup phase in the morning and cooldown phase in the afternoon.

CORNING GLASS PHILIPS MARK VI PHILIPS VTR 261
STIEBEL-ELTRON

No. of Modules 24 4 15
Aperture Area 33.3 m? 29.45 m2 29.2 mé
Collector Tilt 550 550 550
Surface Azimuth 120 120 120
Working Fluid * * *
Fluid Flow Rate 32 1/min 32 1/min : 32 1/min
Module Connect. 4 rows of 1 row of 3 rows of
6 modules 4 modules 5 modules

* 38% by Volume Propylene Glycol-Water solution

Heating: The space heating system utilizes oversize radiators.
This is because solar heating is usually at a lower temperature than
conventional heating. For an external ambient temperature of -129C, this
system operates at 50°C rather than 90°C.  The radiator operating
temperature is centrally controlled so that it decreases linearly with
rising ambient temperature. Additionally, all radiators are equipped
with thermostatic valves to prevent overheating of the living space by
external or internal loads.

Domestic Hot Water Heating: The major component of the DHW system
is the 1 m® hot water buffer tank. A conventional circulation loop
maintains most of the hot water distribution network at the design
temperature for 16 hours of the day, even when there is no hot water
consumption. The Tlosses due to this circulation are approximately 20
percent of the net hot water load. The losses are outside the insulated
enclosure in the house’s attic, and so they are not useful.

Storage capacity is 2.5 m3. This volume was determined from
computer simulation to be the optimum for the system. The storage
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consists of a 1.5 m3 preheat tank and a 1 m3 hot water storage tank. The
purpose of dual storage vessels was to improve system efficiency. The
preheat tank has the cold mains water inlet. Collector outlet water is
returned into the preheat tank at the appropriate temperature Tevel
between mains temperature and 67°C, by a floating return pipe. Thel m3
hot water storage tank receives the solar preheated water in the lower
half of the tank. The upper half of the hot water storage tank is
constantly maintained within the design temperature range of 48-500C by
using auxiliary energy.

Solar energy may be delivered in both storage tanks via tubular heat
exchangers built into the bottom of each tank. Actual solar enerqy
delivery will depend on the control strategy of each experiment.
Auxiliary energy is fed only into the hot water storage tank, either by a
12 kW electric resistance heater inside the tank, or by an external heat
exchanger connected to the control heating system. It should be noted
that solar energy is directly used in the drinking water system. Both of
the storage tanks are insulated all around with 20 cm of mineral wool.

Controis: A microprocessor operated control system was installed in
the Solarhaus Freiburg, with a conventional control system as standby.
In order to investigate the influence of modified control on the dynamics
and the energy consumption of the various systems, several control
strategies for the solar, DHW, and the heating system have been developed
and tested.

The collector pump is switched on for at least ten minutes when the
radiation level exceeds 130 W/m¢. Collector operation stops when the
collector temperature rise falls below 0.5K. Collected solar energy may
be delivered to either the hot water or preheat storage tank, depending
on their temperatures, and the insolation intensity. Any excess energy
collected in the DHW system (i.e., storage tanks at maximum temperature)
may be fed into the heating system storage, in parallel with the autput
from the heating system collectors.

For an electrical auxiliary control of DHW, a standard thermostat is
used for the electric element in the 1 m3 hot water storage tank. An
‘energy-hysteresis’ control strategy is used for the supply of auxiliary
thermal energy. Two temperature sensors, located in different parts of
the storage tank, provide the necessary signals.

4.3.5 Eindhoven Technological University Solar House, The
Netherlands

The collector array consists of 23 modules of 16 evacuated tubular
collectors each:
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PHILIPS VIR 261

Characteristics Working fluid in heat-pipe; neopentane Selective
surface; Cobalt-oxide

Vacuum 10~ a

Module Aperture Area 2.05 m

Module Gross Area 2.37 m2

Array Aperture Area 47.15 mé

Array Gross Area 57.66 me

System Fluid Water from the maini, no additives

Fiowrate Variable 5-22 kg/(m¢ hr)

Orientation (Azimuth) 79 West from South

Tilt 480

Maximum Outlet Temp. 909¢C

Reflectors Behind the tubes is a Tedlar-coated Aluminum
film (manufactured by Solar Usage Now)

Freeze Protection Flushing in case of freeze risk

Method

Domestic Hot Water Subsystem: The heat exchanger in the storage
vessel consists of 11.5 m of finned copper tube, half of which is
concentrated in the upper part of the tank.

Make Trufin
Type W/H 35-11-14 100 01
External Heat 2.42 mé

Exchanging Surface

Heat Distribution Subsystem: Energy is transferred from the storage
vessel to a water-to-air heat exchanger (made by Holland Heating). This
heat exchanger is designed to heat the air up to 509C at an outdoor
temperature of -15°C and has a theoretical transfer capacity of 1500 W/K.
The water flow in the heat exchanger amounts to 300 kg/hr making the
throughputs of collector array and distribution system essentially equal.
The garage is heated by waste ventilating air, drawn from bath rooms and
toilets.

Control System Hardware: The control system hardware consists of a
control unit and sensors for temperature, pressure and fluid level.

A1l setpoints in the control unit are adjustable, providing great
flexibility of the control system. This flexibility permits convenient
experimentation with the control strategy. The aims of these experiments
are

0 To eliminate superfluous operating modes and hardware parts
0 To simplify intricate operating modes, or control functions
0 To optimize the control strategy.
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A diagram showing the location of sensors and control devices is
given in Figure 5-6. For temperature measurements Pt 100 resistance
thermometers are used. Temperature and current transmitters are all
Philips transmitters, type E. Temperature setpoints are adjustable using
Philips Witromats. The collector pump is a Wilo RS 25/70 V. This pump
is controllable for a variable flow of 200 - 800 /hr by means of a
frequency controller, type Electroproject EPFC-1.5kW. The motorized
valves are made by Landis and Gyr.

4.3.6 Knivsta District Heating Project, Knivsta, Sweden

Collection: Four collectors have been tested in this installation,
three evacuated tube collectors, and one flat-plate collector.

GENERAL  OWENS PHILIPS ~ SCANDINAVIAN
ELECTRIC ILLINOIS VTR 141  SOLAR HT (FP)
TCl00 SUNPAK

No. of Modules 8 24 19 2
Total ApertuEe
Area (m¢€) 38.36 35.64 24,62 24
Collector Tilt 450 450 600 450
Fluid Flow Rate 27 22 10 6 (litres/min)

The collector heat transfer medium is a water glycol mixture.

Heating: The collectors are connected via a heat exchanger directly
to the district heating network without any storage.

Controls: The pumps in the collector loop are run 24 hours per day.
When the temperature in the loop is warmer than the return temperature of
the network, the network loop side of the heat exchanger is activated.
To prevent freezing in the heat exchanger network side, a bypass is
opened on the collector side when temperatures are less than a few
degrees centigrade about zero.

No preheating of the collector loop with energy from the district
heating network has been applied except for a few instances for freeze
protection and system experiments. This will not have a significant
influence on the reported data.

Measurements: Q112 does not include the preheating energy delivered
from the collectors to the piping system outside the array in the
morning. For direct comparison of Q112 for Knivsta with other results,
the daily energy input/output, curves have to be shifted ugwards and
parallel (except for tge General Electric TI100) by 0.3 MJ/m<d f%r the
Owens I11inois; 0.5MJ/m<d for the Scandinavian Solar; and 1.1 MJ/méd for
the Philips VIR 141 collectors.
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4.3.7 Sddertorn District Heating Project, Sédertdrn, Sweden

Collection: Seven collector systems are being tested in the
Sédertdrn plant. Two evacuated tube collectors, four standard flat-plate
collectors, and one second generation flat-plate collector with

anti-convection glazing. Three of the flat-plate collectors are
presented.
GENERAL  PHILIPS  SCANDINAVIAN  GRANGES TEKNOTERM
ELECTRIC VTR 141  SOLAR HT ALUMINUM HT
TC100 SUNSTRIP 80
No. of Modules 48 88 78 100 192
Total ApertuEe
Area (m<) 150 120.6 216 191 144
Collector Tilt 400 600 430 400 400
Fluid Flowrate
(Titres/min) g7 72-216 59 200 192

The collector loop is filled with a water glycol mixture.

Heating: The collectors are connected via a heat exchanger directly
to the district heating network without any storage.

Controls: The circulation in the collector loop starts when the
collectors reach a temperature of about 459C. The heat transfer to the
network is controlled by valves on both sides of the heat exchanger.
These are opened when the collector loop is warmer than the network
return temperature.

No preheating of the collector leop by the district heating network
has been applied except for a few weeks to evaluate system dynamic
effects.

Measurements: Q112 does not include the preheating energy delivered
from the collectors to the piping system outside the array during the
morning. However, as this piping system is very small compared to the
aperture area, no correction is needed for direct comparison with other
results.

4.3.8 SOLARCAD District Heating Project, Geneva, Switzerland
Collection: The collectors are mounted on a flat roof with the
absorber plates parallel to the collector plane. Each row slightly

shades part of the next one. Three separate loops for the Corning "A"
and "B" and Sanyo collectors allow for separate performance measurements.
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CORNING CORTEC

CORNING CORTEC SANYOD STC

llAll IIBH CU 250

No. of Modules 6 6 8
Absorber Area (mé) 6.72 x 2 6.72 14.0
Aperture Area 8.7 8.7 19.5
Array Eapacitance

per m¢ of %gerture

area (kd/m<9C) 10.9 12.3 14.0
F]gid Volume per

mé of apeEture

area (1/m¢) 1.33 1.53 1.72
Working Fluid Glycolen in water Glycolen in water Glycolen in

0% summer 0% summer Water, 0%

30% winter

30% winter

Summer, 30%

winter
Fluid Flow Rate {1/h)
array input/
output 350 350 550
through one
module 58 58 137
Tube Material
(piping) iron iron iron
Module Connections 6 modules & modules 4 parallel
(series/parallel) in parallel in parallel branches of 2
in series
Collector Tilt :
Angle 30° to hor. 309 to hor. 309 to hor.
Azimuth Faced by
Array 40 (W) 40 (W) 49 (W)
Reflector/
Background white plates none none
Tube Orientation E-W E-W E-W

Heating:
three systems.

Controls:

The solar radiation
collector circulation pumps.

level

The same Toad (district heating network) applies to all

is monitored to control
Three-way valves allow for the preheating

of the closed collector loop until the temperature is higher than the
district heating return line. The pump connecting the heat exchangers to
the district heating network was operated continuously up to March 1983;
since April 1983 it has been operated only when at least one collector
pump was running. Preset times prevent fast operating mode oscillations.

4.3.9. SOLARIN Industry Project, Hallau, Switzerland

Collection: Corning Cortec "D" collectors are used.
mounted 0.5 m above the flat roof of the factory.

They are
The roof is covered by
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white painted gravel. The collector plane is tilted 29 from horizontal.
Absorbers are tilted 302 with respect to the collector plane. Shadowing
effects from one absorber to the next can be important in the winter.
Provision is made for testing other collectors (focusing type).

CORNING CORTEC "D" *

No. of Modules 280
Absorber Area (m) 362
Aperture Area (m?) 406.0

Array Capacitance per m2
of aperture area kJ/m2 K) 9.6
Fluid Volume per m¢_of

aperture area ( /mz) approximately 1.4
Working Fluid 32% glycolen in water
Fluid Flow Rate {(1/h)
array input/output approximately 10,000
through one module 7 litres
Tube Material (piping) iron
Module Connections 7 branches in parallel; (series/parallel)
20 series per branch of 2 in parallel
Collector Tilt Angle 20 to Horizontal
Azimuth Faced by Array 0% South
Reflector/Background clear roof
Tube Orientation E-W

* Same as Corning Cortec "A" except absorbers tilted by 30o to the
collector plane

Heating: Solar gains contribute to processing needs in summer and
space heating in winter. Auxiliary heating is provided by existing
conventional burners. Low temperature heat use is sometimes possible,
for example, preheating of outside air through a heat exchanger, for
space heating.

Controls: The solar radiation Tevel 1is used to control the
collector pump. Temperatures in different parts of the system are used
to determine the position of valves and operation of pumps. A rather
complicated control strategy is achieved utilizing a microprocessor in
order to allow different operating options: direct use of solar, solar
to storage, storage to load, choice of storage, choice of load, partial
and/or combined operations. All together 12 sensors act on 3 pumps and 8
valves. Manual operation of the system is possible.

4.3.10. Evacuated Collector System Test Fﬁci]ity, United Kingdom
Collection: The solar circuit subsystem has a common return from
all the collectors to the plant area. The flow can be directed just

through or past the heating coil in the space heating storage, then
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through or past the coil in the domestic hot water storage. There are
two separate flow pipes from the plant area to the collectors, each
serving ten collector modules.

PHILIPS VTR 151 (15 TUBE)

Number of Modules 20

Total Aperture Area 21.6 m2

Collector Tilt 61.5°

Surface Azimuth 00

Working Fluid 30% propylene glycol-water
Fluid Flow Rate 6 1/min

Module Connection 2 rows of 10 modules

Heating: The space heating load simulator subsystem draws off water
from the space heating storage at a controlled temperature. It is
controlled by the system computer, according to the prevailing weather
conditions. Heat is rejected to ambient through a serijes of heat
exchangers. The present configuration of the system has a maximum water
flow rate to and from the space heating storage of 0.061 /sec and an
overall effectiveness of 0.31.

Domestic Hot Water Heating: The domestic hot water subsystem draws
off water at either 0.15 or 0.30 /sec for a variable length of time. The
flow rate and length of each draw off are selected by the computer
according to the time of day. At present the total domestic hot water
load is 90 1/day.

Controls: The controller starts up in the idle mode. In this mode
no part of the solar system is activated and the controller continuously
interrogates the collector thermostat.

As soon as the collector temperature vreaches the collector
thermostat set point (currently 609C) the controller enters the start up
mode and sets the solar system in the "collector pump on" mode.

After a delay (4 minutes), the controller enters the run mode. It
interrogates the two storage differential thermostats and, if a storage
differential thermostat is on, the fluid in the collector circuit is
directed through the heating coil in the appropriate storage.

Each storage has its own differential thermostat. The thermostats
are independent of each other. A storage differential thermostat
switches on when the fluid in the collector circuit before the branch to
the heating coil is warmer than the water in the appropriate storage.
According to which storage differential thermostats are on, the solar
system operates in the "solar to domestic hot water" or "solar to space
heating store" or "solar to space heating storage and domestic hot water"
mode. ‘
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Each storage has a high limit thermostat. When the temperature in a
storage reaches 1its high 1limit thermostat set point the controller
behaves as if the appropriate storage differential thermostat were off.
This function is provided by a hardware thermostat for the domestic hot
water storage and by computer software for the space heating storage.

4.3.11 Colorado State University Solar House I, USA

Collection: The collectors used during the reporting period were
the Philips VTR 361 collectors mounted on a test bed Tocated south of
Solar House I.

PHILIPS
Number of Modules 24
Total Aperture Area 54.513 mé
Collector Tilt 459
Surface Azimuth 0o
Working Fluid water
Fluid Flow Rate 37 Titres/minute
Module Connections 2 rows of 12 modules each

Heating: Space heating is accomplished by use of the main load pump
circulating water from storage through a water-to-air heating coil, back
to the bottom of the storage tank. Simultaneously, the blower in the
duct is activated, drawing air through the coil and delivering heat
through duct work to the rooms. Auxiliary heating is provided by an
off-peak electric thermal energy storage unit.

Off-Peak Electric Heat Storage Unit: This device is an assembly of
refractory bricks contained in an insulated metal cabinet manufactured by
the TPI Corporation. Electric heating elements supply heat to the bricks
during the off-peak demand period at night. In normal operation, without
auxiliary, air heated in the solar coil by-passes the off-peak electric
unit. When auxiliary heat is needed, air leaving the solar heating coil
is routed through the brick work by motorized dampers. If auxiliary
space heating is needed during the night off-peak cycle, the air stream
by-passes the bricks and is heated by direct resistance heating. The
storage capacity is 200 kWh with 28.9 kW charging load at 208 volts, and
121 amps.

Cooling: A Carrier prototype air-cooled lithium-bromide water
chiller, Model SAM-3A, was used during the reporting period. The chiller
is an experimental unit under development with DOE assistance. Intended
for use in arid regions, heat is rejected directly from the absorber and
condenser to the atmosphere through finned tubes. Although designed for
an operating temperature of 1109C, a reasonable working range is from 80
to 1209C. Capacity decreases with increasing ambient temperature, and
decreasing hot water supply temperature. The operating COP is in the
range from 0.7 to 0.8.
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Domestic Hot Water: There was no DHW heating during this period
when many experimental changes were made and separate components were
being evaluated.

Controls: A microprocessor-based controller is used to control the
system. The Carrier chiller has its own internal controls for protection
against crystallization, freezing, etc. Collector flow is initiated by a
temperature difference between a heat transfer block at the condenser of
one collector tube and bottom of storage, but is terminated when the
collector outlet fluid temperature is 19C greater than bottom of storage
temperature. There is heat rejection to the atmosphere when collector
outlet fluid temperature reaches a preset temperature. During the
summer6 the preset temperature was 1359C and during winter it was lowered
to 120°C.

Space heating and cooling are controlled by switch closures at the
thermostat. Set temperature, although controllable in the microproces-
sor, 1is manually adjustable to suit the comfort level desired by
occupants.,
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5. SYSTEMS EXPERIMENTS

Many of the Task VI installations run multiple experiments or
experiments with multiple systems. Colorado State University Solar House
I, for example, sequentially tested eight different systems during the
two-year period of the previous interim report and the Knivsta District
Heating Project simultaneousiy tests three different collector systems.

Even with multiple experiments or experiments with multipie systems,
an experimental project can only directly produce results for a very
Timited number of design points. This limitation is due to the expense
of altering the design, to the weeks or months required to thoroughly
debug an altered operating and data acquisition system, and to the need
for a minimum of a few weeks or perhaps even a season of data from one
design to achieve a significant confidence level in the results.

The Task has also developed both simplified methods and specialized
simulation models and carefully validated these models against data so
that results may be extended to other design points and climates. Such
extensions are included in Gemmell et al[5] and Schreitmiiller[6].

The system experiments of this Task provide not only validation data
sets for the eventual generalization of results but, more importantly,
operating experience and data that can only be gained from a real system.
Many real problems in system and subsystem design, in component selection
and matching, in reliability and longevity and in controls and operating
strategies can only be discovered by actual system operation. In
addition, simulations of complex systems, such as the systems in this
Task, inevitably have numerous unanticipated deficiencies which must be
identified and corrected prior to any final validation against real data.
Thus, the systems described in this section are providing important input
for the improvement of real systems and for the development of realistic
predictive models.

The experiments of this Task, including those covered in the
previous Task VI interim report [1], are given in Table 5-1. The
experiments described in the body of this report cover the period October
1981 through September 1985.

Actual climate data for the experimental period for each of the
installations which have reportable data are provided in Table 5-2.
These data may be compared with the Tong-term average climate information
given in Table 3-1. The individual experiment descriptions also note
whether or not the experiment period was typical.

Further details of individual experiments and systems are provided
below and in the Task interim reports[80-134],
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TABLE 5-2.

CLIMATE DATA FOR EXPERIMENTAL PERIODS

COUNTRY EXPERIMENT DATES DEGREE AYERAGE AVERAGE  AVERAGE AYERAGE
DAYS DAILY DAILY DAILY MAX DAILY MIN
INSOLATION AMBIENT TEMP (C) TEMP (C)
{(MI/m2) TEMP(C)
Australla 24 Dec 82 to 20 Jan 83 NA 20.22 23.8 35.0 17.8
Australia 9 July 83 to 26 July 83 e3 13.98 14.7 15.1 7.9
Australia 28 Aug 83 to 28 Sept 63 36 18.53 17.0 21.8 12.4
Australia 1 Nov 83 to 30 Apr 84 HA 17.13 20.6 23.9 17.2
Australia 1 May 84 to 31 Oct 84 528 12.72 14.3 18.4 10.9
Australia 1 Nov B4 to 31 Mar 85 NA 21.79 21.0 24.7 15.7
Canada 1 Aprii 81 to 30 April 82
Canada 1 May 82 to 31 Dec B2 NA 14.0 a.8 NA NA
Canada 1 Jan 83 to 31 Dec 83 NA 12.7 3.9 NA NA
Canada 1 Jan 84 to 31 Dec 84 NA 13.5 4,2 NA NA
CEC July 82 to Sept 82 -— 17.0 20.5 25.7 15.7
CEC May 83 to Sept 83 _— 19.0 20.7 26.2 15.8
FRG March to May and Aug 79 NA 12,5 12.9 — —
FRG March to May and Aug 79 NA 12.5 12.9 —— —
FRG June, July, Sept to Dec 79 NA 11.2 12.5 — —
FRG June, July, Sept to Dec 79 NA 11.2 12.5 — -
FRG Jan to May 80 NA 9.4% 5.2 —— —
FRG Jan to May B0 NA 9.9 6.2 — -—
FRG June to Dec 80 NA 11.9 11.7 ————
fRG June to Dec 80 NA 11.2% 11.7 ——
FRG Jan to Dec 81 NA 10.7 9.8 — —
FRG Jan to Dec 81 NA 10.7 9.8 —— -—
FRG Jan to May 82 2891 11.8 10.3 — -—
FRG Jan to May 82 NA 11.8 10.3 —-— —
FRG June 82 to May 83 NA 10.9 10.6 — —
FRG June BZ to May 83 2798 10.9 10.6 — —

* Collector was perfodically shaded
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TABLE 5-2 {cont).

COUNTRY EXPERIMENT DATES DEGREE AVERAGE AYERAGE  AVERAGE AVERAGE
DAYS DAILY DAILY DAILYMAX  DAILY MIN
INSOLATION AMBIENT TEMP (C) TEMP (C)
(MI/m2) TEMP (C)
Netherlands Planned {Interim Report)
Sweden Aug 81 to Nov 83 NA 9.9 5.7 NA NA
Sweden Aug 81 to Dec 83 NA 9.9 5.7 NA NA
Sweden Aug 81 to Dec 83 NA 9,9 5.7 NA NA
Swaden Feb 83 to Dec 83 10.8 6.0 NA NA
Swedan May 82 to Dec 83 10.4 6.6 NA NA
Sweden May 82 to Dec 83 10.4 6.6 NA NA
Swadan May 82 to Dec 83 10.4 8.6 NA NA
Sweden May 82 to Dec 83 10.4 6.6 NA NA
Sweden April 83 to Dec 83 11,5 8.0 NA NA
Switzarland July 82 to Mar 84 4498 12.0 12.4 29.9 =-3.6
Switzariand Apr1i 83 to Mar 84 2795 13.4 13.2 29.9 =-3.3
UK 1 Qct 81 to 2 Jupe 82 k¥i-1d 3.4% 4.84» NA NA
UK Jun 82 to Aug 82 112 14.6 16.0 NA NA
UK Oct 82 to May 83 1598 7.6 7.2 NA NA
USA 5 Feb B0 to 8 Mar 80 1082 17.5 -1.5 7.4 -6.7
USA 10 June 80 to 30 July 80 360 21.0 21.7 30.6 13.5
UsSA 11 Aug BO to & Sept 80 111 19.8 20.4 27.8 11.5
USA 18 Sept 80 to 30 Sept 80 13 5.7 16.7 26.0 8.2
UsA 8 Nov 80 to 14 Jan Bl 1813 14,2 3.1 11.0 -4.7
UsA 14 Jan 81 to 1 Feb B1 568 17.5 0.9 8.9 =7.7
USA 12 Feb 81 to 31 Mar 81 1245 18.9 3.2 10.8 -3.8
UsA 1 July 81 to 17 Sept 81 382 19.0 20.8 28.3 12.9
USA 1 Ooc B2 to 19 April 83 1220 14,57 2.1 13.6 9.1
USA 1 Sept 83 to 14 Cct 83 NA 21,36 15,2 23.8 6.0

* Data relates to perfod 1 October 1981 to 23 Decamber 1981,




5.1 SYDNEY UNIVERSITY SOLAR HEATING AND COOLING SYSTEM SYDNEY, AUSTRALIA

5.1.1 24 December 1982 to 20 January 1983

Sydney University evacuated collectors were used during the entire
cooling season of 1982/1983 to power the Yazaki absorption cooling
machine. Since data acquisition was not yet fully automated during
November 1983 to April 1983, the data shown is restricted to a few weeks,
where system information could be stored on cassette tapes.

Manual records from heat meters and integrated data logger informa-
tion confirm that the system performed very well as was later indicated
during the rest of the cooling period.

A system diagram of the space cooling mode without chilled water
storage is given in Figure 5-1.

5.1.2 July 9 to July 26, 1983

The space heating period in Sydney covers the months May through
September. System operation and monitoring during this period was
frequently " interrupted by minor system modifications and maintenance
work, sensor calibration, and debugging of computer software.

During the first part of the heating season Yazaki flat-plate
collectors were used.

5.1.3 August 28 to September 28, 1983

One month’s experimental data was obtained during the latter part of
the heating season using the Sydney University evacuated tubular
collectors. The system diagram for the heating mode is given in Figure
5-2.

5.1.4 November 1 1983 to April 30, 1984

Sydney University evacuated collectors were being monitored during
this reporting period. The system operated smoothiy and reliably.
Unfortunately, the data acquisition system was not fully reliable.

5.1.5 May 1 to October 31, 1984

Sydney University evacuated collectors were used for the supply of
energy for heating between May 1, 1984 and October 31, 1984. Relatively

small loads resulted in frequent collector boiling and necessitated
energy dumping.
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5.1.6 November 1, 1984 to March 31, 1985

There were no system operation problems worthwhile noting during the
1984/85 cooling season. The Sydney University evacuated collectors
continued to perform very well. Insulation of pipes is deteriorating
rather rapidly which has some effect on the overall system performance.
The Yazaki absorption chiller worked maintenance free, but COP’s were
rather poor.

5.2 MOUNTAIN SPRING BOTTLE WASHING FACILITY, EDMONTON, CANADA

The objective is to determine areas in which costs in future
installations may be reduced or eliminated. This is done by replacing or
upgrading subsystem components where practical, or by simulation to
maximize performance. A system diagram is given in Figure 5-3.

5.2.1 1 May 1982 to 31 December 1982, 1 January 1983 to 31
December, 1983

The collector loop has two temperature sensors to monitor and
control the system. One is mounted in a wall near the bottom of the
solar tank and the other is located inside a specially equipped control
solar collector. The collector operates in two modes:

Normal operation: The collector turns on at a AT of 3°C.

Overtemperature: If the solar tank temperature is greater than
950C, the solar collection loops shuts off. If the collector control
temperature exceeds 1500C, the operation of the coliection Toop ceases.
This is to prevent the breakage of hot tubes by thermal shock. There are
two modes of operation for the heat transfer loop. First, if heat is
demanded by the soaker tank and the accumulator temperature is 2.50C
greater than the inlet temperature to the heat exchanger, the circulation
pump between the accumulator and the heat exchanger is activated, thus
initiating heat transfer. The system turns off at a AT of 1.50C.
Second, if the accumulator temperature reaches 90.5°C and if no heat is
demanded by the soaker tank, (i.e., weekends), both the soaker tank pump
and the heat exchanger circulation pump are activated in order to dump
heat into the 14,000 litre soaker tank. This effectively increases the
storage capacity of the system by 14000 litres.

5.3 ISPRA SOLAR HEATED AND COOLED LABORATORY, COMMISSION OF EUROPEAN
COMMUNITIES :

The purpose of the experiments is to study the operation and

understand the performance of a solar cooling system with evacuated
tubular collectors under the climatic conditions of Ispra.
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5.3.1 15 July 1982 to 15 September 1982

The system 1is schematically shown in Figure 5-4. It consists
essentially of

0 29.04 m¢ of Sanyo evacuated tube collectors (two arrays of 6
modu]ei);
17.9 m¢ of Philips evacuated_tube collectors;
a hot water storage of 0.5 m?;

a LiBr/Hy0 absorption chiller;

a large storage of chilled water;

fan-coil units

o0 000

The collector array D, three modules of the Philips VTR 361, were
not utilized in this experiment. The collector subsystem has two
differential controllers, one for the Sanyo collectors and one for the
Philips collecftors. The collector pump is switched on if one of the
collector temperatures is 59C higher than the bottom of the hot storage.
Simuitaneously, the corresponding motorized valve is opened. When the
other collector array starts operating the pump will change speed and the
appropriate valve will be opened.

When the temperature at the outlet of one system is less than 29C
higher than the temperature at the bottom of the hot storage, the
corresponding motorized valve closes the circuit and the pump will change
speed. When both the valves are closed, the pump stops.

The use of a large chilled water storage tank permits the chiller to
be operated continuously if there is sufficient sunshine. This allows
for a rather simple control strategy. The chiller is started when the
temperature in the hot storage reaches 85°C. It is stopped when the
temperature in the buffer drops below 77°C.

A room thermostat switches on the pump of the distribution system
when the room temperature reaches 239C. The pump is stopped when the
temperature drops below 22.5°C.

A proportional controller regulates the temperature at the outlet of
the fancoil units as a function of the outdoor temperature.

5.3.2 11 May 1983 to 23 September 1983

This experiment is essentially the same as the 15 July 1982 to 15
September 1982 experiment. The only difference is that the Philips VIR
361 array D, was installed and operating.

5.4 SOLARHAUS FREIBURG, FEDERAL REPUBLIC OF GERMANY

Table 5-1 shows the experiments in the period from January 1982
to May 1983 when the following solar energy systems were supplying the
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SOLARHAUS FREIBURG installation. The system is schematically shown in
Figure 5-5.

Philips MK IV - Heating System: January 1982 to May 1982

Corning Glass - DHW System: January 1982 to May 1982
Philips VTR-261/Stiebel-Eltron
DHW System: June 1982 to May 1983

Corning Glass - Heating System: June 1982 to May 1983

Except for the replacement of the Philips IV collectors with the
Philips/Stiebel-Eltron collectors, the experiments are identical with the
experiments in preceding periods.

As in the preceding report, primary experiments are based on yearly
periods in order to give meaningful performance parameters.

There was a load-oriented analysis 1in 1982, with the operating
periods of the Philips IV and the Philips/Stiebel-Eltron collectors being
differentiated. The Philips MK IV collectors were exchanged for the
Philips/Stiebel Eltron collectors in 1982.

The next experiment ia a Jload-oriented DHW and heating system
analysis in the annual operating period of the Philips/Stiebel-Eltron
collector from June 1982 to May 1983.

The effects of modified control-strategies (one-storage tank or
two-storage tank strategies) cannot be addressed in the experimental
data, because system performance is affected by too many stochastic
influences (e.g., weather, load, season etc.).

5.5 EINDHOVEN TECHNOLOGICAL UNIVERSITY SOLAR HOUSE, THE NETHERLANDS

The system investigated in the Solar House at EUT is schematically
shown in Figure 5-6 and encompasses:

0 a coilector array consisting of %3 Philips VTR 261 collectors
with an array aperture of 47.15 m

0 a storage vessel with a working mass of 3700 kg and a heat
capacity of 15.54 MJ

0 variable collector flow

0 a real load of a spacious detached dwelling in Dutch climatic
conditions.

The objectives are
0 to gain performance and operational data for the Philips VIR
261 evacuated tubular collectors under real conditions

] to establish a well validated basis for the comparison of
conventional and ETC system performances
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0 to prove the novel control strategy, which implies roughly
equal dafly throughputs for the coltector Toop and the load
circuits

] to test the concept of the integrated heater-stratified storage
designs.

The monitoring system encompasses 29 temperature probes, & mode
indicators, a pyronometer and a wind speed and direction meter. Data are
taken each minute and subsequently processed to 5 minute averages and
daily and weekly performance records. Final yearly performance
calculations and collector characterization are executed with the EUT
Burroughs 7900 computer. Occasionally, special measuring equipment is
installed to obtain detailed information on the behavior of components.

Control Strategy:

0 Roughly equal throughputs for the collector loop and the 1load
circuits

0 ColTector flow dependent on the irradiation

0 Using the stratified storage, the temperature of the water
delivered to the air heater is dependent on the ambient
temperature.

Protection:

0 Freeze protection by means of flushing the collector array
0 Protection against super-heating by boiling dry

5.6 KNIVSTA DISTRICT HEATING SYSTEM, KNIVSTA, SWEDEN
5.6.1 Basic Experiments

The Tong-term goal of Swedish solar energy activities is to reduce
Sweden’s oil dependence. The main purpose of the Knivsta project is to
gain experience in handling this new technology and to find out how the
collector systems work outside the laboratory environment. The three
solar energy systems all operate as shown on Figures 5-7 and 5-8. Four
different experiments have been conducted, corresponding to four
different collectors.

Each collector type has its own closed system with expansion tanks
and circulation pumps. The heat from each soTar array is transferred to
the return pipes of the district heating system by means of flat-plate
heat exchangers. Circulation in the district heating system is powered
by the main pump in the district heating network.

opens or closes at a 49C difference between the solar and district
heating circuits. There are also other possibilities to control the
pumps of the solar collector circuits. For example, General Electric
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solar radiation over time. Fast cycling due to short duration
cloudiness may be avoided by choosing a suitable integration period.

In the Philips solar circuit the pump can be started and stopped at
an adjustable temperature difference between the solar collector and
district heating temperatures.

It is also possible that the pumps may be controlled by a timer.
The pumps may then, for example, work continuously for a certain time
during the day.

In January 1983 the Owens I1linois collectors were exchanged for
flat-plate collectors from Scandinavian Solar. This makes the comparison
between evacuated collectors and flat-plate collectors possible.

5.6.2 Related Experiments

One of the technical experiments to be conducted is an investigation
into the effects of heat capacity. The Knivsta installation comprises
systems with both high and Tow heat capacity and hence its role and
impact on energy production in large collector fields can be studied
readily. Both measurements and studies are planned.

One experiment was conducted in September 1981 when the system
operation was changed from differential temperature control to con-
tinuous operation. This meant that the solar collectors were always
heated with the district heating water to avoid frost problems.

5.7 THE SODERTORN DISTRICT HEATING PROJECT, SODERTORN, SWEDEN
5.7.1. Basic Experiment

The demonstration plant allows for operating experience to be gained
with Targer solar collector fields using different collector types. For
this reporting period, 7 subgroups are under operation, the size of each
unit being between 120 and 216 m¢. There are two ETC collectors, four
selective surface flat-plate collectors and one flat-plate collector with
an evacuated glass tube cover. A location map of the systems in the
installation is given in Figure 5-9.

Each unit is separately connected to the district heating return
pipe by means of a heat exchanger. Each solar system is operated with a
water-glycol mixture. Figure 5-10 shows a simplified scheme of the solar
collector circuit. A1l circulation components (shunts, pumps, heat
exchanger, valves) are installed in a small (wintersafe) operating hut.
Five experiments are presented corresponding to long-term operation of
five different collectors.
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5.7.2 Related Experiments

The effect of back irradiation onto the Philips array is inves-
tigated and the influence of the operating AT on a longterm basis is
tested by changing the AT each year. The system dynamic effects on a
daily basis are investigated by preheating the collector arrays for short
periods and comparing the results with normal operation.

5.8 SOLARCAD DISTRICT HEATING PROJECT, GENEVA, SWITZERLAND

The system diagram is shown separately on Figure 5-11. The
collector loops are connected through heat exchangers to the district
heating network. Accurate sensors allow evaluation of all energy flows,
especially at the output of the collector arrays and at the output of the
heat exchangers. The collectors and heat exchangers are considered as
the test systems. No measurements are taken from the heat exchangers to

 the district heating system. The heat exchanger energy output s

evaluated and corresponds to the net solar gain from the system
(negative energy output can be invelved when pump 3 is working while pump
1 and 2 are not).

5.8.1 July 1982 to September 1983

Evaluate the performances of both Corning Cortec collector systems
("A" and "B" separately). Identify all collector system losses (thermal
losses, capacity effects, etc.}. Understand physical behavior of both
systems. Validate simulations or design procedures.

5.8.2 April 1983 to August 1983

Evaluate the performance of the Sanyo collector system (STC-CU250).
Identify all collector system losses (thermal losses, capacity effects,
etc.). Understand physical behavior of both systems. Validate
simulations or design procedures.

5.8.3 1985-1986

A new 1000 ml system has been carefully designed and built with
improved Corning Cortec collectors. Experiment implies monitoring,
performance evaluation and detailed analysis of the whole system.
5.9 SOLARIN INDUSTRY PROJECT, HALLAU, SWITZERLAND

The main objective of the project is to evaluate the performance of

evacuated collectors for industrial purposes in Swiss <c¢limatic
conditions.
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Based on previous experiments (see [26, 27]) the Corning Cortec
collector has been chosen. Other collectors types may be included, such
as a focusing collector.

The system diagram is shown in Figure 5-12. The solar loop is
connected through a heat exchanger to the main loop which is connected to
both storage tanks. Several accurate sensors allow evaluation of all
energy flows (especially solar vradiation, collector output, heat
exchanger input/output, storage inputs and outputs, storage internal
energies, heat to load energy flows) as well as piping losses.

5.9.2 March 1984 to February 1985

Evaluate the performance of the Corning Cortec "D" collectors and of
the whole system. Identify all collector and system losses (thermal
losses, capacity effects,). Understand physical and thermal behavior of
the system. Validate simulation or design procedures.

A full year of data is obtained from March 1984 to February 1985.
This period is characterized by a control problem with the system and by
almost continuous failures of some flowmeters. Nevertheless, the solar
loop has been accurately monitored and heat gains from collectors
properly evaluated. Results are therefore presented only for the
collection subsystem and not for the rest of the system.

Monitoring will continue through 1985, and problem areas will be
treated. Further details of the system are published in Appendix E.

5.10 EVACUATED COLLECTOR SYSTEM TEST FACILITY, UNITED KINGDOM

The purpose of the project was to gather data on the performance of
solar heating systems using evacuated collectors with emphasis on
validation of mathematical modelling of the system. Some of the system
experiments were thus biased to the requirements of the latter. The
system is schematically shown in Figure 5-13.

5.10.1 September 1981 to May 1982

The operating modes of the system are designed so that when the
collector temperature reaches the setting of the collector thermostat
(609C), the solar circuit pump is turned on and the fluid bypasses the
heating coils in the storage tank. After a delay (3 minutes) the
differential thermostats are interrogated. Each thermostat senses the
temperature of the circulating fluid immediately before the branch to
the heating or DHW storage tank and the temperature of water in that
tank. If the differential exceeds the on differential (5°C) the
circulating fluid is directed through the coil in the storage. When the
differential drops below the off differential (29C), the fluid is
directed past the coil in the storage. If the temperature in either
storage exceeds the high 1imit (90°C for the space heating storage and
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550C for the domestic hot water storage), the fluid is directed past the
appropriate coil. If the collector fluid bypasses both coils the pump is
stopped and restarting is inhibited for eleven minutes.

This first experiment provided space heating with a requested
interior temperature of 20°C and domestic hot water. Only the Tower half
of the heating coil in the space heating storage was used. A fan coil
heating system was simulated.

5.10.2 June 1982 to August 1982

The required interior temperature of the simulated house was
increased to 359C with a fan coil heating system. A1l of the heating
coil in the space heating storage was utilized in this and subsequent
experiments. These changes were undertaken primarily to provide
additional data for model validation purposes at higher operating
temperatures.

5.10.3 October 1982 to May 1983

The same simulated house and hot water load was used as before but
the dwelling heating system was changed to an air heating system,
resulting in lower system operating temperatures.

5.11 COLORADO STATE UNIVERSITY SOLAR HOUSE I, UNITED STATES

Although the collector remained the same (Philips VTR 361) from the
1982-83 winter season through the summer of 1983, the system configura-
tion was different. An indirect heating system was used during the
winter with ethylene glycol as the collector fluid, while during summer,
the experiment involved high temperature (1309C) pressurized water and
phase-change storage. After abandoning the phase-change unit,
pressurized water storage was used for the balance of summer (starting in
late August). Because of difficulties with the phase-change storage
unit, there was no chiller operation during the hottest months of summer,
July and August.

5.11.1 December 1, 1982 to April 14, 1983

Figure 5-14 shows a sketch of the space heating system arrangement.
The objectives of the experiment were to determine performance of the
Philips VTR 361 coliectors in a solar heating system and to evaluate
overall system performance.

Collector fluid circulation and heat storage starts when the heat
transfer block temperature of the Philips collector is 129C higher than
bottom of storage. After starting, the collection pumps remain on for
five minutes regardless of temperature differences, but after the five
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minute period temperature difference between collector outlet and bottom
of storage determines when the pumps shut off. The system operates
satisfactorily with a shut-off temperature difference of 2°C.  Space
heating is controlled by a traditional room thermostat. When solar
heated water is above 30°C, preference is to use the central duct coil
to heat room air. However, should room temperature continue to drop to
a second set poin, the circulating room air is diverted through the
off-peak storage unit.

Unlike previous years, the off-peak unit was operated only with its
internal control referenced to ambient outdoor temperature. The level of
electrical heating of the ceramic blocks is inversely related to outdoor
temperature. As the experiment progressed it became increasingly evident
that the solar system would provide a substantial portion of the space
heating load as storage temperatures remained high. In March 1983, the
collector array was reduced to one-half the original area (27.26 mz) by
removing the Tower row of tubes on the test bed. There was, however, no
measurable increase of collector efficiency as a result of lower storage
temperatures.

5.11.2 September 1, 1983 to October 14, 1983

Figure 5-15 shows a drawing of the space cooling solar system. The
objectives of the experiment were to determine the influence of new
specular reflectors (with proper shape) on collector performance, to
determine the influence of phase-change storage units on collector and
chiller performance, and to evaluate overall system performance.

The hot-side storage unit consisted of 2400 kg of high density
polyethylene (HDPE) pellets. The material was developed by Monsanto
Research Corporation and is suitable for storage of heat at 1300C with a
solid-solid phase-change heat storage capacity of 209 kJ/kg. Radiation
cross-linking of HDPE enables the material to be self-encapsulated in
pellets of about 6 mm diameter. With pellets of this size, there is a
high surface-to-volume ratio for heat transfer. With a large cross-
sectional area of the storage tank and Tiquid flowing through the tank,
the pellets, which are lighter than water, remain suspended and offer no-
resistance to flow within the storage unit. Design difficuities arise in
containing the pellets within the tank and minimizing pressure drop at
the tank outlets.

Cold-side storage was provided by a commercially available salt
storage unit purchased from CalMac Manufacturing Company. The phase-
change salt is a mixture of sodium sulfate and magnesium chloride to
give a phase-change temperature of 12.5°C and heat of fusion of 140
kd/kg. A spirally-wound plastic heat exchanger with 1500 m of tubing is
imbedded in the salt tank with the tubes arranged so that the fluid flows
in alternate directions in adjacent tubes. Vertical headers are provided
both at the center and outside edge of the circular tank. Flow is
unidirectional from header to header. The chiller can be operated with
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or without cold storage, and the room can be cooled with the chiller or
by using cold storage.
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6. RESULTS

Six different types of graphic representations are used in this
section. Formats follow the IEA Task VI format of Appendix C. See also
Chandrashekar[2]. These formats have been further standardized so that
one installation’s results may be readily compared with those of another.
Axes on most types of plots are identically dimensioned and labelled so
that overlays of several installation’s plots can be made.

The graphs consist of:

- collector system efficiency diagrams
- energy input/output plots

- energy flow diagrams

- energy supply and delivery bar charts
- energy use bar charts

- system efficiency and solar fraction diagrams.

6.1 COLLECTOR EFFICIENCY DIAGRAMS

Normally there is one efficiency plot for each experimental period.
However, if appropriate, several experimental periods are combined for
these plots. The efficiencies plotted are for steady-state operation
between the hours of 11 a.m., and 2 p.m. In some cases, steady-state
efficiencies throughout the day are also plotted.

The efficiencies are corrected for capacitance effects. Capacitance
effects are calculated by multiplying the difference in average collector
temperature at the beginning and end of the data collection time interval
by the effective capacitance of the system between the temperature
difference sensor locations. The effective capacitance can be estimated
in several ways, as suggested in Chandrashekar and Vanoli[2].

The abscissa in these figures is the temperature difference between
the average collector fluid temperature and the average ambient tempera-
ture divided by the solar incident energy on the aperture plane per unit
aperture area of the collector, (T100-T001)/G100. The ordinate is the
solar energy collected, corrected for capacitance effects, divided by the
incident solar energy on the aperture plane, (Ql112 + Q105)/H100.
Performance is shown in the form of the regression lines which are based
on up to 1000 data points per experiment. Data points are divided into
three groups with regard to three ranges of (T100-T001)/G100. A vertical
bar and dot is drawn for each range. In many of these figures the
Tocation of the dot provides the mean value of the group and the Tength
of the bar shows one standard deviation on either side of the mean.
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An energy histogram showing the distribution of collected energies
as a function of N108, the normalized temperature difference, is also
included in most diagrams.

6.1.1 The Sydney University Solar Heating and Cooling System,
Sydney, Australia

A total of eighteen efficiency plots are shown covering different
time spans during the reporting period. It is worthwhile noting that the
bulk of the data points usually concentrates around a fairly narrow band
on the (AT/G)-axis; this is particularly evident in the 11 a.m. to 2
p.m., graphs. The reason for the data point concentration Ties in the
requirement for continuous collector pump operation which s met
predominantly during noon operation at high solar radiation.

Figure 6.1-1 presents efficiencies from 11 a.m., to 2 p.m., and
Figure 6.1-2 presents efficiencies taken at various points throughout the
day.

Figures 6.1-1, 6.1-2, 6.1-5, and Figure 6.1-6 show array efficien-
cies of the Sydney University evacuated tubular collector during cooling
(December 1982 and January 1983) and heating (August and September 1983).
The performance of the Yazaki flat-plate collector while operating in a
winter month (July 1983) is given in Figures 6.1-3 and 6.1-4.

The evacuated tubular coliector plots clearly indicate that a single
straight line efficiency characterization as derived from instantaneous
collector tests is inadequate to fully describe the performance of the
S.U. evacuated collector. Angle of incidence modifier effects which are
inherent to this type of collector with a curved absorber geometry,
operating temperatures, level of insolatien, diffuse solar -energy
fractions, etc., influence the 1location of actual data points sig-
nificantly.

Agreement between efficiency information derived from array
measurements and results from single panel tests is reasonable for a good
quality flat-plate collector operating at low temperatures (Figures 6.1-3
and 6.1-4. However it has been observed that at the elevated collector
temperatures required to drive an absorption cooling cycle, array
performance of the Yazaki flat-plate collector is 10 to 20 percent below

-the anticipated performance as derived from an instantaneous collector
test.

Figures 6.1-7 and 6.1-8 show collector array efficiency during
typical summer operation (December 1983). Array efficiencies (11 a.m.
to 2 p.m.) are in reasonable agreement with single panel test data. On
an all-day basis, significant incidence angle modifier effects which are
an important design feature of the S.U collector become apparent.

During mid-season months (i.e., April) the collectors usually work
at very high temperatures since the loads are very small. System
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operation is often near boiling point. Figure 6.1-9 and 6.1-10 typically
represent a mid-season situation.

Collector performance during winter is given in Figures 6.1-11 and
6.1-12. The bulk of the 11 a.m., to 2 p.m., data is still in reasonable
agreement with single panel test information. However, data scatter has
become larger.

the monitoring period and depending on weather conditions the insulation
may be partially wet. Insulation dryout takes 2 to 3 days and is
significantly influenced by the collector Toop operating temperature.

Figures 6.1-13 and 6.1-14 show efficiency plots for a typical Sydney
spring month (September 1984) and Figures 6.1-15 and 6.1-16 contain
December 1984 data.

The Tast two graphs, Figures 6.1-17 and 6.1-18, represent collector
efficiency for March 1985. Here, array performance data is above single
panel test information presumably due to months of fine, sunny weather,.

6.1.2 Mountain Spring Bottle Washing Facility Edmonton, Canada

Figure 6.1-19 presents measured collector array efficiencies from
11:00 - 14:00 hours on days in which clear sky conditions prevailed. The
points plotted are points resulting from one hour of steady state solar
energy system operation. The bar chart represents the percentage of
total energy collected as a function of NI08. It should be noted that
this energy collected applies to the points in question and not to the
entire reporting period.

The single panel test curve obtained from the Nationa] Solar Test
Facility (NSTF) is above the points as the losses from the collector
array are higher due to the inter array piping.

6.1.3 Ispra Solar Heated and Cooled Laboratory Commission of
European Communities

In Figure 6.1-20 to 6.1-23 the array efficiency plots for the four
different collector arrays are given. The Sanyo (I) collector is the
array Sanyo collectors without reflectors and the Sanyo (II) collector is
the array with reflectors.

From Figure 6.1-20 it can be seen that the Sanyo collectors did show
a considerable decrease in performance. In Figure 6.1-21 the points of
the array efficiency are close to the measured efficiency curve, this is
due to the fact that the reflectors compensate for the decrease in




In all four plots it can be seen that the points are closely grouped
together. This is a result of the rather constant operation conditions
of the system. The bar-chart for the energy delivery is omitted from
this figure since almost all the energy is delivered in a very narrow
band on the normalized temperature scale.

6.1.4 Solarhaus Freiburg Federal Republic of Germany

The results of collector system efficiency regression analysis is
shown in Figures 6.1-24 through 6.1-27 for the Corning Glass and Philips/
Stiebel-Eltron collectors. The corresponding regression parameters for
the measurement period June 1982/May 1983 are shown in the following
table:

Transmittance-Absorptance- Heat-Loss

Coefficient Coefficient

% W/mé: K
PHILIPS/STIEBEL-ELTRON  67.7 1.24
CORNING GLASS 72.0 1.68

The figures show the hourly efficiency points of the entire
collector field from 11 a.m, to 2 p.m., during the annual period June
1982/May 1983. This presentation implies, that the heat loss parameters
correspond to the total heat Toss of the coliector modules and the piping
between them. Therefore, these values may not be compared with test
values of individual collectors unless the associated piping heat loss is
taken into account.

The dotted line in Figure 6.1-24 gives the manufacturer’s efficiency
regression for the Corning Glass Collector. With an aperture area of
33.3 mé, the difference in the over-all heat loss parameter corresponds
to 10 W/K for the whole collector field piping.

Figure 6.1-25 shows the efficiency of the new Philips/Stiebel-
Eltron Heat Pipe collector. A comparison with the values of the previous
Philips IV collector shows the enormous improvement of the new collector
concept.

The efficiency points at the extreme left side of the diagrams for
both collectors were obtained with special experiments in order to
measure the collector efficiency at operating temperatures close to the
ambient temperature for a thermal determination of the F’ra value.
Because of the very high solar radiation at these measurements, the
overall accuracy is about 3 percent. Figures 6.1-26 and 6.1- 27 show the
extrapolated transmittance-absorptance product for both collectors. As a
result, the F’ra value of this experiment is nearly identical with the
value obtained by the regression analysis.
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Furthermore, a second experiment 11 months after the installation of
the Philips/Stiebel-Eltron collector showed no measurable degradation of
the reflectivity of the specular aluminum ripple-reflector in this first
year of operation, although a certain visual dullness is observed.

Both diagrams, Figures 6.1-24 and 6.1-25 show histograms of the
distribution of the incident solar radiation over the operating condi-
tions of the collectors. The shape of the distributions is nearly
identical for the Corning Glass (operating with the heating system) and
the Philips/Stiebel-Eltron Collector (operating with the domestic hot
water system).

However it is noteworthy, that more than 90 percent of the incident
radiation over the mid-day hours o; a year is delivered at operating
conditions N108 less than .09 K-m¢/W; only about 10 percent of the
radiation arrives in the long right hand tail of the distribution and is
associated with the wide cloud of efficiency points, which consists in
these appTications mostly of insignificant operating conditions.

This situation is remarkable, because these "low-energy" points may
cause a certain "rotation of the efficiency curve", which is indicated by
2 combined increase or decrease of both the F’7ra and F’U| values.

For comparison, the following table summarizes the efficiency
parameters of previous measurement periods:

PHILIPS MK IV CORNING GLASS

MEASUREMENT PERIOD: F/r7a FrUL W/meK F'ra F/UL W/m2K
1979 67.6% 2.58 70.3 1.52
1980 62.1% 2.04 66.4 1.24
1981 68.5% 2.47 67.2 1.31
6.1.5 Eindhoven Technological University Solar House, The

Netherlands

In Figure 6.1.28 the collector array efficiency diagram for the
solar house of the Eindhoven echnological University is given. The
presentation of the efficiency curves deviates somewhat from the other
curves presented here because this collector array is operated with a
variable Tow flow rate, dependent on the insolation. A long time base
would not suffice and a five minute interval was used.

Because of the dependency of the flow rate on the insolation and
thus on the temperature difference between collector and bottom of
storage, the usual temperature dependent collector array efficiency
regression cannot be assessed. Instead the collector efficiency has been
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showﬁ to be dependent on the insolation. See comment on the efficiency
hypothesis in Veltkamp[75].

Efficiency points are not only corrected for heat capacitance but,
what is more important in this installation, for the time delay induced
by the flow.

6.1.6 . Knivsta District Heating System, Knivsta, Sweden

Figures 6.1-29 through 6.1-32 show measured noon collector array
efficiency for the four collectors tested at Knivsta. The Tines
represent either single module tests or manufacturer’s information. The
results from 1982 and 1983 are separated. No significant degradation can
be detected from these results and this corresponds to the other resuits
presented. A slight seasonal variation in efficiency has been observed
for the Philips array both 1982 and 1983. The variation is probably due
to different amounts of back radiation depending on the solar declina-
tion.

At these operating conditions, the Owens-I11inois collectors show
the highest instantaneous collector efficiency followed by the Philips
VIR 141, Scandinavian Solar and General Electric collectors.

6.1.7 The Sodertdrn District Heating Project, Sodertorn, Sweden

Figures 6.1-33 through 6.1-37 show the measuring points presented as
hourly average noon time values and each includes 40 individual measuring
point. No regression lines are presented as the operating conditions
give such a small range of points along the y-axis and this is also the
" reason that the energy histogram is excluded. The points are sparse but
carefully selected for stable operating conditions. Teknoterm HT and
Philips VTR 141 show good agreement to the single module curve. The
deviation for Granges Aluminum Sunstrip 80 is caused by uneven flow in
the absorbers which reduces performance distribution. The points for
General Electric collector fall onto the manufacturer’s curve, as was the
case in the Knivsta installation.

The Scandinavian Solar HT array shows higher performance than thg
single module test byt the test module was reduced in size from 12 m
normally to about 2 m%. Therefore, higher heat losses could be expected
for the single module compared to the full size module.

6.1.8 SOLARCAD Project, Geneva Switzerland

Efficiency plots, Figures 6.1-38 through 6.1-40, are corrected for
capacitance effects the array thermal capacity results by computation and
is checked experimentally. The scattering of the points is due to other
dynamic effects, such as mixed parameters in the definition of the
abscissa {temperature difference and insolation not being considered as
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separate parameters), changes made during test periods, etc. The linear
fit through the points is not very sensitive to the capacitance, when
considered as a variable parameter.

The curves correspond to efficiency measurements made on a single
module using a specialized testing facility by H. Van Kuijk of the Ecol
Polytechnique, Lausanne, Switzerland. They clearly show the dependence
on both the temperature difference and the insolation.

Efficiency plots, Figures 6.1-41 through 6.1-47 are given for 3
periods; 2 starting periods involving changes and a full year period as
noted below:

I. July 1 1982 to November 4, 1982: Corning A, Corning B
IT. November 5, 1982 to March 31, 1983: Corning A, Corning B
[ITI. April 1, 1983 to March 31, 1984: Corning A, Corning B, Sanyo

Efficiency measurements made on single modules are given elsewhere.

Dynamic array efficiencies and stationary single module efficiencies
can differ for several reasons. These include significant differences
from one module to another, additional Tosses due to pTumbing involved in
an array and different test conditions.

The French-made Corning Cortec collectors should be considered as
production prototypes. Not all problems have been corrected. Collector
"A" improved from period one to period two, because a white background
was added behind the collectors. Collector "B" deteriorated from period
two to period three (loss of vacuum for a few tubes). It cannot be
concluded that a selective surface on both sides of the absorber is
better than on only the front side (opposite effects have been observed
in separate tests). Performance reported has to be considered as
performance averaged over the entire test period, which includes defects
and modifications. Better performance is now observed with the new
Cortec collector.

6.1.9 SOLARIN Project, Hallau, Switzerland

Figure 6.1-48 shows hourly efficiencies for the one year period
considered: March 6, 1984 to February 28, 1985, excluding one month from
September 5, 1984 to October 12, 1984.

Some points rejected with respect to the following criteria are

0 The pump should be "on" at 1least 6 minutes before the
considered hour

0 No switching of valves is allowed during the considered hour
(it may induce 1large temperature varjations and then
significant dynamic effects)
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0 Capacitance correction (Q105) has to be smaller than one third
of the delivered heat (Q112)

0 Snow cover, as measured at the closest meteorological station,
must not exceed 1 cm.

For the Corning Cortec evacuated tubular collector the absorber is
tilted by 30 degrees with respect to the collector plane (also tilted by
2 degrees from horizontal). The poor collector orientation is
compensated by tilting the absorber, resulting in a better coilector
efficiency as compared to normal conditions. Solar radiation is measured
in the collector plane and tilting the absorber contributes to improving
the "incidence angle modifier" factor. With respect to normal conditions
we have less solar energy but almost the same heat gains. Also refer to
comments in Section 5.9.2.

6.1.10 BSRIA Solar Test Facility with Simulated Loads, Bracknell,
United Kingdom

An efficiency diagram for the Philips VTR-141 collectors is provided
in Figures 6.1-49 and 6.1-50 for 320 full hours of operation between
11.00 and 14.00 hours, solar time. Even though capacitance effects have
been taken into account, a derived F’{ra) of 0.56 is not as high as the
manufacturer’s quoted figure of 0.67. The reason for this discrepancy
has not been explained. During an investigation into seasonal variations
in daily efficiency the hourly data was replotted taking the ambient and
collector fluid temperature to. the fourth power. Assuming the fluid
temperature is not too dissimilar from the absorber temperature, the
radiative heat loss parameters provide a very similar set of r¢ values on
the regression analysis.

6.1.11 Colorado State University Solar House I, United States

The instantanecus efficiency of the evacuated-tube heat pipe
collector is not adequately represented by a single parameter as is the
normal flat-plate collector.

Instantaneous collector efficiencies during specific days are shown
in Figure 6.1-51. <Clearly it is difficult to "fit" a single curve
through the data. Efficiency curves and a regression equation using
1982-83 data are shown in Figure 6.1-52. To compare how collector
performance in 1983-1984 compares with performance in 1982-1983,
"measured" efficiencies for 1983-1984 are compared with calculated
efficiencies in Figure 6.1-53. Although scatter of data on Figure 6.1-
53 is about 10 percent on both sides of the match Tine, there is no
indication that a collector efficiency for the two years are significant-
ly different.

It should be noted that the refiectors of the collectors were
changed in May 1983. Curvature is greater for the new reflector. The
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only notabie difference with the improved reflector shape is an increase
of efficiency about the noon period and a slight decrease in the early
morning and late afternoon periods.
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Figure 6.1-29. Collector Array Efficiency Diagram for the General
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Figure 6.1-30. Collector Array Efficiency Diagram for the Owens-
IT1inois Collector, Knivsta, Sweden.
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Figure 6.1-31. Collector Array Efficiency Diagram for the
Scandinavian Solar HT Collector, Knivsta, Sweden.
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Figure 6.1-32. Collector Array Efficiency Diagram for the Philips
Collector, Knivsta, Sweden.
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Figure 6.1-34. Collector Array Efficiency Diagram for the Philips
VIR Collector, 11 a.m., to 2 p.m., Sédertérn, Sweden,
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6.2 DAILY ENERGY INPUT/QUTPUT PLOTS

Daily energy input/output plots are generated by fitting a least
squares regression Tine to daily collection performance data. As can be
seen in the figures, the points, when aggregated into average collector
to average ambient temperature difference ranges, closely fit a Tinear
curve. The ordinate in these plots is the daily total solar energy
collected per unit collector aperture area, Q112/A100. The abscissa is
the daily total solar energy incident on the aperture plane per unit of
collector aperture area, H100/A100.

Normally one daily energy input/output plot is included for each
experimental period. If appropriate, however, several experimental
periods are combined. Only monthly regression lines are shown for the
various temperature difference ranges in order that differences among
systems and operating conditions can be clearly seen. The number of
points used in the regression and the variance, or coefficient of
determination, are also shown.

6.2.1 The Sydney University Solar Heating and Cooling System
Sydney, Australia

Eight daily energy input/output plots are shown. The first
input/output diagram, Figure 6.2-1, gives an indication of the average
daily collector output of the Sydney University evacuated tubular
collector during the summer months 1982/83. The information presented is
based on heat meter readings of energy collection at the tank and thus
includes pipe Tlosses. '

Figure 6.2-2 covers the winter mode operating period of the Yazaki
flat-plate collector during July 9-23, 1983. The third input/output
diagram, Figure 6.2-3, 1is again for the Sydney University evacuated
tubular collector during spring 1983 where, due to the small load, the
collectors operated at very high temperatures with correspondingly high
AT (collector minus ambient temperature). Nevertheless, the array
performance of the evacuated tubular collectors is very good, with an
avergge daily energy yield of 8.8 MJ/m2 at a solar incidence of 20.0
MJ/mé-day at AT’s ranging between 60 and 75°C.

Figure 6.2-4 shows an input/output diagram for October/November 1983
for two different AT ranges, 45-60°C and 60-75°C. Figure 6.2-5 covers
the period December 1983 to April 1984 yet for only one AT group 45-600C,

The input/output diagram for typical winter operation (May to July
1984) is given in Figure 6.2-6. A seasonal shift of input/output lines
of constant AT is noticeable. As a result of shorter days in winter,
input/output lines move to the left. Figure 6.2-6 shows a solar
radiation threshold of 3 MJ/mzd for the AT-range 45-20°C whereas during
summer the threshold value is approximately 5 MJmed. The slope of
input/output Tines of constant AT remains approximately constant.
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Figures 6.2-7 and 6.2-8 are input/output diagrams for
September/October 1984 and December 1984 to February 1985. The
input/output 1line for AT=60-759C in Figure 6.2-7 shows a slightly
different slope compared with the input/output line for the smaller
AT-group. The apparent change is more a result of a Tack of data points
for low solar fluxes rather than a real collector behavior.

The information given in Figure 6.2-8 for the period December 1984
to February 1985 is almost identical to the results obtained from
measurements during the same period in 1983/84. There has not been any
measurable change in collector performance during the two year system
operation using S.U. evacuated coilectors.

6.2.2 Mountain Spring Bottle Washing Facility Edmonton, Canada

Daily energy input/output curves are shown in Figures 6.2-9 through 6.2-
19. The figures are generated by fitting a Tinear least squares curve to
daily data points of total daily energy in the collector plane (HIO0)
versus the energy collected (Q112). Energies are normalized by the
aperture area. Both yearly and monthly input/output curves are given.

Figures 6.2-9 and 6.2-11 are yearly input/output curves for the
periods May through December 1982, January through December 1983 and
January through November 1984. The number of points on each graph is not
equal to the number of days in each of the periods in question as a
result of the filtering of the data to remove any days in which the solar
system or data acquisition system operated in an unsatisfactory manner
(i.e., snow on collectors, unserviceable flow meters). The yearly
input/output curves show remarkable repeatability. In 1982, the
X-intercept and slope were 4.3 and 0.37, respectively, while in 1983 they
were 4.6 and 0.39. In 1984, the X-intercept and slope were 4.6 and 0.38.

Figures 6.2-12 through 6.2-18 are monthly input/output curves for
the months of December 1982, February 1983, July 1983, February 1984,
April 1984, July 1984 and October 1984. Note that for the production of
these curves all monthly daily points are used except outlyers resulting
from solar system or data acquisition malfunction. Table 6.2-1 gives
pertinent input/output data (month, slope, X-intercept, number of points,
and AT) for 1983 and 1984.

As expected, there is great variation in the input/output curves
between winter and summer months. In the winter months, X-intercept and
slope range from 1.56 to 4.52 and from 0.16 to 0.373 respectively, while
in the non-winter months, the X-intercept ranges from 3.12 to 7.32 and
the slope ranges from .349 to .459. The small X-intercept in the winter
months is explained largely by shorter collector operating hours, while
the smaller slope value (which is largely an expression of collector
optical efficiency) s explained by factors such as snow cover and
shading effects.
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TABLE 6.2.1 INPUT/QUTPUT DATA FOR 1983/1984 FOR SOLARTECH ETC
MOUNTAIN SPRING, EDMONTON, CANADA

X-INTERCEPT No. of AT CORRELATION

YEAR MONTH SLOPE (MJ/m=-day) Points (K)  COEFFICIENT

1983 Jan. 0.160 3.84 31 64 0.916
Feb. 0.269 3.48 22 63 0.941
March 0.313 4.52 21 66 0.940
April 0.381 4.63 25 63 0.977
May 0.403 5.29 31 56 0.990
June 0.392 4.53 26 54 0.989
July 0.414 4.65 31 53 0.990
Aug. 0.416 4.56 29 54 0.984
Sept. 0.377 3.30 27 57 0.990
Oct. 0.367 3.12 29 57 0.992
Nov. 0.310 3.16 5 49 ¢.960
Dec. 0.063 8.04 14 27 0.841

1984 Jan. 0.238 1.56 15 27 0.993
Feb. 0.335 4.03 29 64 0.966
March 0.373 4.15 25 70 0.987
April 0.404 4.23 30 60 0.993
May 0.388 4.39 30 59 0.984
June 0.405 5.29 26 57 0.992
July 0.433 6.09 30 56 0.990
Aug. 0.459 7.32 31 55 0.982
Sept. 0.351 5.22 29 63 0.977
Oct. 0.349 4.58 25 57 0.982
Nov. 0.172 3.07 19 58 0.760
Dec. N/A N/A N/A N/A N/A

Includes all points except outlyers and Q112 = 0

The fact that some of the points in the winter are indicative of
negative values of collected energy is worth commenting on. It appears
to be a peculiarity of data collected from a system possessing large
piping capacitance and operating in the drainback mode. As a result of
this combination of factors, there will be a number of days during the
winter months when the collector system is turned on and the capacitance
heat loss to the piping will not be made up by the collected solar
energy, thus giving an overall negative output for the day. In a non-
drained system, on the other hand, such negative energy collection data
will not occur. However, because start-up losses are higher, there will
be more non-operational days in a non-drained system and therefore its
overall energy delivery will often be lower.

A 1984 all-year input/output plot is shown in Figure 6.2-19. It is
interesting to note the curvature suggested by the data points near the
origin of the plot corresponding to the winter months, namely November
through February. The data points, near the origin of the plot,
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correspond to periods of solar system operation with Tow solar altitude,
shading of the collector array and possible snow accumulation on the
collector moduies. Thus analyses of the input/output plots from the
winter months can lead to erroneous results. An analysis using only
clear-day points is now used for the purpose of studying the seasonal
differences.

6.2.3 Ispra Solar Heated and Cooled Laboratory Commission of
European Communities

Figures 6.2-20 to 6.2-43 display the daily energy input/output
diagrams for the four collector arrays.

Figure 6.2-20 refers to the Sanyo collectors without reflectors, for
the years 1981 and 1982. Also in this figure a performance decrease can
be observed. The regression line given in this figure refers to the data
of 1982.

The decrease in performance of the Sanyo collectors that was evident
in the efficiency plots may also be seen in the daily energy input/output
diagrams. It is also seen that the Philips VTR 361 collectors outperform
the VTR 261 collectors.

6.2.4 Solarhaus Freiburg Federal Republic of Germany

Collector system input/output diagrams are shown in Figures 6.2-44
and 6.2-45 for the Corning Glass Collector and in Figures 6.2-46 and
6.2-47 for the Philips/Stiebel-Eltron heat-pipe collector. Generally,
both collectors display the strong linear relationship which has already
been found in previous operating periods.

The daily radiation threshold value of the new Philips/Stiebel-
Eltron heat-pipe collector is in the same order of magnitude as the value
for the Corning Glass collector and less than half the value of the old
Philips Mark IV coliector. This is certainly due to the lower heat loss
coefficient and the Tower capacitance of the heat-pipe collector.

A comparison of the slope and x-intercept values of the Corning
Glass collector with values of preceding years shows a slight variation.
The Corning Glass collector has higher x-intercepts .in 1979 and 1982/83
when it was operating with the heating system, than from 1980 to 1981
when it was operating with the domestic hot water system. One reason for
this behavior 1is certainly the difference of the typical daily
temperature profiles of the solar heating system and the solar domestic
hot water system. That is, at the end of the day the collector
temperature in the heating system approaches the storage tank temperature
which is normally close to the daily maximum collector temperature.
However, in a domestic hot water system, the late afternoon warm water
load causes the end-day collector temperature to decrease towards the
cold water inlet temperature of the storage tank. Thus, the different
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daily temperature profiles show the impact of a specific load type on the
parameters of input/output curves.

The slope of the Corning Glass collector input/output curve is
higher in 1979 and in 1982/83. The reason for this variation is probably
the change of the southern surroundings of the Solarhaus during the
measurement periods, which caused the following effects. In 1980 and
1981, a construction crane was slightly shading the collectors. Since
the end of 1981, the vitrified roof-tiles of a new residence placed
immediately south of the Solarhaus is probably slightly enhancing the
incident radiation over a major part of the collectors, and this
radiation is not measured by the pyranometer which is mounted near the
extreme west part of the collectors.

During several summer nights, the collectors were continuously
operated at temperatures above 70°C in order to measure the thermal loss
factor of the collector field. The experiment gave a heat loss parameter
of 1.34 w/mz.K for the Corning Glass collector, which is very close to
the value of the regression analysis of the efficiency diagram. In the
case of the Philips/Stiebel-Eltron heat-pipe collector, because of the
one-way heat transfer _of the heat-pipe, the measured heat loss in this
experiment of 0.8 H/mz.K corresponds only to the part of the installed
piping and of the header. If the heat loss factor of the efficiency
curve 1is assumed for the total installation, the heat loss of an
individual tube would amount to 0.07 W/K per tube.

6.2.5 Eindhoven Technological University Solar House, The
Netherlands

Collector array input/output diagrams are shown in Figures 6.2-48
through 6.2-51, for January, March, and September 1984 and for the whole
year 1984.

The data from days on which the flow through the collector array is
stopped because of overheating of the storage, from days without
collector operation, or from days with monitoring errors are not
displayed and not included in the regression analysis. Mainly due to
overheating, only a few data points are left in summer. The input/output
curves by month are displayed without grouping them into AT ranges
because the numbers of points in the separate ranges was too Tow to give
a meaningful regression. As can be seen in the input/output curves by
year, the regression curves for the different AT ranges are very close
and in fact the spacing is insignificant.

The regression curves are calculated for a function of one variable
with both a measuring error in the function and the variable in the
following way:

Slope (Zx Sy/n - Z(x ¥))/((3x)%/n - 3x2)

y-intercept (2y - slope 3x)/n
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X-intercept -y intercept/slope

" correlation slope ((Exz/n-(ZX/n)z)-5 / (Zyz/n—(zy/n)z))-5
coefficient

6.2.6 Knivsta District Heating System, Knivsta, Sweden

The input/output diagram of Figure 6.2-52 shows regression lines for
daily sums from two periods with nearly constant operating conditions.
The first one from March until September 1982 and the second one from
February until June 1983. The change between the two periods for General
Electric collectors and Philips collectors, shows no significant
degradation in performance. The flat-plate Scandinavian Solar collector
shows some intermediate performance compared to the evacuated tubular
collectors. The operating AT has been around 60°C for all collectors.

The daily points giving the 1lines for the second period are
presented in Figures 6.2-53 through 6.2-55. The correlation coefficient
is surprisingly high for such a long period containing both winter and
summer days. The Scandinavian Solar collector shows the largest spread
but this 1is partly caused by deaeration problems during the first
operating period.

6.2.7 The Sodertorn District Heating Project, Sddertorn, Sweden

The daily average input/output performance for four of the collector
systems is shown in Figure 6.2-56. The lines are long-term regression
Tines for the period May to October 1982. The operating AT has been very
stable and the variance indicates that the single line presentation could
be meaningful even for such long periods in this system application. The
Philips collectors show the highest performance for all daily insolation
levels. The flat-plate collectors require higher threshold insolation
but the slopes are similar to the Philips collectors. General Electric
collectors show an intermediate characteristic.

For the 800C operation period there are the input/output diagrams
for June, July and August, Figures 6.2-57 through 6.2-59. The difference
between the normal flat-plate and evacuated tfube collectors has
increased. The Scandinavian Solar Energy array still performs well
compared to the evacuated tubular collectors. In August, the array was
out of operation during 16 days for corrective maintenance and the curve
is excluded. When comparing the two test periods one can see the
expected parallel shift of the input/output curves. The shift is
smallest for the PH collectors.

Figures 6.2-60 through 6.2-67 are daily energy input/output
regression lines for some of the systems in Sédertdrn. The winter months
are excluded due to frequent snow cover. During October 1982 preheating
operation was conducted and the curves show unusual shifts, but all other
lines are from normal operation.
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During the period April 1983 to October 1983 operation was tested at
809C for some periods giving an apparent scatter of the lines, especially
for the Philips colliector.

The other two periods June 1982 to May 1983 and April 1984 to
October 1984 have very constant operating conditions, except for seasonal
and climatic conditions. The control mode differs slightly for the two
periods giving the smallest T100 variation for the 1982/1983 period and
the most constant T100 for the 1984 period.

6.2.8 SOLARCAD Project, Geneva, Switzerland

Separate plots are shown in Figures 6.2-68 through 6.2-83 for the
following three periods:

I: Corning A, Corning B;
II: Corning A, Corning B;
III: Corning A, Corning B, Sanyo.

Subperiods: summer months: May, June and July
winter months: November, December and January
fall months: August, September, October,
spring months: February, March, April

The subperiods allow investigation of seasonal effects.

Points with 0 < AT < 159C usually correspond to very cloudy days.
The fits are restricted to days involving a pump operating time of at
least 2 hours. The same remarks as for the efficiency plots also apply
here.

6.2.9 SOLARIN Project, Hallau, Switzerland

Figure 6.2-84 is a plot for the one year period considered. Also
see the comments listed in Section 6.1.9. Some daily data were rejected
because of snow or control problems. Figures 6.2-85 to 6.2-87 split the
same information so that seasonal effects could be investigated. Seasons
are defined by:

winter months: November, December, January
summer months: May, June, July

spring months: February, March, April

fall months: August, September, October

Linear fits %nvo]ve gn]y those points characterized by an abcissa
larger than 5 MJ/m* (3 MIm¢ for winter).
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6.2.10 Evacuated Collector System Test Facility, Bracknell,
United Kingdom

Daily energy input/output diagrams are provided in Figures 6.2-88
through 6.2-90, representing summer and winter conditions. Although not
dramatic the seasonal shift in performance is evident and is more
apparent when data are plotted on a month by month basis. The
input/output diagram for all the data from the experiments is given in
the figure and all points for summer operation are below the mean
regression line. The reasons for this are due principally to higher
radiative heat loss and also increased number of daily operating hours.

6.2.11 Colorado State University Solar House I, United States

Total energy delivered from collectors during a day is a function of
the optical, and thermal properties of the collector, its orientation and
tilt, the physical condition of the array, and total insolation.
Physical condition of the collector refers to such items as dust and snow
cover, number of defective tubes in the array, and condition of the
specular reflector.

Graphs of energy delivery from the collector as a function of total
insolation are given in Figures 6.2-91 through 6.2-95. Each graph is for
a narrow range of average fluid temperature difference from ambient air
temperature.  According to procedures set forth by the International
Energy Agency Task VI group, input/output relations are determined for
each 159C temperature increment starting from 0°C. Points near the
horizontal axis in Figure 6.2-91 and 6.2-92 are a consequence of complete
snow cover of the collectors. On days with snow cover during part of the
day, or partial snow cover all day, the points Tie between the regression
line and the horizontal axis. This may be seen in Figure 6.2-91. Data
for days with complete or partial snow cover were not included in
establishing the regression lines, although they are indicated on the
figures.

A composite graph which includes only the regression lines is shown

in Figure 6.2-96. The ratio of energy output to energy input is
progressively less with increasing AT.
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September, 1983.
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Figure 6.2-36. Daily Energy Input/Output Diagram for Philips VTR 261
Collector for the Ispra Solar Laboratory, July, 1984,
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Figure 6.2-38. Daily Energy Input/Output Diagram for Philips VTR 261
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1984,
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Figure 6.2-39. Daily Energy Input/Output Diagram for Philips VTR 361
Collector for the Ispra Solar Laboratory, May to
September, 1983.
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Figure 6.2-40. Daily Energy Input/Output Diagram for Philips VIR 361
Collector for the Ispra Solar Laboratory, June, 1984.
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Figure 6.2-41. Daily Energy Input/Output Diagram for Philips VTR 361
Collector for the Ispra Selar Laboratory, July, 1984.
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Figure 6.2-42. Daily Energy Input/Output Diagram for Philips VIR 361
Collector for the Ispra Solar Laboratory, August,

1984.
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Figure 6.2-60. Daily Energy Input/OQutput Diagram for the Philips
Collector, Sédertdrn, Sweden, June 1982 to May 1983.
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Figure 6.2-62. Daily Energy Input/Output Diagram for the NYBY
Collector, Sodertdrn, Sweden, June 1982 to May 1983.
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Figure 6.2-63. Daily Energy Input/Output Diagram for the Philips
Collector, Sédertorn, Sweden, April 1983 to October

1983.
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Figure 6.2-64. Daily Energy Input/Output Diagram for the
Scandinavian Solar Collector, Sédertérn, Sweden,
April 1983 to October 1983.
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Figure 6.2-65. Daily Energy Input/Output Diagram for the General
Electric Collector, Sodertdrn, Sweden, April 1983 to
October 1983.
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Figure 6.2-66. Daily Energy Input/Output Diagram for the Philips
Collector, Sddertdorn, Sweden, April 1984 to October

1984.
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Figure 6.2-67. Daily Energy Input/Output Diagram for the NYBY
Collector, Soédertérn, Sweden, April 1984 to October

1984.
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Figure 6.2-80. Daily Energy Input/Output Diagram for Sanyo STC-CU250
Geneva, Switzerland, November 1, 1983 to January 31,
1984.
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6.2-84. Daily Energy Input/Output Diagram for Cortec ETC,
Hallau, Switzerland, March 6, 1984 to February 28,
1985.

14, T T T T T T T T T T T T T T T T T T T T T Ty 14,
[ ooy 0 - 30 DEG ]
L - X - &5 DEC i
12 4
10. - 10.
a - 8
& - B
Wintar _
A - [} . t |~ _ a,
oo | nu[on |na e ]
v | e . [ 'Y -
w | & I . .
n . . . . 1
2 HEE B ERE e 2
LR LT IR b
A (W, mam} 4
o J LTI U S P S B P S T " a
o 5 (DR 15 20, bt a0 * 40.
ENERCY ONTO CDLL. PER UNIT APERTURE SO01) BIM2=DAY]

6.2-85. Daily Energy Input/Output Diagram for Cortec ETC,
Hallau, Switzerland, November 1, 1984 to December 31,
1984.

6-2-51




14, (T T T T T T 14,

[ e 0- 3 DEC 7]

[ om0 - 45 DEC ] |
12 | —cae 45 - 60 DEG . ey 1l 2

e B0 - 75 DEC N ]

F e 75 -100 DEC e

»
o
&
[T TP
-

e -t . 1 t |ra

e
i
i
[
!
i
]
[

mcv FROM COLLECTOR 1Q112/A1000 IMJ/H2DAY]
m
Bt e b e s e e e e |
A
.
m

1
E
et . e 4
* .’,’ % » 1 ooy : ; s.: n.: |.= ]

o A vy @ retany L u:- ll‘ u:- 9
2 F '. ’/. R * ame T I - ‘m] w] n{ [T
Pl ey W TT LI SRt e - 1
b 188 I LT L) M . wrm) 1
L s = -

0 .L.Jlllnf’.’,.i'xx...ln..;l;_.-:].ix.l..,,l;.. o

a 5 118 15 20 = n <-4 40.

ENERCY ONTO COLL PER UNIT APERTURE (HOOU MY/ M2DAY]

Figure 6.2-86. Daily Energy Input/Output Diagram for Cortec ETC,
Hallau, Switzerland, May 1, 1984 to July 31, 1984.
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Figure 6.2-87. Daily Energy Input/Output Diagram for Cortec ETC,
Hallau, Switzerland, March 6, 1984 to February 28,
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Solar Test Facility with Simulated Loads, Bracknell,

United Kingdom, September to May.
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Figure 6.2-90. Daily Energy Input/Output,

Philips VTR141, BSRIA

Solar Test Facility with Simulated Loads, Bracknell,
United Kingdom, A11 Available Data.
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Figure 6.2-91. Daily Energy Input/Output from Philips VTR-361
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Figure 6.2-92. Daily Energy Input/Output from Philips VTR-361

Collectors, AT Range 60-759C, Colorado State
University, United States, December 1982 to September
1983.
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Daily Energy Input/Output from Philips VTR-36l
Collectors, AT Range 75-909C, Colorado State
University, United States, December 1982 to September
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Daily Energy Input/Output from Philips VTR-361
Collectors, AT Range 90-105°C, Colorado State
University, United States, December 1982 to September
1983.
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Figure 6.2-95. Daily Energy Input/Output from Philips VIR-361
Collectors, AT Range > 1059C, Colorado State
University, United States, December 1982 to September
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Figure 6.2-96. Composite Daily Energy Input/Output from Philips
VTR-361 Collectors, Colorado State University, United
States, December 1982 to September 1983.
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6.3 ENERGY FLOW DIAGRAM

The qualitative interaction of energy flows between different
subsystems and their quantitative values are displayed in one diagram,
called an energy flow, or arrow, diagram. Each diagram starts with the
total energy incident on the collector aperture during the appropriate
period, including the time when the collector is non-operational, and
displays graphically, as well as numerically, how different portions of
the energy are used or lost.

Normally one energy flow diagram is included for each experiment.
If appropriate, however, several experimental periods are combined.

6.3.1 The Sydney University Solar Heating and Cooling System
Sydney, Australia

Figure 6.3-1 shows a typical situation of energy flows during
cooling. While approximately 40 percent of the incident solar energy is
supplied to the hot water tank, only approximately 15 percent of the
available energy is converted into cooling and supplied to the load. The
relatively inefficient use of heat in absorption tooling machines is
clearly demonstrated.

An energy flow diagram during typical winter operation is given in
Figure 6.3-2. More than 30 percent of the incident solar energy ends up
as useful energy for heating purposes. Yazaki flat-plate collectors were
used in this period and at relatively low operating temperatures their
conversion efficiency from solar to thermal exceeded 46 percent.

The third arrow diagram, Figure 6.3-3, is for a period of lTow load
during which the Sydney University evacuated tubular collectors
frequently operated near boiling point. Energy dumping at night was
introduced to lower system temperatures. The graph however highlights a
system problem; extremely high pipe losses in the collection system are
encountered (more than 30 percent of the collected energy). Higher pipe
losses are expected at operating temperatures approaching 100°C, but they
are made worse by deterioration of the collector loop pipe insulation.

Figure 6.3-4 shows the energy flow diagram for the period December
1983 to April 1984, which in essence is the cooling season in Australia.
The diagram draws attention to the rather poor energy conversion
efficiency of the absorption chiller which is manifest in a poor overall
system efficiency.

As seen in Figure 6.3-5, the situation improves significantly during
winter since solar heated water is directly pumped through the air
handling units in the offices. There are no intermediate heat exchangers
required and thus a significant portion of the collected solar energy
ends up as useful energy to cover the heating load.
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One month’s cooling performance for January 1985 is summarized in
Figure 6.3-6. The graph reflects the same trends as indicated for Figure
6.3-4.

6.3.2 Mountain Spring Bottle Washing Facility, Edmonton, Canada

Energy flow diagrams for the periods 1 May 1982 to 31 December 1982
and 1 January 1983 to 31 December 1983 are presented in Figures 6.3-7 and
6.3-8 respectively. In both diagrams it can be seen that significant
energy losses occur from the piping and storage tank. These Tlosses
amount to 22.5 percent and 16.7 percent for 1982 and 1983 respectively.
The 1983 Tosses are less due to the new heat exchanger and controls
governing the transfer of energy (Q202) from the solar system and the
caustic loop.

6.3.3 Ispra Solar Heated and Cooled Laboratory, Commission of
European Communities

The Energy Flow diagram for the system of the Ispra Solar Laboratory
is given in Figures 6.3-9. The data are from the period May to
September, 1983. It should be mentioned that the storage plus heat
transport losses indicated in the diagram also include the heat dumped
via the air heat exchanger, for cases where temperatures in the hot
storage system were too high. The amount of heat dumped in this way is
on the order of 2000 MJ. The monthly energy flows for each collector
array are given in Table 6.3-1.

6.3.4 Solarhaus Freiburg, Federal Republic of Germany

For both system types, energy flow diagrams are produced for two
representative periods:

o the calendar year 1982 with combined operation of the Corning
and Philips/Stiebel-Eltron collectors with the DHW system, and
operation of the Philips IV and Corning Collectors with the
heating system. See Figures 6.3-10 and 6.3-11.

0 the period from June 1982 to May 1983 with operation of the
Philips/Stiebel-Eltron with the DHW system and the Corning
collector with the heating system. See Figures 6.3-12 and
6.3-13.

Since the solar and conventional systems are basically identical with the
systems in previous reports, the associated energy flows remain unchanged
as well.

However, in 1982 a solar contribution of the DHW system of 66.6
percent was measured. This is a record for a project that has been
operating since the beginning of 1979. This solar fraction corresponds
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TABLE 6.3-1. MONTHLY ENERGY FLOWS OF THE COLLECTOR SUBSYSTEM
ISPRA SOLAR LABORATORY

JUNE JULY AUGUST SEPTEMBER SUMMER
Ml % MI % Ml % MJ % MJ %

Collected 2652 30 3243 32 2351 29 801 27 9163 30
Sanyo I On Losses 4375 50 5646 55 3953 48 1287 43 15592 50
Off Losses 1695 20 1357 13 1870 23 891 30 6199 20

Collected 3320 38 4160 41 2955 36 977 33 11672 38
Sanyo II On Losses 3618 42 4729 46 3349 41 1111 37 13082 42
Off Losses 1695 20 1357 13 1870 23 89 30 6199 20

- Collected 3142 48 3867 49 3093 50 1099 48 11523 49
Philips On Losses 3875 43 3526 45 2427 38 746 33 9823 41
VIR 261 Off Losses 582 9 440 6 729 12 432 19 2318 10

Collected 1943 48 2440 51 1913 50 687 49 7173 49
Philips On Losses 1749 43 2095 43 1473 38 445 32 5923 41
VIR 361 Off Losses 357 9 270 6 447 12 265 19 1422 10

Total Collected 10967 39 13710 42 10312 39 3564 37 39530 40
of 4 On Losses 12617 45 15996 48 11202 42 3589 37 44422 44
Arrays Off Losses 4330 16 3424 10 4915 19 2479 26 16138 16

to 499 kWh per year of useful delivered solar energy per square meter of
collector area. This solar contribution was realized together with a
solar collection system efficiency of 41.4 percent. The main reason for
this improvement was the combined operation of the two high performance
ETC collectors of Corning Glass and Philips/Stiebel-Eltron during a
period with both a rather even DHW load together with a continuous
availability of solar radiation.

The combined energy flow diagrams for the heating and DHW systems
are shown in Figures 6.3-12 and 6.3-13. As a result of the relatively
small collector area of the solar heating system (less than 5 percent of
the heated floor area), the solar heating fraction remains at about 11
percent and 11.6 percent, about the same as in the previous years.

Although the investigation of the independent operation of the solar
DHW system remains the primary objective of the Solarhaus Freiburg
project, this diagram suggests the definition of a global solar fraction
of the total DHW and heating load. As compared to the previous values,
22 and 24 percent in 1980 and 1981, this global solar fraction reached a
maximum value of 27.6 percent in 1982, together with a solar system
efficiency of 31.7 percent,_ corresponding to a specific amount of useful
solar energy of 380 kwh/m2 per year, based on the collector aperture
area.
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6.3.5 Eindhoven Technological University Solar House, The
Netherlands

Because of the integration of the storage and the auxiliary natural
gas burper it 1is virtually impossible to discern the solar and the
auxiliary energy flows to hot water and space heating from measured data.
A deduction of these energy flows will be given when the energy balance
in the storage is better assessed.

6.3.6 Knivsta District Heating System, Knivsta, Sweden

The total energy flows for the systems are shown in the energy flow
arrow diagrams, Figures 6.3-14 through 6.3-20. The diagrams are divided
into several periods, October 1981 to September 1982, June 1982 to May
1983 and February to October 1983. The second period is chosen for easy
comparison with the second installation, Sédertérn. For the Scandinavian
Solar collector, the first nine months of operation, February to October
1983, are shown. Notice especially the high piping losses and the large
pumping energy added to the system. Indirectly the large piping losses
also affect HIO1 and Q112 by prolonging the warming up period in the
morning. The Philips collectors system is also presented for the same
period for comparison. See Figure 6.3-20. The efficiencies for the
General Electric and PhiTips collectors show no significant change
between the periods.

6.3.7 The Sdédertdorn District Heating Project Soderttrn, Sweden

The total energy flows for the systems are shown in the energy flow
diagrams of Figures 6.3-21 through 6.3-30. Notice the low collector off
losses for the Philips VTR 141 collector. This is partly because, for
this Tatitude and collector slope, the collectors are being significantly
jrradiated on the back side. Energy measurements have been started to
investigate how much influence this can have on the performance. The
measurements so far indicate that the back insolation can amount to 10 to
20 percent of the front aperture area insolation. Twenty percent during
summer and 10 percent during winter time for the Philips VIR 141 array.
The piping losses are small for all systems due to the short distances
between the collectors and the district heating network.

6.3.8 SOLARCAD Project, Geneva, Switzerland

Arrow diagrams for two experiments are shown in Figures 6.3-31 and
6.3-36. The two diagrams involve only those days with good recorded
data.

It is noticed that significant losses take place between the
collector outlet 'and system (or heat exchanger) outlet. "Off" losses due
to capacity effects play an important role. All losses are increased
when working at higher temperatures.
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The same remarks made for the efficiency plots also apply here.

6.3.9 SOLARIN Project, Hallau, Switzerland

The arrow diagram shown in Figure 6.3-37 involves only the
collection subsystem and applies to the subject one year period. It can
be seen that heat Tosses between the array and the rest of the system are
reasonably low, but excess heat rejected amounts to roughly 10 percent of
the delivered heat. This is due partly to poor control.

From other partial measurements we know that for the rest of the
system, including the two storages, other losses should amount to roughly
50,000 MJ, which leads to a final system efficiency around 21 percent.
Due to some improvements we expect this last figure to rise to 25 percent
for the year 1985. -

Also see sections 5.9.2, 6.1.9 and 6.2.9.

6.3.10 BSRIA Solar Test Facility with Simulated Loads, Bracknell,
United Kingdom

An energy flow diagram is provided in Figure 6.3-38 in which the
collector off losses were 16 percent, i.e., no collector pump operation.
As a percentage of the total incident radiation, 37 percent was
collected. The system supplied 33 percent of the space heating Toad and,
because of the system operating control bias, only supplied 2.4 percent
of the domestic hot water load during this heating season. Nevertheless,
36 percent of the incident solar energy was used for heating.

6.3.11 Colorado State University Solar House I, United States

An inventory of energy flows for the winter period, for the system
shown in Figure 5-14, is shown in Figure 6.3-39. A sijzable portion of
the total energy collected is shown as heat rejection to the atmosphere,

+ and is a consequence of a collector array over-sized for the load. There

was also no domestic water heating for the period.
An energy flow diagram for the last few days of summer is shown in

Figure 6.3-40. Difficulties with the hot-side phase-change storage unit
during most of the summer prevented chiller operation.
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Figure 6.3-9. Energy Flow Diagram at the Ispra Solar Laboratory.
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H100
82000

H101 6
b6 500 / Pressure drop losses
0.69 . in to collector array

Q112 ___——+—Energy from collector array
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Figure 6.3-20. Energy Flow Diagram for Philips VIR 141 Collector,
Knivsta, Sweden, February to October 1983.
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Figure 6.3-33. Energy Flow Arrow Diagram for Corning A+B, Geneva,
Switzerland, July 1982 to October 1982.
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Figure 6.3-34. Energy Flow Arrow Diagram for Corning A+B, Geneva,
Switzerland, November 1982 to March 1983.
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Figure 6.3-38. Energy Flow Diagram for Philips VTRI51 Collector at
BSRIA Sg]ar Test Facility with Simulated Loads,
United Kingdom, 5 October 1982 to 28 May 1983.
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6.4 ENERGY SUPPLY AND DELIVERY BAR CHART

Month-to-month system performance is easily interpreted from energy
supply and delivery bar charts. These charts may be used to compare the
effectiveness of different systems and to ascertain other system
performance characteristics, such as the ability of the collection system
to supply energy at Tow insolation levels.

6.4.1 The Sydney University Solar Heating and Cooling System,
Sydney, Australia

Figures 6.4-1 and 6.4-2 indicate average energy supply rates during
system cooling operation (December 1982 to January 1983) as well as
during heating (July 1983 to September 1983). During the cooling season
the Sydney University evacuated tubular collector was used exclusively.
The energy supply bar charts indicate a typical collection efficiency on
the order of 40 percent during cooling operation. Because of instrument
difficulties at the time, Figure 6.4-1 shows information of energy
collected which is supplied to the tank rather than energy collected at
the collector.

During system heating operation, two different types of collectors
have been used, though only during a short period. Figure 6.4-2 shows
energy supply rates of the Yazaki flat-plate collector for the period
July 9-26, 1983 as well as that of the Sydney University evacuated
tubuiar collector during the period August 28, 1983 to September 28,
1983.

It 1is noted that a significant proportion of the data for many
months is absent. This is mainly due to planned interruptions to system
operation or data acquisition or failure of data acquisition equipment,
rather than failure of the solar system or air-conditioning hardware. The
amount of data available should not therefore be taken as an indication
of system reliability.

Figures 6.4-3 through 6.4-5 show energy supply rates for three
different periods between November 1983 and March 1985.

It is interesting to note that during periods of low loads and
collector operating temperatures near the boiling point (April/May 1984},
situations occur where the solar energy incident on the collectors while
the collector pump is running is smaller than the actual produced useful
energy. This is a result of pump cycling. A substantial amount of energy
is collected and stored in the collector loop during the pump "off time"
yet the incident solar flux is not accounted for. This capacitively
stored energy ends up in the storage tank as useful and metered enerqy
during every pump "on" cycle.

Average monthly collector efficiency has remained high at 40 percent
or above, except during the month with smail loads where boiling occurred

6-4-1




in the collectors. Collector performance information during those
periods must not be to assess the Sydney University evacuated collectors.

6.4.2 Mountain Spring Bottle Washing Facility, Edmonton, Canada

Energy supply bar charts for the periods 1 May 1982 to 31 December
1982 and 1 January 1983 to 31 December 1983 are shown in Figure 6.4-6 and
6.4-7 respectively.

Though the solar energy system was designed for continuous operation
throughout the year, it is readily apparent that operation during the
months of November through March is not practical. This is due to two
reasons: first, the Tow solar altitude (13 degrees on December 21) and
second, snow fouling the collector array.

6.4.3 Ispra Solar Heated and Cooled Laboratory, Commission of
European Communities

The monthly average supply rates are shown in Figures 6.4-8 to 6.4-
11. The weather during the month of May was very bad and this results in
Tower collection efficiencies, especially for the Sanyo collectors. Days
on which a collector array did not operate correctly have been omitted.
Therefore, the month of May includes only 3 days for the Philips VIR 261
collectors.

The performance of the Philips VIR 261 and the VTR 361 collector is
almost the same. This is remarkable since the VTR 361 has only 14 tubes
per module and the VIR 261 has 19 tubes for an equal aperture area
module.

6.4.4 Solarhaus Freiburg, Federal Republic of Germany

Energy supply bar charts in Figures 6.4-12 and 6.4-13 show the
annual distribution of the incident vradiation and of the thermal
collector output for the Corning Glass collector, and in Figures 6.4-14
and 6.4-15 for the Philips IV and Philips/Stiebel-Eltron heat pipe
collector.

The annual variation of the daily operating collector temperature
and of the ambient air temperature is displayed. Results are shown for
the two years 1982 and 1982/83 in order to present meaningful seasonal
quantities.

The annual ins%1ation onto the collector plane was 4304 MJ/m2 in
1982, and 3989 MJ/mé-a in the 1982/83 period, due to a very rainy and
atypical spring in 1983.

Although the Corning Glass collector was operating with the heating
system, the annual collection efficiencies of 50.9 percent and 50.4
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percent did not change as compared with preceding years. In Figure
6.4-14, the improvement of collection efficiency after the replacement of
the Philips IV with the Philips/Stiebel-Eltron collector has to be
pointed out. The average daily efficiency changed from 38.5 percent in
May 1982 (Philips IV) to a value of 53.7 percent in June 1982
(Philips/Stiebel-Eltron heat pipe collector). The collection efficiency
during the period from June 1982 to May 1983 was 52.7 percent.

The two annual profiles of the average daily operating temperatures
show a slightly higher temperature of the Corning Glass collector when
operating with the heating system (44.19C Corning: 41.59C
Philips/Stiebel-Eltron).

6.4.5 Eindhoven Technological University Solar House, The
~ Netherlands

The average energy supply and delivery rates for the Philips VIR 261
EUT Solar House are given in Figure 6.4-16.

6.4.6 Knivsta District Heating System, Knivsta, Sweden

The monthly average energy supply is shown in Figures 6.4-17 and
6.4-18. Four months in the diagrams overlap. Figure 6.4-17 contains
some information in addition to that specified in the Task VI format
requirements. The difference in energy output from collectors Q112 is
surprisingly low during the summer, but in the winter the Owens-I1linois
collectors suffer because of their high heat capacity. During November to
January, hardly any energy is collected due to the Tow daily irradiation,
which seldom reaches the threshold value, even when preheating is used.
Snow cover also influences the results.

The even energy output from the collectors is somewhat misleading as
the Philips collectors are tilted at 60 degrees. The measured irradiation
onto the aperture area of the Philips collectors is lower than the
others, which are tilted 45 degree planes. Hence the Philips collectors
operate at higher efficiency. This 1is partly due to the additional
irradiation falling on the bach side of the collectors. This energy is
better utilized, partly because of a higher incidence angle modifier
during morning and evening, which also compensates for the long piping
system relative to the aperture area.

The Scandinavian Solar flat-plate collector, put into operation in
February 1982, has shown surprisingly good results compared to the ETC
collectors. The off Tosses H100 and H101 are higher due to higher Frug
value but also due to the higher piping losses per unit of aperture area
of the three systems. The piping system is designed for the Owens-
I1linois collector array which had 50 percent larger aperture area.
Looking at the "on" efficiency instead, compensates for that and this
collector efficiency is somewhere between General Electric and Philips
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collectors. The system efficiency is drastically decreased by the large
piping losses.

6.4.7 The Sodertdrn District Heating Project, Sodertdrn, Sweden

The monthly average energy supply is shown in Figures 6.4-13 and
6.4-20. The first diagram shows the Teknoterm collectors compared to
General Electric and Phillips collectors. The Philips collectors perform
best in spite of the 60 degree slope which gives less irradiated energy
to the collector front aperture. The second diagram shows the Philips
collector compared to Grandges Aluminum and Scandinavian Solar
collectors. The efficiency of the Philips collectors is outstanding but
the energy output from the Scandinavian Solar collectors is comparable,
due to a more favorable collector slope. The operating AT of the
Scandinavian Solar collectors is about 109C higher for that period.

The seasonal variation of the monthly energies is very pronounced
due to the high latitude (59 N). Figures 6.4-21 through 6.4-25 show the
monthly average energy supply from the collector arrays during 1983. In
June the controls are changed so that 800C,rather than 609C, outlet
temperature fluid is provided to the network. The availability of the
Granges Aluminum collectors has been quite Tow so the results are
somewhat misleading and should not be used to evaluate the potential of
these collectors. The Scandinavian Solar collector has also had reduced
availability during August.

6.4.8 SOLARCAD Project, Geneva, Switzeriand

As noted in Figure 6.4-26, the bar chart includes both Corning "A"
and "B" collectors with energy outputs that are distinguished by Ql12 A
and B. The percent quoted for Q112 includes A and B together. The B
collectors have degraded since March 1983 due to the loss of vacuum for a
few tubes.

Also shown in Figure 6.4-27 is the energy collected Q102 at the from
the entire collection system, including the heat exchanger. Figure 6.4-28
gives the Sanyo collector performances.

Also shown in these Figures is the energy collected Q102 at the
outlet of the system, considered as the heat exchanger outlet.

This energy can be close to zero in the winter months. The positive
output of collectors is insufficient to overcome losses of the system,
usually heat losses and thermal capacity effects, or "on" and "off"
losses.

Dynamic effects combined with a poor control may even lead to

negative system output. See also remarks about efficiency plots and arrow
diagrams in Sections 6.1.8 and 6.3.8.
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6.4.9 SOLARIN Project, Hallau, Switzerland

In Figure 6.4-29 the last item plotted corresponds to the heat
delivered by the solar loop at the inlet of the heat exchanger Q142 and
not at the outiet Q102. The difference between the values is small. Note
the comments in Sections 5.9.2, 6.1.9, 6.2.9 and 6.3.9.

Snow in January and part of February leads to very low performance.
Heat Tosses between the collector array and the heat exchanger are mainty
due to the rejection of excess heat. This can be due to defects in the
control, i.e. winter control is correct, but summer control (May up to
August 1984) was not optimized, as is seen on Figure 6.4-29.

6.4.10 Evacuated Collector System Test Facility, Bracknell,
United Kingdom

The total incident solar energy, incident energy while collecting,
and energy collected are given 1in bar charts on Figures 6.4-30 and
6.4-31. Only the first three months have been analyzed in this form. The
conversion of incident energy to collected energy varied between 32
percent in December 1982 to 40 percent in April 1983, with an average of
Just over 35 percent.

6.4.11 Colorado State University Solar House I, United States

Average energy supply and delivery rates from the Philips VTR 361
colTectors for the winter and summer periods are shown in Figures 6.4-32
and 6.4-33. A high percentage of available insolation is utilized by the
collectors and because collector efficiency is high, monthly average
delivery rates are also high. Although temperature data are not shown on
the winter bar graph, storage temperatures are high in the spring months
because heating Toads are small.
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Figure 6.4-16. Average Supply and Delivery Rates for the Philips VIR
261, EUT Solar House, 1984.
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Figure 6.4-17. Average Energy and Delivery Rate for the Knivsta
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1981 to September 1982.
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Figure 6.4-18. Average Energy Supply Bar Chart for the Knivsta
District Heating System, Knivsta, Sweden, June 1982

to May 1983.
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