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Abstract

Abstract

Solar thermal energy has the potential to make a significant contribution
to the energy supply for space heating and hot water production, even in
locations at higher latitudes, and in this way to reduce the use of fossil fuels.
It is therefore very important to increase the use of this technology.

By integrating solar collectors into building envelopes, the cost ef-
fectiveness of the collectors can be increased, as building material and
labour costs can be reduced. By also using concentrating reflectors the
cost effectiveness can be further increased.

The aim of this work is to identify cost effective design criteria for
building integrated solar collectors and solar thermal systems. It is hoped
that the outcome will give guidance and inspiration to product develop-
ers, architects, designers and constructors and thereby help boost the solar
thermal market and increase the use of solar thermal systems.

The presented work includes an investigation of solar thermal systems
for highly insulated buildings, performed for the International Energy
Agency, Solar Heating and Cooling Programme, Task 28, in which solar
thermal systems are designed for apartment buildings at high latitudes.
Design advice is given based on Polysun simulations and parametric studies
of various design parameters. Special attention was paid to dimensioning
of the collector area to avoid overheating.

The thermal performance of three designs of collectors for non-insulated
roofs with cold attics underneath has been evaluated from measurments.
The idea is to produce a thin, cheep and flexible roof-integrated collector
for easy installation. The results show that the annual thermal energy yield
would be 320, 330 and 280 kWh/m? respectively for the three collectors
A, B and C, at 50°C operating temperature. The corresponding yield per
absorber area is 360, 680 and 1140 kWh/m? respectively. As the material
costs should be low, there is a potential for the production of these solar
collectors, Collector B in particular, as cost effective building elements.
However, further investigations for improved efficiency are suggested.

The characteristics of a solar simulator have been investigated in order
to show how suitable it is for use as a light source for indoor measure-
ments of concentrating collectors for evaluation of their incidence angle
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dependence. It is here concluded that accurate results can be achieved for
lower angles of incidence but for higher angles, above 35°-40°, outdoor
measurements are more reliable.

A large solar thermal system, with facade-integrated collectors in sev-
eral directions, connected to the flow side of the district heating grid in
Malm®, Sweden, has been studied, e.g. from measured data, and described.
WINSUN simulations were performed to validate that the plant works
as expected, which was confirmed by the results. The simulated annual
output of 174 kWh/m?a from the system agreed well with the measured
output, 180 kWh/m?2a. The results from each of the collectors are also
described and a small parametric study is given. The good accuracy of
these results implies that WINSUN and Meteonorm data can be used
for relatively good estimations of a complex system design when climate
data is unavailable.

The geometrical design of a concentrating PV/thermal hybrid collector
for integration in a wall element is optimised for maximal energy output
by short circuit current measurements of thin film photovoltaic cells and
MINSUN simulations. The results show that the annual energy output
could increase from 70 kWh/m? for a vertical reference cell to 120 kWh/m?
absorber area. Results for a number of geometries are presented.
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Introduction

1 Introduction

1.1 Background

The ongoing climate changes, caused by the resource consuming life style
in our modern society, put us and future generations at great risk and we
are given an enormous problem to deal with. It is of the highest importance
that the problem is addressed urgently and effectively. The use of fossil
fuels must be significantly reduced and renewable energy sources must be
implemented on a large scale throughout our society.

Today approximately 80% of the primary energy use in the world is
provided by fossil fuels and only about 13% by renewable energy sources.
The energy use within the building and service sector accounts for a large
share of the total energy use, approximately 40% both in Sweden and in
the European Union (Swedish Energy Agency, 2006). This energy demand
can be lowered significantly by using improved building construction
techniques and a great part of the energy used for space heating and
domestic hot water can be supplied by solar thermal energy, which is not
only renewable, but also clean in the sense that the conversion phase does
not give rise to any green house gas emissions.

The solar thermal market has an immense potential for growth (ESTIF,
2007). The solar energy received by the earth during one hour is more than
the total annual energy demand worldwide. It is obvious that we could
profit from solar energy to a far greater extent than what is done today.
The biggest problem has been that the cost of solar thermal systems has
not been low enough to make these systems competitive on the market.
This trend is starting to change with rising energy prices, but it is not
changing fast enough.

In order to widen and increase the use of solar thermal energy there are
several ways to deal with the issue. Legislation is one way, already practised
in some European countries. Governmental subsidies are another way, in
which continuity is very important.

Although the collectors of today are already highly developed it is also
important to continue the development of collectors and system designs
in order to improve their efficiency, quality, life expectancy, profitability
etc.

17
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A higher market growth could be achieved by the introduction of more
cost-effective solar collectors. By integrating solar collectors into building
elements, both building materials and the time for installation work can
be saved, making the collectors more cost-effective. It can also make the
collectors more attractive.

The cost-effectiveness of solar collectors can also be increased by using
concentrating collectors. By replacing some of the expensive absorber by
cheaper metallic reflectors to concentrate the irradiation onto the absorber,
there is a potential to lower the production cost for the collectors. A reduced
absorber surface also means lower heat losses.

Sun-tracking collectors with a high concentration ratio would collect
the most irradiation per absorber area. However, for building integrated
elements, all moving parts should be avoided. Therefore a static system
with lower concentration is more suitable for building integration.

1.2 Objectives

The purpose of this work is to find good design characteristics for cost-ef-
fective solar thermal systems, with the focus on the design of concentrating
building-integrated solar thermal collectors. The work has been divided
between studies of solar system designs and the design and evaluation
of solar collectors. The objective is to find a collector design that can be
developed into a cost-effective product. It is mainly the technical char-
acteristics that are investigated, while the economic aspects are given less
attention.

A couple of previously studied collector designs are further investi-
gated and three new collector designs are developed for integration on
non-insulated roofs. The collectors are evaluated by indoor and outdoor
measurements, with the aim to create cheap, flexible collectors implying
simple production and mounting methods.

The geometry of a concentrating facade-integrated solar collector,
which could be used either for photovoltaic cells, thermal absorbers or as
a photovoltaic/thermal hybrid, has been optimised by measurements and
simulations for maximal annual energy output in the Swedish climate.

A necessary part of the work has been to study the characteristics of
the solar simulator at Energy and Building Design, Lund University, in
order to find how suitable it is to use for evaluations of the incidence angle
dependence of concentrating collectors.

Another important part of the work has been to construct a solar col-
lector test rig in order to facilitate and improve the repetitiveness of the
collector measurements performed.

18
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Design features of solar thermal systems for houses with very low energy
demand have been investigated by simulations and analyses within the
framework of the International Energy Agency and the Solar Heating and
Cooling programme (IEA-SHC), Task 28 - Sustainable Solar Housing.

The design and performance of a large solar thermal system with
facade-integrated collectors, producing heat for the district heating grid
in Malmo, has been studied. Important design features of the system have
been described and simulations and analyses have been performed to verify
the system performance.

1.3 Outline

A theoretical background with facts and formulas concerning solar ir-
radiation, solar angles, heat transfer, optical concentration of light etc. is
presented in Chapter 2.

The measurement techniques, tools and experimental methods are
described in Chapter 3.

The work performed for IEA-SHC, Task 28 - Sustainable Solar Hous-
ing - is presented in Chapter 4, starting with an introduction to the work
within Task 28. Section 4.2 presents the content of Section 2.5 in the
handbook, Sustainable Solar Housing, Vol 1, Strategies and Solutions,
an outcome of the project. This is basically an introduction to how active
solar thermal energy can be utilised within buildings, focusing on build-
ings with very low energy demand. Section 4.3 is the simulation work
performed to design solar thermal systems for buildings with limited energy
use (presented in Sections 8.6 and 8.7 in the handbook). This contains
simulation results of the energy performance of solar thermal systems for
apartment buildings in the Stockholm climate. Design advice is given for
this type of buildings in the end of this chapter. The chapters from the
handbook are also presented as Papers I, 11 and 11I.

Chapter 5 is about the evaluation of three slightly different solar col-
lectors designed for integration in non-insulated roofs, also presented in
Paper 1. Commonly used corrugated steel makes up the frame of these
collectors, two of which have concentrating reflectors to enhance the ir-
radiation on the absorbers during the heating season and thereby achieve
a better balance of the energy yield over the year. The design, evaluations
and results are presented.

Chapter 6 presents the work performed to investigate how suitable a
solar simulator is for applications concerning the evaluation of the inci-
dence angle dependence of concentrating collectors. Some issues that were
noted about the accuracy of measurements at high angles of incidence

19
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have been investigated by using a photodiode array. The results are also
presented in Paper V.

Chapter 7 is a summary of Paper VI - a study and evaluation of a solar
thermal system connected to the district heating system in Malmo. These
solar collectors are integrated in the fagade in five different directions as
they were installed to replace the old facade material. Simulations of the
collector output have been performed as well as analyses of data from
the plant. The control features of the system are discussed as well as the
simulation results.

Chapter 8 presents the work of Paper V11, which is an optimisation of
the reflector and module geometry of a facade-integrated photovoltaic/
thermal hybrid solar collector. The work contains experimental measure-
ments and results which have also been used in simulations performed to
find the maximal annual energy yield.

Chapter 9 contains a summary and discussion of the work.

20
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2 Theoretical background

2.1  Solar thermal market development

2.1.1 Historic development

The basic theory of solar heating is simple and has been known and
used for a very long time. The ancient Greeks used passive solar energy
to heat their homes in the 41" century BC and there were ideas of how
to actively convert solar energy to heat already in the 18t century, when
scientists tested the highest temperature they could achieve in a “hot box”,
an insulated box with a glass lid. In the 19" century people began to use
solar water heaters consisting of black painted metal tanks that were put
on the roofs. However, with this technique it took a long time to heat
the water and as soon as the sun went down the water would cool down
again. Eventually, the technique with the “hot box” and the water tanks
were combined in the world’s first commercial solar water heater, which
was patented in 1891 by Clarence Kemp from Baltimore, USA. This col-
lector was made of black painted metal tanks that were put in boxes with
glass lids, capturing the sunlight. It sold very well and the technique was
further developed by several actors. In 1909 William J. Bailey developed
a system similar to the solar systems used today, where the tank and the
solar collector were separated into two units and the insulated storage tank
could be placed inside the house, keeping the water hot much longer than
previously used systems. (Butti & Perlin, 1980)

In the following years, the market for solar thermal energy started to
grow in the USA, but collapsed as gas and electricity became availably at
low price. In the 1950:s, 1960:s and 1970:s more attention was paid to
solar thermal energy in countries all around the world. The technology
was introduced in Japan, where the market increased very quickly. Also in
Australiaand in countries around the Mediterranean Sea, e.g. Israel, Turkey,
Cyprus and Greece, people started to use solar water heaters. These are
areas where the market has been strong for a long period (ESTIF, 2006).
In 1973, when the oil embargo took place and the price of oil increased
dramatically the solar water heater industry was revived in many places.
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After the price of oil had stabilized in the mid 1980s the sales of solar col-
lectors decreased. (Butti and Perlin, 1980; Dessus & Pharabod, 2000).

2.1.2 Recent development

Since 1990 there has been a favourable development in the solar thermal
market in many countries, mainly in China and Europe (Swedish Ministry
of Enterprise, Energy and Communications, 2007). In 2004 over 140
million m2 collectors were installed worldwide, of which 76% were glazed
collectors (flat plate and evacuated tube collectors). This corresponds to 99
GWith! installed capacity, an annual energy yield of 58 MWHh, replacing
9.3 billion litres of oil and thereby saving 25 million tons of CO5 annually.
China is completely dominating the world market, both in annual sales
—with impressively 78 % of the world market (ESTIF, 2006) —and in terms
of installed capacity. 44% of the total capacity world wide is installed in
China, followed by USA (20%), Japan (5.5%), Turkey (5.2%), Germany
(4.6%), Australia (3.4%), Greece (2.1%) and Austria (2.0%). In China the
dominating collector type is evacuated tube collectors in thermo siphon
systems, whereas unglazed collectors heating swimming pools are those
most commonly used in USA and Australia. In Europe, Japan, Turkey and
Israel the glazed flat plate collectors are dominating. The countries with the
highest installed collector capacity per capita are Cyprus (with 63 MW
per 100 000 inhabitants), Israel (52 MW,y,), Greece, Austria and Barbados
(19 MW,p,) (Figures from 2004). (Weiss et al., 20062)

The European market is now growing extremely fast. It increased by
44% from 2005 to 2006, when 3 million m? glazed collectors were sold
(Eur'ObservER, 2007). This can be compared to the European collector
sales of 0.3 million m2 annually at the end of the 1980s (Dalenbéck, 2005).
The installed capacity of glazed solar thermal collectors exceeded 20 million
m?2 (14 MWj,) at the end of 2006 (Eur’ObservER, 2007).

It seems unlikely that the target of 200 000 000 m? installed collector
capacity in the EU by 2010, which was presented in the European Com-
mission’s White Paper from 1997, will be reached. The aim is to reach 12%
renewable energy in the EU by 2010, a target which was then considered
ambitious but realistic (European Commission, 1997). However, some

1Experts from seven countries have agreed on a factor of 0.7 kWi/m?2 collector area to
derive the nominal capacity from solar collectors. The decision was based on tests results
and operating conditions specified in the European Code EN 12975-2. More information
on www.iea-shc.org and www.estif.org.

2These figures are based on a survey conducted in 41 countries estimated to represent
85-90% of the solar thermal market worldwide and 57% of the world’s population.
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European countries are excellent role models. If every European country
followed the Austrian model, where 15% of all detached houses have solar
thermal systems, the target would have been reached already. In fact, two
new objectives for installed solar thermal collectors, to be accomplished
by 2020, have been defined by ESTIF (European Solar Thermal Industry
Federation) and published in January 2007 in their “Solar Thermal Ac-
tion Plan”. The minimum objective of reaching an installed capacity of
91 GWqp, (130 million m2) in Europe is based on the Austrian collector
density of 199 kWi, per 1000 inhabitants and the ambitious objective of
reaching 320 GWy, (457 million m2) is based on having 1 m? installed
collector per inhabitant (ESTIF, 2007).

As the problems with global warming and limited oil resources have
attracted more and more attention, a growing number of municipalities,
regions and countries are starting to take action by introducing legisla-
tion on financial support systems. Germany has for long been the leading
European country in annual sales, followed by Greece and Austria. These
are countries were governmental economic support systems have been
generous, continuous and reliable. The high energy prices have created a
favourable market climate and encouraged many small scale production
units to act and to grow. In Austria, for example, private initiatives and
campaigns have also played an important role for this development. (Thur
and Weiss, 2005; Dalenbéck, 2005; Eur'ObservER, 2007).

The markets in France and Spain are now growing very fast, mainly due
to investment programmes and legislation. In France a simple tax deduction
system, which enables 50% of the investment costs to be recovered, has
recently been introduced and the new Spanish building code, introduced
in 2006 (CTE — Cadigo Técnico de la Edification), makes it obligatory
to use solar thermal energy to cover 30-70% of the hot water demand in
all new constructions or completely renovated buildings. Portugal and
India have also introduced legislation similar to that in Spain, something
that has been applied in Israel since 1980. The Chinese government has
set up a target that 20-30% of the population shall have access to solar
heated hot water in 2015, which would require the installation of about
250 million m? solar collectors. (Eur'ObservER, 2007; Swedish Ministry
of Enterprise, Energy and Communications, 2007)

In Sweden the total area of installed solar thermal collectors is ap-
proximately 200 000 m? (0,15 GWjp,) and also here the market is grow-
ing. The sales of glazed collectors increased by 26% between 2005 and
2006 (ESTIF, 2006; Eur'ObservER, 2007). Here is also a large potential
for solar installations on the existing buildings. If solar thermal systems
were to be installed in all buildings in Sweden, the potential for replacing
bought energy by solar thermal energy has been estimated to 12 TWh,
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which would require approximately 40 million m?2 of solar collectors
(Kjellsson, 2004).

The growing market for solar collectors does not only reduce the green
house gas emissions, but it also creates jobs and increases industrial growth.
(Eur'ObservER, 2007)

The solar thermal collectors sold today are significantly improved in
comparison to those introduced in the late 1970s, mainly due to interna-
tional cooperation in testing and certification (Solar Keymark) (Swedish
Ministry of Enterprise, Energy and Communications, 2007). Today’s
collectors are highly developed with only low heat losses, enabling heat
generation even at lower irradiation. The use of absorbers with selective
surfaces have significantly improved the efficiency of solar collectors as
they offer high solar absorbance and yet a very low thermal emittance.
This is achieved by double layers of coatings on the absorbers giving high
reflectance and low emittance for radiation of longer wave lengths and
low reflectance and high absorbance for solar radiation. The glazing is
often low in iron content and antireflective treated, which gives higher
transmittance.

There is also a wide variety of designs of the solar thermal systems that
are in operation. The system design developments have led to increased
efficiency of the solar thermal energy systems. Pumps of suitable dimen-
sions and characteristics have for long been hard to find, but now the
increased market demand has given incentives for development of better
suited components.

2.2 Solar irradiation

By fusion in the sun, hydrogen atoms are combined to helium while energy
is liberated and radiated as electromagnetic radiation. The spectrum of
the sun’s radiation is very similar to that of a blackbody at approximately
5780 K, and its emissivity can be regarded as equal to 1. The radiation
is distributed in all directions from the sun and the radiation that falls
on the earth outside the atmosphere is 1367 W/m? (Duffie & Beckman,
1991), also referred to as the solar constant, Gg. This is a yearly average,
as the irradiance varies slightly over the year (from 1322 in July to 1412
W/m2 in December), due to the earth’s slightly elliptic orbit around the
sun and to changes in solar activity (Duffie & Beckman, 1991). As dif-
ferent atmospheric gases, e.g. CO, and water vapour, absorb and scatter
solar radiation of different wave lengths, the irradiance that reaches the
earth after passing through the atmosphere is reduced to approximately
1000 W/mZ2. The solar spectrum extends from 0.3 pm to 3.0 pm and
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includes near infrared radiation, visible light and ultraviolet radiation and
the highest intensity is in the area of visible light, at approximately 0.5 um.
The solar spectrum in Figure 2.1 shows the radiation from the sun before
and after it passes through the atmosphere. It also shows the absorption
of solar radiation by atmospheric gases.
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Figur 2.1 The solar spectrum before (AMO) and after (AM1) passing through
the atmosphere.

At higher latitudes, the angle of incidence of the solar irradiance on the
earth’s surface is higher, which results in lower irradiance to the ground.
The distance through which solar radiation has to travel in the atmos-
phere is also longer at higher latitudes, which means that more energy is
absorbed and reflected before reaching the earth. Because of these two ef-
fects, average irradiance and annual irradiation are lower at high latitudes.
The irradiance is also reduced depending on cloudiness, humidity and the
concentration of particles in the air. As the total annual global irradiation
(on a horizontal surface) varies from 640 to over 2300 kWh/m?2 depending
on the location, there are naturally very different opportunities of using
solar energy. In Sweden, the annual irradiation measured on a horizontal
surface is between 950 and 1000 kWh/m?2. In the Mediterranean area the
global annual irradiation is 1400-1800 kWh/m2 and in some areas it can
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be over 2300 kWh/mz2, as can be seen in Figures 2.2 and 2.3 (Meteotest,
2006).

METEONOI B 500 . 1050
oo B 1050,

Y/ 4 1 1380 .. 1500

METIOTEST 23 1900 .. 2100

Global Irradiation: year [kWh/m’] M > 2300
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Figure 2.2 The annual global irradiation throughout the world, measured on
a horizontal surface. (Figure from Meterotest 2006).
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Figure 2.3 The annual global irradiation in Europe, measured on a horizontal

surface. Figure from Meteotest (2006).
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2.3 Solar angles

As the apparent location of the sun varies over the day and over the year,
the angle of incidence of solar irradiance on a specific surface varies. To the
right in Figure 2.4 the incoming irradiance on a horizontal surface can be
seen in relation to the cardinal points, east (E), west (W), south (S), north
(N) and to the zenith axis (Z). The solar irradiance is here imagined as a
vector, the solar vector. The angle of incidence to a surface is denoted 6
and if a horizontal surface is considered, this angle can also be referred to
as the zenith angle, 6, as shown to the right in the figure. o is the solar
altitude angle or the solar height. The azimuth angle of a surface, vy, is the
angle between the normal to the surface projected in the horizontal plane
and the south axis. The solar azimuth angle, ys, describes the location of
the sun relative to the south axis (i.e. the angle between the solar vector
projected in the horizontal plane and the south axis).
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Figure 2.4 The slope of a surface, B, the surface’s azimuth angle, y, and the sun's
angle of incidence to the surface, 0, are shown in the left figure. To
the right, the azimuth angle of the sun, y, the solar altitude angle
(or the solar height), o, and the zenith angle, 0, i.e. the sun's angle
of incidence to the horizontal, are shown.

The sun’s angle of incidence, altitude angle and azimuth angle can be calcu-
lated according to the following equations (Duffie & Beckman, 1991).

The declination, 3, i.e. the angle between the direction of the solar
irradiation and the equatorial plane, varies between -23.45° and 23.45°
according to Equation 1. The inclination of the earth’s axis is 23.45°. The
time of year is here expressed by the day number, n.

o = 23’45 . Sln(wj
365

Eq. (1)
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The solar time is a way of expressing time based on the assumption that
the sun is in the south at 12.00 o’clock.

Solar time — standard time = 4(Lg-L;) + E (time difference in minutes)
Eq. (2)

The equation of time, E, is used to compensate for the difference between
solar time and standard time that is caused by the earth’s elliptic orbit
around the sun and by the tilt of the axis of the earth. Ly is the standard
time meridian (positive in west, Ly = -15° in Sweden) and L is the local
meridian.

E =229.2-(0.000075 + 0.001868 - cos(B) —
—0.032077 -sin(B) —0.014615 - cos(2B) —

—0.04089-5in(2B)) Ea. (3)

B = 360(n-1)/365 (in degrees) Eq. (4)

The time angle, ®, describes the sun’s position east or west of the local
meridian (positive angles west of the meridian) and can be calculated
as in Equation 5, where /4 stands for hours and mm for minutes, in
normal time.

© =15-(hh—12)+ "M+ E

+Le -l Eq. (5)

Knowing the declination and the time angle, the solar altitude angle, a,
and the solar azimuth angle, v,, can be calculated by Equations 6 and 7,
for which the latitude, A, must be known.

o = arcsin(cos(d ) - cos(®) - cos(A) + sin(d ) - sin(A)) Eq. (6)

c0s(d)-sin(w)
(cos(d)-cos(m)-sin(L)—sin(8)-cos(L))

tan(y,) = Eqg. (7)

For calculation of the angle of incidence, 6, on a tilted surface, with the
tilt angle B, and surface azimuth angle y, Equation 8 or 9 can be used.
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6 =arccos(cos(d )sin(w)sin(P)sin(y ) +
+¢0s(5 )cos(m)sin(A)sin(p)cos(y ) —
—sin(d)cos(A)sin(B)cos(y )+

+¢0s(5 )cos(m)cos(A)cos(P )+

+sin(3)sin(1)cos(B)) Eq. (8)

6 =arccos(cos(a )sin(p)cos(y, —y )+ sin(a)cos(pB)) Eq. (9)

When static concentrators for solar collectors are designed, it is important
to consider the variation in the solar altitude and the angles of incidence
on the surface in question. It is often useful to use as, the projection
of the solar altitude angle in the meridian plane (the north-south vertical
plane). In order to calculate this angle, a coordinate system with the axes X,
Y and Z is imagined (X representing south, Y east and Z the zenith axis).
The coordinates are transformed from spherical to Cartesian according
to Equations 10-12. These angles and coordinate systems are illustrated
in Figure 2.5. The projected solar altitude angle is then derived according
to Equation 13.

X =cos(a)-cos(y,) Eq. (10)
Y =cos(a)-sin(y,) Eqg. (11)
Z =sin(a) Eq. (12)
tan(ong ) = sin(a.) = tan(a)

cos(a)-cos(ys)  cos(ys) Eq. (13)

29



Solar thermal energy systems for building integration
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Figure 2.5 The solar altitude angle, o, the solar altitude angle projected in the
north-south vertical plane, aygs, the solar azimuth angle, y;, and
the zenith angle,0,, in relation to the cardinal points and the zenith
axis.

The projected solar altitude angle, o, varies over the day as shown in
Figure 2.6, showing data from Stockholm (60° latitude). The curves rep-
resent different months. At the equinox, ays in Stockholm is constant
30° during the whole day. In summer this angle is highest in the morning
and in the evening, and in winter the highest angle is at noon.
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Figure 2.6 The projected solar altitude angle, s, shown over the day for dif-

ferent months of the year for a location at latitude 60°.
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At high latitudes the irradiation from low solar altitude angles gives a
relatively high contribution to the annual irradiation. In Stockholm,
Sweden (latitude 59.4°N), the highest amount of irradiation on a vertical
south-facing surface is from projected solar altitude angles, ays, between
50° and 55° according to Ronnelid (1998) from 1983-1991, shown in
Figure 2.7a. In Figure 2.7b, the irradiation on a south-facing surface
tracking around an east-west axis is shown. The irradiation is considerably
reduced during the winter due to the cloudy climate and absorption of
the radiation in the atmosphere (Ronnelid et al., 1999). This explains the
low irradiation for ag =7°.
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South-projected solar altitude angle, o \s (°)

Figure 2.7a The annual solar irradiation from different projected solar altitude
angles, as, on a vertical south-facing surface. Data collected in
Stockholm 1983-1991 (Rénnelid, 1998).
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Figure 2.7b The annual solar irradiation from different projected solar altitude

angles, as, on a surface tracking around an east-west axis. Data
collected in Stockholm 1983-1991 (Ronnelid, 1998).

2.4 Heat transfer and thermal

performance of solar collectors

The thermal performance of a solar thermal collector is determined based
on its optical properties and its insulating capacity. When irradiation falls
on the collector, a part of it is lost through optical losses, e.g. reflection in
the glazing, absorption in the glazing and also reflections in the absorber.
There are also multiple reflexes between the glazing and the absorber. The
remaining irradiation is absorbed in the absorber, from where the heat
is transported, mainly through conduction and convection, to the heat
transfer medium. Thereafter the heated liquid is pumped to a heat storage
tank. The absorber loses heat, mainly through convection and radiation,
but also due to conductive heat losses, and the insulation of both the col-
lector and the piping is very important.
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Figure 2.8 The heat transfer processes in a solar collector.

The power, g, from a solar collector is the solar radiation absorbed by the
absorber, reduced by the heat losses. This is described by Equation 14,
where S is the absorbed radiation, Ty is the temperature of the absorber fin
and T is the temperature of the ambient air. U is the heat loss coefficient
(W/m2K) describing the collector’s insulation capacity.

q=5-U ’(Tf _Ta) Eq. (14)

2.4.1 Irradiance

The global solar irradiation, G, is the sum of the direct irradiation from the
sun, also referred to as beam irradiation, Gy, and the diffuse irradiation,
Gg. The ground reflected irradiation, Gy, which is often small enough to
be neglected, is sometimes separated from the diffuse irradiation but it is
often included in the diffuse irradiation model, as in this case also.

The momentary efficiency of a solar collector is calculated by the ratio
of the power to the irradiance.

n= Eq. (15)

4
G
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2.4.2 Optical losses

The optical efficiency of the collector describes the losses of irradiation
in the collector due to reflection and absorption in the glass cover and
the absorber. For a concentrating collector there are optical losses also in
the reflector. The optical efficiency can also be referred to as the zero-loss
efficiency, i.e. the efficiency in an ideal case, when the temperature dif-
ference between the absorber and the ambient air is zero, so that the heat
losses are eliminated leaving only the optical losses.

Optical losses in the glass cover

The glass covering the absorber reduces the irradiation on the absorber
since part of the irradiation is reflected on the glass surfaces and part of
it is absorbed in the glass, while the rest of the light is transmitted. Flat
clear 4 mm glass panes have a transmittance of approximately 83% at
normal incidence. The development of glass material by anti-reflection
treatment and by reduction of the iron content has resulted in increased
transmittance. Glass panes with reduced iron content have a transmittance
of approximately 90% at normal incidence. It is also becoming more com-
mon to use antireflection treated glass, which has transmittances of up to
95% (Brogren et al., 2000).

Optical losses in reflectors

The reflectance of metals is high and weakly angle dependent. The opti-
cal losses in reflectors of various materials, e.g. steel or aluminium, has
been investigated in several studies. The steel reflectors have been found
to have reflectances of around 65% and to be very durable. Aluminium
reflectors have reflectances of up to 90% but are less durable outdoors.
Below a glass the anodised aluminium reflectors have been shown to be
long-term stable (Brogren et al., 2000).

Absorbed energy from solar radiation

The absorbed energy in the collector, S, in Equation 16, is the total ir-
radiance reduced by the optical losses in the collector. In order to describe
the incidence angle dependence of the absorbed energy, there are different
models, which are attempts to describe the transmittance of the glazing for
different angles of incidence. The parameters K, and K are the incidence
angle modifiers for beam and diffuse irradiance. The term (ta),, describes
the optical losses at normal incidence. Multiple reflexes between the glazing
and the absorber are also included in this term.
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S =(@a)y(Ky Gy + Ky -Gy) Eq. (16)

The most commonly used model of the incidence angle modifier for beam
irradiance, Ky, is expressed in Equation 17, which is valid for incidence
angles below 60°. For incidence angles over 60°, the curve declines linearly
to 90°. The incidence angle modifier coefficient, by, is characteristic for
the glazing.

1
Kb :1_b0.(ﬁ_1j Eq (17)

The collector efficiency factor, F', is used to compensate for the heat losses
that arise because the temperature of the absorber flange is higher than
the temperature of the fluid in the absorber. F’ is a temperature depend-
ent parameter which includes various heat resistances in the absorber and
influences both the absorbed energy and the heat losses, due to the collector
characteristics. If F' is taken into account, the power, g, can be expressed
as in Equation 18, where the difference between the mean liquid tempera-
ture, Ty, and the temperature of the surrounding air, Ty, is used instead
of (T¢Ty). This is the more commonly used expression. Ty, is also easy
to establish by measurements of the inlet and outlet liquid temperatures,
Tin and Tyt , Of the collector. The power can therefore be developed into
Equation 20. The term (T,,-T,) is often referred to as AT.

q=F'S-F'U (T, —Ta) Eg. (18)
Tm — (Tin +Tout )

2 Eq. (19)
q=F'(a),K,G, +F'(ta),KyGy —F'U(T, -T,) Eq. (20)

By less detailed expression of the irradiation, the power can be written as
in Equation 21.

q=n9-G-FU-AT Eq. (21)
The incidence angle dependent term, K;,, and the term F'(to), are put
together and are referred as ngp, the optical efficiency or the “zero-loss ef-

ficiency” for beam irradiation. Sometimes it is also referred to as F"(to)e,
where e denotes effective.
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Nop =Fta) = F'(a), Ky Eq. (22)

In the same way the incidence angle modifier for diffuse irradiance, Kp,
and F'(ta)y are often written together as ngg. The power can then be
expressed as in Equation 23.

G =Ngp -Gy +Mog ‘Gg —F'U -(Tpy =T,) Eq. (23)

2.4.3 Thermal heat losses from the collector

Heat is lost from the solar collector through the top, the back and the edges
of the collector and can thus be described as in Equation 24 (subscripts b
for back, t for top and e for edges).

U =U, +U, +U, Eq. (24)

The overall temperature dependent heat loss coefficient, F’'U, can also be
written as:

F'U=FUy+F'U,-(T,-T,) Eq. (25)

The term describing the heat losses can thus be written as:

F'U '(Tm _Ta)ZF'UO'(Tm _Ta)+FIU1'G—m _Ta)2 EQ- (26)

There are also cumulative temperature changes in the collector that affect
the power. The term (mC), dT/dt is the heat capacity of the collector, mul-
tiplied by the temperature increase of the collector. By adding this term, the
expression of the collector power can be developed into Equation 27.

, , dT,
4 =m0,Gp +NqGy —F UOcrm _Ta)_ F'U (T, _Ta)2 —(mC)ed—tm

Eq. (27)
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2.4.4 Evaluation of thermal performance from
measured data

Evaluations of the thermal performance of solar collectors are performed
by measurements of the liquid temperatures at the inlet and outlet, the
ambient temperature, the flow rate and the diffuse and global irradiance
in the collector plane, according to standard procedures (in Sweden ac-
cording to SS-EN 12975-2). The overall efficiency of the collector can
then be determined from Equation 28, where 7z is the mass flow rate,
cp Is the specific heat capacity and A is the collector area. As the density
of the liquid is temperature dependent it should be determined for the
temperature in the flow meter. The value of ¢, should be determined at
the mean temperature of the liquid in the collector.

m-Cy-(Tout —Tin)

p out in
= Eqg. (28
1 G-A 4 (28)

The total optical efficiency, g, can be calculated from measurements of
thermal performance by rearranging Equation 21 into Equation 29.

_q+FU, -T,)
G

Mo Eq. (29)

A more specific evaluation of the measured data can be performed by
multilinear regression, MLR, according to the model described by Perers
(1993). The model is based on Equation 27, which for a flat plate collector
can be written as in Equation 30. From the monitored parameters, the
collector power, g, the diffuse and direct irradiance, G and G, the mean
collector temperature, Ty, and the ambient temperature, T, the parameters
F'(to)n, bo, Kg, FUg, F'U7 and (mC), are derived by MLR.

q:F'(ra)n-[l—bo(cosl(e)— D-Gb+F'(roc)n-Kd Gy .
g.

, \ dT,
-F UO’G—m _Ta)_F Ul'(rm _Ta)z_(mc)e Ttm

For concentrating collectors (non-tracking), the optical efficiency for beam
irradiation is strongly dependent on the angle of incidence of the ir-
radiation in the transverse plane. This means that Equation 23 and Kp
cannot be applied to describe the angular dependence. A detailed angular
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dependence of the optical efficiency should therefore be calculated and
established from measurements in order to set up a model for predicting
the collector power. The optical efficiency for beam irradiation can be
calculated from Equation 31.

. . dT,
q _(node -F UOcl-m _Ta)_ F Ulcrm _Ta)2 _(mc)e Ttmj

Gy

Eqg. (31)

N, 0)=

Optical efficiency of concentrating photovoltaic systems

For concentrating photovoltaic systems, the optical efficiency can also
be calculated from measurements of the short-circuit current from the
photovoltaic cells in the concentrating system, lg; ¢onc, and from a refer-
ence cell of equal type and size that is placed in the same direction as the
glazing of the concentrating system, Iy rf. As the short-circuit current
is proportional to the irradiance on the cell, the relation between these
currents gives a measure of the influence of the reflector. Knowing the
geometric concentration ratio, C, the optical efficiency can be calculated
according to Equation 32.

ISC,COHC Eq (32)

Mo =
C- Isc,ref

2.5 Optical concentration of light

Light can be concentrated by non-imaging or imaging optics. Imaging
optics is used to transform light in an ordered way whereas non-imag-
ing optics is about transforming light from one area to another without
concerns regarding the paths of the rays. Either lenses or reflectors can be
used for concentration of light. (Welford and Winston, 1989)

Optical concentration of irradiation by mirrors can be used to increase
the irradiation on a solar absorber and thereby increase the energy out-
put.

The technique to concentrate sunlight by using mirrors has been
known for a long time, and was e.g. used at the world exhibition in
Paris in 1878 (Dessus, 2000). Since then, many types of concentrators
have been developed. Parabolic mirrors are often used in solar energy
applications (Winston, 2001), either as two-dimensional troughs, often
extended in the east-west direction, or as three-dimensional sun-tracking
dishes, which are often used for power generation in combination with a
conventional steam turbine.
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The geometric concentration ratio of a concentrator is the ratio between
the aperture area, A; and the area of the receiver, Ay, i.e. the absorber (see
Figure 2.10).

c-h Eq. (33)

The concentration can also be described by the ratio between the irradiance
on the receiver, G, and the irradiation on the aperture, G1.

c .G Eq. (34)
Gl

The maximum concentration of an ideal two-dimensional concentrator
is given by Equation 35 (Welford and Winston, 1989), where 0,5 is the
half-acceptance angle that is illustrated in Figure 2.10.

1 Eq. (35)

C =—
m2D " sing, .,

2.5.1 Parabolic reflectors

The parabolic shape is suitable for the design of reflectors for concentrat-
ing collectors as all irradiation that is parallel to the optical axis (the y-axis
in Figure 2.9), will be reflected to the focal point, F (case a). Irradiation
coming from the right hand side of the optical axis in Figure 2.9 (case b)
will be reflected to a point along the focal length, P, which is the distance
between Origo and F. Irradiation from the left hand of the optical axis will
be reflected back out (case c). The parabola is mathematically described
by Equation 36 the distance between the focal point and a certain point
on the parabola, r, is calculated by Equation 37 and ¢ denotes the angle
between r and the optical axis.

«2
y= 4_p Eq. (36)
P
20 Eq. (37)
cos [2)
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Figure 2.9 The parabola. The y-axis is the optical axis of the parabola, F is the
focal point, p is the focal length, and r is a vector from F to a point on
the parabola. ¢ denotes the angle between r and the optical axis.

The Compound Parabolic Concentrator (CPC) is based on two parabolic
reflectors with the focal points at the edges of the absorber as shown to
the left in Figure 2.10. The concentration ratio of an ideal CPC is given
by Equation 35. The geometry of the CPC can be modified to enhance
concentration from certain solar angles while suppressing the irradiation
from others. This is the purpose of the MaReCo (Maximum Reflector
Collector) (Karlsson and Wilson, 2000), which is shown to the right
in Figure 2.10. This collector is designed for static conditions and well
adapted for the Swedish climate where most of the annual irradiation
comes from projected solar altitude angles (ays) of 50-55° (Figure 2.7).
The angles of the optical axes and the slope of the truncation of the two
parabolas give the specific acceptance interval. The stand-alone-MaReCo
reflects all irradiation from solar altitude angles between 20° and 65° onto
the bifacial absorber.

Figure 2.10 A CPC and a stand-alone MaReCo (Maximum Reflector Collec-
tor).
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Another collector is designed for integration in a 30° tilted roof. A single
reflector is used to reflect light to a bifacial absorber. The lower part of the
reflector is parabolic up to the optical axis and the upper part is circular.
The inclination of the optical axis sets the limits of the acceptance interval
of the collector. The design to the left in Figure 2.11 reflects light from
solar altitude angles between 0° and 60°. From higher altitude angles, the
light will fall directly on the absorber but no light will be reflected to the
back side of the absorber.

2 ,ﬁ%omlms

Figure 2.11 Two concentrating collectors designed for tilted roofs. The right col-
lector is optimised for spring and autumn performance.

The design to the right in the figure has a lower inclination of the optical
axis and thus a smaller acceptance interval, only from 0° to 45°, which
implies that the reflector will mainly be in use from autumn to spring.
This evens out the seasonal variations in the collector output.

A facade integrated concentrating collector

Concentrating collectors can also be integrated in facade elements. An
example of a wall element including facade and insulation is illustrated
in Figure 2.12. The geometry for this reflector is a parabola where the tilt
angle of the optical axis, v, here is 25° and a vertical glass surface truncates
the parabola from the focal point. The absorber tilt angle {3 is 20°.
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Figure 2.12 A concentrating solar collector, integrated in an insulated fagade
element. The geometry of the reflector is a tilted parabola with the
optical axis tilted 25°.

The concentration ratio can be calculated from the expressions of the
absorber width, a, and the height of the reflector, h, which are described
by Equations 38 and 39, both derived from Equation 37. The geometrical
concentration ratio is here 2.96.

P
azcosZ(VJrBJ Eqg. (38)
2
b P
- COSZ(V +90) Eq. (39)
2
cosz(V ”3) Eq. (40
2 q. (40)
C=r=— ¢ 7/
a COSZ(V +90J
2

The collector can concentrate light from angles of incidence between 25°
and 65°. At lower angles, a small part will fall directly on the absorber and
the rest is reflected back out. At angles of incidence higher than 65° the
incoming irradiance will fall directly onto the absorber.
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2.5.2 The involute

The involute curve can be described as the shape drawn when unwinding
a string that has been wound around a circular object, if a pen is attached
to the outer end of the string, as shown in Figure 2.13. (The string is
here unwound counter clockwise.) Thus, each point on the circle gives
a corresponding point on the involute at the end of a line tangent to the
point on the circle. Each line has the length of the circular arc reaching
to the starting point of the circle (at =0°). r is the radius of the circle.
The coordinates of the involute are given by Equations 41 and 42. (The
equations are derived from the figure in Appendix A.l). The involute is
further described by Welford and Winston (1989).

All irradiation falling on an involute-shaped reflector with a tubular
absorber at the location of the circle will be reflected on to the absorber.

y

I nvolute

og=180°

[ X
0=360° ~
0=0° 'g=90°
Figure 2.13 The involute curve.
X =rsinc —rc Cosc Eq. (41)
y =—rC0sc —ro sinc Eq. (42)

In order to create a suitable reflector shape for a pipe absorber for a roof-
integrated solar collector the shape of an involute has been used in com-
bination with a semi-parabola (see Figure 2.14 and also Paper 1V). The
semi parabola is described in Appendix A.ll. The parabolic part of the
reflector is heavily truncated to decrease the height of the collector. This
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means that the concentration is decreased but also that irradiance from
outside the original acceptance interval will reach the absorber.

Y Y

\\\ // !
\ AN 9 / !
| N e i
\ Noa/2 Vv /

\ ; |

2L

i :
kJ > Semi parabola KJ v/S emi parabola

Involute

7
Involute

Figure 2.14. A geometrical shape made up of an involute and a semi parabola.
The reflector is truncated to get the opening width 2L. All irradiation
from angles of incidence up to the half-acceptance angle, 0,2, will
be reflected onto the pipe absorber.

The optical acceptance of the truncated concentrator is one (i.e. all irra-
diation will be reflected onto the tubular absorber) when the beam comes
from inside the acceptance interval, i.e. from angles of incidence up to 6,/,.
(See Figure 2.15 to the left.) The maximum geometrical concentration
ratio is then equal to 1/sin (04) (Equation 35).

When irradiation from outside the acceptance interval falls on the col-
lector surface, it is only the irradiation that falls on the half of the aperture
area, L, minus the area S in Figure 2.15 that will be reflected onto the
absorber. The rest of the irradiation is reflected back out. This means that
the maximal optical acceptance is equal to (L-S)/2L.
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0> 40°
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Figure 2.15 The geometrical acceptance of the concentrating pipe collector with
a reflector made up of an involute and a semi parabola. All irradia-
tion from within the acceptance interval between 0° and 40° will
be reflected onto the pipe - the acceptance is 1. When irradiation
from outside the acceptance interval falls on the collector, a part falls
directly onto the pipe absorber and a part of it is reflected back out,
reducing the acceptance to (L-S)/2L.

2.5.3 Incidence angle dependence for concentrating
collectors

For asymmetric 2D concentrating collectors, the optical efficiency is
dependent on the angles of incidence in both the transverse and the lon-
gitudinal planes, as illustrated in Figure 2.16. Here 0 is the longitudinal
angle and 67 is the transverse projected angle of incidence. The optical
efficiency of such collectors can be modelled by a biaxial model (Equation
43) that accounts for the different angular dependencies.

Figure 2.16 The longitudinal incidence angle, 6, and the transversal incidence
angle, 6, of a 2D concentrating collector.

KOL.6r)=K_OL.0)K7(0,6r) Eq. (43)
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This model was presented by Mclntire (1982) and it estimates the optical
efficiency K by measurements of the optical efficiency in the longitudinal
and transverse directions. However, this model does not calculate the
angular dependence of the glazing in a correct way as the effect of the
glazing can be included twice using this model.

A modification of the model has been proposed by Nilsson et al. (2006)
(Equation 44). This model is based on separate measurements of the opti-
cal efficiency of the reflector and the glazing.

KOL.6r)=1.0)Rr(6r) Eq. (44)

K(0, 61) is the optical efficiency for any given angle of incidence, depend-
ing on the angles of incidence in the longitudinal and transverse planes.

fL(0) gives the influence of the glazing for varying angles of incidence.
fL(0) is obtained by measuring the angular optical efficiency in the longi-
tudinal plane at a given 61, when the effect of the reflector is equal for all
angles 6. f_(0) can also be estimated from the K}, function (Equation 17)
which gives the influence of the glazing if its by value is known.

Rt (67) gives the influence of the reflector (in the transverse plane) and
is obtained by measuring the optical efficiency of the collector for varying
angles in the transverse plane when 6 = 0°, and without glazing. If a glass
cover is used to protect the collector, the resulting function is K(6, = 0,
07), which is influenced by both the glazing and the reflector, as shown
in Equation 45. Then, R(67) will be obtained by division by f (07), as
shown in Equation 46.

K(0,6r)= fL(0r)-Rr (6r) Eq. (45)
% 6)-50 £q. (46)

This means that the ratio between the measured dependencies in the 6
and 0, directions gives the influence of the reflector only. The complete
expression for the angular dependence is shown in Equation 47, which
also explains Equation 44.

K(GL'OT )= fL(e ) Kffo(:TT))= fL(e)‘ Ry (eT) Eq. (47)
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2.5.4 Reflector material

Mirrors based on anodised or coated sheet aluminium are often used as
reflectors because of their good solar reflectance, manufacturing flexibility
and low cost. Aluminium reflectors offer specular solar reflectance of up
to 87 % initially, while their reflectance later on depends on exposure to
climatic conditions and on the possible use of a protective coating. This
type of reflector also has good mechanical properties. However, their corro-
sion resistance is limited, which may cause problems. There are several other
booster reflector materials available on the market, which give considerably
higher solar reflectance than anodised aluminium. For example, Miro sheets
from Alanod have a solar reflectance of 90 % at normal incidence. (Brogren
et al., 2000)

2.6 Concentrating hybrid PV/thermal

collectors

The combination of a photovoltaic absorber and a thermal absorber is
interesting as the energy that cannot be used by the solar cell can be uti-
lised for heat production.

In concentrating systems the concentration ratio varies over the cell
surface and can be very high at the focus, resulting in high temperatures.
The efficiency of photovoltaic cells decreases with increasing cell tempera-
ture as the voltage and the fill factor, FF, of the cell (given by Equation
48) decreases. The efficiency of the cell is proportional to Iy - V- FF and
the reduction in efficiency with temperature is -0.4%/K (Nilsson, 2005).
Too high temperatures can also result in damage to the module. Cooling
is therefore necessary in concentrating photovoltaic systems.

There are several cooling methods available, but work by Edenburn
(1980) and Ronnelid et al. (1999) indicate that active water cooling is the
most cost-effective method for low-concentrating line-focusing systems. A
hybrid absorber can thus have a positive effect as it provides cooling for
the solar cell and makes use of the thermal energy.

The fill factor describes how well the cell’s I-V (current-voltage) curve
(Figure 2.17) coincides with the ideal curve. For an ideal I-V curve, I is
constant until V. is reached and then it drops to zero.

Fr = m Vmp Eq. (48)
Isc 'Voc
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Figure 2.17 The current-voltage (1-V) curve of a photovoltaic cell. I is the short-
circuit current, Vy is the open circuit voltage, Iymp and Viyp are the
current and voltage at the maximum power. The fill factor, FF, is
dependent on the shape of this curve. For an ideal 1-V curve, I is
constant until V is reached and then it drops to zero.

2.7 Building integration of solar collectors

The designs of solar collectors should be adapted with regard to the interests
of the building industry and the private users.

For new buildings it is preferable to integrate the collector as much
as possible in the building element, in order to save building material
and reduce the labour cost for mounting the collectors. Prefabrication of
the collectors integrated in wall or roof building elements is desirable as
series production increases the economic benefits. The mounting of the
building elements, including collectors, can then be performed easily and
quickly.

Service and replacement of components are difficult for building inte-
grated materials and a guaranteed long durability of the optical properties
is desirable. It is therefore important to perform lifetime tests on a mate-
rial intended for use in building-integrated systems, preferably including
outdoor tests and tests of accelerated ageing, to prove the optical durability
of the reflector materials (Nostell et al., 1998).

It is also important to ensure that the building envelope is of high in-
sulation quality, which means that the collector must be well insulated.

When a solar collector is to be mounted on an existing building, is it
important that the installation can be performed quickly and safely, but
correctly.
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Regardless of the integration level, it is important to keep the main-
tenance requirements as low as possible in order for the collectors to be
attractive to customers. It is also crucial that the airtightness and load-
bearing capacity of the construction are not impaired by the integration
of the collector.

Leakage from the collectors and the attachments must be avoided.
Leakage occurs most frequently at the attachments or where the roof is
penetrated. The durability of the collector should preferably be as high as
that of the rest of the building envelope. It must also withstand tempera-
ture changes and ageing. If it is necessary to replace parts of the collector,
it must be possible for this to be done easily.

The safety of operation is very important and design features that could
cause operational problems must be avoided. An example is glycol free
drain back systems, which can give rise to freezing problems.

Prefabrication, simple transportation and mounting are desirable fea-
tures of the collectors. Loose details on the elements should be avoided
and general solutions for the attachment of the collectors should prefer-
ably be part of the design in order to avoid the specification of special
solutions for each project. Ease of connection of the coupling of the solar
system components to the building’s heating system and control system
is desirable.

Another issue concerning the system’s integration in the building is the
location of the tank. It should preferably be placed as close to the collectors
as possible. Thermosyphon systems, where the tank is connected directly
above the collectors, are widely used in warmer climates.

As for all solar systems, it is important to avoiding shading. Roofs are
in this respect generally better than walls on moderately high buildings.
The orientation of the collectors is of course very important. In Sweden
the optimal tilt angle is 35-50°. A higher angle will reduce the seasonal
changes over the year and a larger collector will be required if flat plate
collectors are used. A concentrating collector can be designed to reduce
the seasonal changes even if placed on a flat roof.

An attractive collector design or a design that makes the collector harmo-
nize with the building design is also an important issue on the market.

Today the market for building integrated solar collectors is on the in-
crease, mainly in countries such as Germany and Austria. Large companies
are using solar cells, solar thermal collectors and solar windows that are
integrated into highly flexible and attractive building elements that are
easily adapted to any building type. A few examples of building integration
of solar collectors are shown in Figures 2.18 and 2.19.
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Figure 2.18 Building integration of solar thermal collectors in fagades (to the left
and in the middle) and of photovoltaics in solar screens (to the right).
(Phato: Schiico Internation KG).

Figure 2.19  Building integrated photovoltaics in Bunkeflostrand in Malmd,
Sweden. (Photo: Schiico Internation KG).
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3 Measurement techniques

This chapter describes the measurement set-ups, the techniques and equip-
ment used for the experimental measurements performed for this work.
The simulation programs used are also described in this chapter. Further
information is presented in the other chapters. The measurements were
partly made outdoors and partly indoors in the laboratory using a solar
simulator. Measurements have also been carried out at the Alvkarleby
test facility.

3.1 Measurement set-up

3.1.1 Outdoor measurements using the test rig

Concentrating collectors have been evaluated from outdoor measurements
using a test rig (described in Section 3.2.3). These measurements were
carried out on the roof of the EBD laboratory. During the measurements
the collector to be evaluated was mounted on a south-facing stand, ad-
justable for different tilt angles. Two pyranometers for global and diffuse
irradiation were mounted in the collector plane and a static shading ring
was mounted in front of the pyranometer measuring diffuse inradiation
so that the sensor was constantly shaded regardless of the collector tilt, as
shown in Figure 3.1.
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Figure 3.1 The two pyranometers for measurements of the hemispherical and
diffuse irradiation, mounted in the collector plane.

The inlet temperature of the collector was measured with a Pt 100 sensor
and the temperature difference between the inlet and outlet temperature
was measured by two Pt 100 sensors and a resistance bridge (as described
in Section 3.2.4). This technique gives a more accurate output when dif-
ferences between inlet and outlet are measured at low temperature. The
logger on the test rig was programmed to control the inlet temperature so
that it is kept constant. Air vents were placed on the collector outlet and
inlet as shown in Figure 3.2.

Figure 3.2 Insulated air vents and Pt 100 sensors on the collector inlet and
outlet.
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Evaluation of incidence angle dependence

Measurements of the transverse incidence angle dependence of a concen-
trating collector were performed with the collector mounted so that the
absorbers are directed in the north-south vertical plane, tilted so that the
normal of the glazing is oriented towards south, as shown in Figures 3.3
and 3.4.

o

\\ 9‘ Normal

Figure 3.3 The set-up for measurements of the transverse incidence angle depend-
ence.

The collector tilt was then constantly adjusted during the measurement
(basically by rotation around an east-west oriented axis) so that the sun was
in an east-west plane perpendicular to the front of the solar collector. This
means that the incidence angle in the longitudinal plane, 6|, is zero. Also,
the incidence angle is minimised and equals the transverse incidence angle
O (for this collector in the east-west direction) at all times. The transverse
incidence angle can therefore be calculated from Equation 49, which gives
the incidence angle as a function of the declination and the time angle for
a tracking surface in a plane rotated about a horizontal east-west oriented
axis that is continuously adjusted to minimize the incidence angle (Duffy
& Beckman, 1991).

1
cos®) = (L cos?§ -sin )2 Eq. (49)
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Figure 3.4 A solar collector mounted on the roof of the EBD Laboratory and
adjusted to different tilt angles.

The results were verified by checking an incidence angle indicator. The
calculated and measured angles showed good correspondence and this
method appears to work well, which is beneficial as data from a high
number of incidence angles can be collected in a short time.

The incidence angle indicator

In order to read the incidence angles during outdoor measurements, an
aluminium plate with a pin that gives a shadow from the sunlight on a
marked scale of angular intervals was designed and carefully mounted
on the collector frame (see Figure 3.5). The reading on the scale gives a
good indication of the incidence angle. This device was always mounted
with the pin oriented in the collector plane, regardless of the orientation
of the collectors.

Figure 3.5 The device for measuring the transverse incidence angle on the glazing
of the collector.
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3.1.2 Long-term outdoor measurements at the
Alvkarleby test facility

For the roof integrated collectors of corrugated steel described in Chapter
5, the evaluations were partly performed from long-term outdoor measure-
ments at a test facility for solar collectors at Alvkarleby, Sweden (60.5°N,
17.4°E). The collectors were then mounted on a 45° tilted stand directed
towards south, as shown in Figure 3.6, with the absorbers in the east-west
direction, which means that the transverse incidence angles are in the
north-south vertical plane. The temperatures of the ambient air and the
collector inlet and outlet, the flow rates and the global and diffuse irradia-
tion were measured and monitored at ten minute intervals. The global
and diffuse irradiance were measured in the collector plane, as shown in
Figure 3.7, which also shows the air vents at the inlet and after the outlet
of the collectors.

Figure 3.6 The collectors mounted outdoors at the Alvkarleby test facility.
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Figure 3.7 The pyranometer mounted in the collector plane (to the left) and the
inlet piping with an air trap and a vent (to the right).

The tilts of the collectors were constant during these measurements. The
temperatures were measured by Pt 100 sensors and the flow rates were
measured by inductive flow meters. An advanced data logger system col-
lects the data at all hours during the evaluation period.

3.1.3 Early measurements

Experimental set-up

In the beginning of the project, before the test-rig was designed and built,
measurements were performed using the set-up illustrated in Figure 3.8.
This set-up has been used for both indoor and outdoor measurements.
During these measurements, small (0.6x1.0 m) collector prototypes
of the Collectors A, B and C, described in Chapter 5, were used. In these
measurements the collectors were however equipped with insulation on the
back. The prototype of the concentrating Collector C used in these meas-
urements was later replaced by a prototype with a smoother reflector.
The global irradiance was measured with a pyranometer in the collector
plane. The collector is connected to a pump and to an expansion vessel
that also serves as filter and device for refilling the collector circuit with
water. A Campbell logger, model CR10X, was used for data collection. A
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PID-regulator and an amplifier were used to maintain the inlet temperature
constant during the measurements.

The inlet temperature was measured with a Copper/Constantan ther-
mocouple and the low temperature difference between T, and Ti, was
measured with a thermopile. The outlet temperature was then calculated
from these two registered values.

If the registered inlet temperature is too high the regulator gives a signal
to the pump in the cooling circuit to operate and if it is too low it gives
a signal to the electric heater to operate. The cooling works by circula-
tion through a branched circuit in which an air-cooled heat exchanger
is connected. A fan is used to enhance the cooling process. An inductive
flow meter connected to a flow display measures the flow rate. As cooling
below AT = 0°C (T,,-T,) is not necessary for these measurements, this
type of passive cooling was adequate. The regulation to keep a constant
inlet temperature was found to work best when a temperature sensor was
placed close to the mixing zone after the cooling circuit.

The measured irradiance, the flow rate, Tip, Tyt and T, were registered
and the mean zero-loss efficiency, ng, was calculated for each measured
transverse incidence angle, giving the transverse incidence angle depend-
ence of the collector.

Cooler - air heat
exchanger

Vessel for expansion

and refilling with a
) %Py’a”"me‘e’ filter included /\/\/\/\/\A[
Solar collector
— out
T
Zas Control

i gy} pump
L

[ Temperature sensors

\Mixing zone

Electric
heater

\/\V/W
Logger o . J\
PID regulator‘ %phfier

[ ]

Computer Circulation
pump

Figure 3.8 System set-up for the early indoor measurements.
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Outdoor measurements for determining the optical efficiency

This measurement set-up was applied for outdoor measurements intended
to determine the optical efficiency at various transverse incidence angles
and to verify the results from indoor measurements.

An adjustable stand, shown in Figure 3.9, was used to change the tilt
of the collector during the measurements. The collector and the pyranom-
eter were directed towards the solar azimuth, which means that the solar
altitude angles represented the transverse incidence angles. An indicator of
the incidence angles similar to the one shown in Figure 3.5 was mounted
on the side of the collector.

As it is important to keep the heat losses minimal, to get an accurate
value of the zero-loss efficiency, the flow was circulated through the heat
exchanger providing passive cooling to the ambient air. The collected
data was relatively stable and AT was kept as low as possible. The average
value of AT was 2.5°C and the maximum value was 6.5°C at an average
operating temperature of 7.5°C.

Figure 3.9 An outdoor measurement outside the laboratory in Lund.

The results from these measurements were used together with results from
the dark-hour evaluations of the F'U value to derive the value of optical
efficiency. As AT is already very close to 0°C, good accuracy is achieved.
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Indoor measurements with the solar simulator

Indoor measurements of the thermal performance were carried out with
the same measurement set up. Both the transverse incidence angle depend-
ence and the F'U value were evaluated. During the indoor measurements,
the collector to be tested was mounted on an adjustable stand at the pivot
point in front of the solar simulator (see Figure 3.10). The simulator was
raised to different heights (0°-70°), often in 5° or 10° intervals, so as to
simulate different solar altitude angles. Occasionally the collectors were
placed vertically on a rotating stand in front of the simulator. The inci-
dence angles were then simulated by rotating the collectors. The irradi-
ance was measured with pyranometers placed both in the collector plane
and perpendicularly in front of the solar simulator. During some of these
measurements, a photo diode array was placed on the collector surfaces
in order to get more accurate values of the total irradiance on the test area
(described in Section 3.2.2).

Evaluations of the U-value

The value of F'U was derived from both indoor and outdoor measurements.
The operating temperature of the water in the collector was varied and
the results of efficiency for different values of AT (i.e. Tp,-Ty) were used
to estimate F'U. This evaluation was also performed in the dark, giving
the “dark hour F'U-value” of the collector. During these measurements,
an electric heater was used to heat the water to a constant temperature.
The negative power from the cooling of the collector, i.e. the heat losses
achieved at different operating temperatures, was monitored and used to
determine F'U.

This is a stable repeatable method which however gives a slightly dif-
ferent result of the F'U-values compared with the results of F’'U-values
measured with irradiation. This difference is due to the opposite heat
flow direction between the fluid and the absorber surface. This effect is
explained by Hellstrom (2005).

3.2 Measuring equipment

3.2.1 The solar simulator

A large solar simulator which provides parallel light - which is an almost
unique characteristic for a solar simulator - and is adjustable for solar al-
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titude angles has been used for some measurements in this work (Figure
3.10).

The simulator can be raised to simulate different solar altitude
angles between 0° and 73.5°. Simultaneously, the platform in front of
the lamps can be rotated, which makes it possible to simulate the sun’s
course during the day.

Figure 3.10 The solar simulator in a horizontal position and raised to the maxi-
mum elevation of 73.5°.

The seven metal-halide lamps use large reflectors, formed in the shape
of paraboloids, that render the light nearly parallel. The lamps used are
2.5 kW Philips discharge lamps. This model is called MSR by the manu-
facturer, which denotes Metal halide Short arch Rare earth. The lamps
provide radiation with spectral characteristics similar to those of sunlight
(see Figure 3.11) in the range that is visible to the human eye — 400-700
nm. The UV radiation as well as most of the long wave radiation is filtered
off in the glass in front of the lamps. (Hakansson 2003 a)
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Figure 3.11 The spectral distribution of the lamps of the solar simulator (Philips
discharge lamps, 2.5 kW).

The simulator was originally designed for simulation of solar irradiance
for evaluations of solar shadings, but as the parallel light is an important
characteristic when the incidence angle dependence of concentrating
collectors is evaluated, it is desirable to use it also for this purpose. The
facility to evaluate solar collectors indoors makes the measurements in-
dependent of unwanted climate changes and facilitates the repetitiveness
of the experiments.

3.2.2 Measurements of irradiance

Hemispherical and diffuse solar irradiance has been measured with two
pyranometers, including a shading ring on the pyranometer measuring
diffuse irradiance. The direct irradiance was calculated from these data.
The pyranometers were calibrated based on two new and calibrated
pyranometers. Basically, the same techniques were used during indoor
and outdoor measurements. During the measurements the pyranometers
were placed in the collector plane. For indoor measurements a second
pyranometer was placed directly in front of the simulator measuring the
hemispherical irradiance. As the diffuse irradiance is very low this gives
mainly the direct irradiance.
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Photodiode array

An alternative way of measuring the irradiance during indoor measure-
ments has been developed in order to compensate for the slightly non-
uniform light distribution from the solar simulator. This method is based
on using an array consisting of six photodiodes connected in parallel. It was
placed on the glazed surface of the collectors during the measurement. The
placing of the photodiodes divides the front area of the solar collector into
smaller areas of approximately equal size with one photodiode placed in the
centre of each area. With this arrangement, the average current from the
photodiode array should be a relatively good representation of the average
irradiance on the collector surface. The spectrum of the silicon photodiodes
(S1337-66BR) is between 300-1100 nm, with the peak at 950 nm.

3.2.3 The solar collector test rig

A rig for testing solar collectors has been designed and built within the
project. The rig facilitates both stationary and dynamic collector testing
with good reproducibility of the measurements. The system components
are set up as shown in Figures 3.12 and 3.13.

Figure 3.12 The solar collector test rig.
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Figure 3.13 The test rig for solar collectors includes a heat exchanger for cooling,
an electric heater, a buffer tank, expansion vessel, a flow meter, pumps
and control units including a MELACS logger. A motorized valve is
used for the control of the cooling circuit.

The main purpose of the system design is to provide good temperature
control. The temperature to the solar collector should be kept as constant
as possible during measurements. The rig is also constructed so that it is
easy to connect different solar collectors to the inlet and outlet pipes.

A heat exchanger for cooling the hot water from the collector outlet is
connected to the rig. A motor driven valve controls the flow of cold water
to the heat exchanger, which has been fitted with two water hoses (the
inlet is from the tap to the heat exchanger and the outlet is connected to
the floor drain). After the water has passed the cooler, it is passed through
a9 kW electric heater, where the temperature can be further adjusted. An
air vent is also connected to the heater as this is the highest point of the
water flow in the test rig. The temperature sensor controlling the cooling
and heating of the water is placed after the heater, just before the buffer
tank of 8 litres. The purpose of using a tank is to mix the water and add
an extra thermal capacitance to keep the inlet temperature to the collector
constant. An inductive flow meter with a flow rate display for manual flow
adjustments is placed on the test rig, just before the outlet to the collector.
The rig is also equipped with two circulation pumps, an expansion ves-
sel, a pressure safety valve and a temperature control sensor of microchip
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type (LM35). A three-phase 400V AC voltage is connected to the voltage
supply. The test rig is designed for a pressure of 1.5 bar.

Two control units are placed on the test rig, see Figure 3.14. The
MELACS (the Micro Energy Logger And Control System) control unit
contains the main control functions - the processor, a multiplexer, an
AD-converter etc. The left control unit receives the information from
the MELACS to manage the control of the motorized valve, the electric
heater and the pumps. It contains three drive units for each of the three
phases of the 400V AC voltage, an I/0O module that controls the pumps
and two voltage buffer circuits that control the motorized valve and the
heater. Three-phase voltage is delivered from this unit to the pumps and
to the electric heater.

Figure 3.14 The control board for the cooling and heating applications is at the
left in the picture and the smaller MELACS microcontroller is shown
at the right.

The control system MELACS is a microcomputer system including a
data logger with an independent battery backup system. The MELACS,
which can operate independently of the PC, uses the Basic Stamp micro-
computer from Parallax and is programmed in picbasic. The MELACS
Microcontroller is developed by Stefan Larsson at the Alvkarleby labora-
tory (Larsson, 2006).
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3.2.4 Temperature measurements

The stability of the inlet temperature to the solar collector must be very
high if disturbances from the collector thermal capacitance to the meas-
ured thermal output and efficiency are to be eliminated. This is even more
important since most of the evaluated collectors are small prototypes,
which require relatively low flow rates. Copper/Constantan thermocou-
ples, Pt 100 sensors, a thermopile and temperature sensor of microchip
type (LM35) have been used for measuring temperature during different
measurements. Two methods that have been used to achieve higher accu-
racy in the measurements of the critical temperature difference, Tout-Tin,
are described below.

Resistance bridge measurements

Low temperature differences can be very difficult to measure accurately.
At high incidence angles the temperature difference is often very small.
An error of less than 0.1 K is desirable. In order to measure the low
temperature difference between the inlet (T;,) and the outlet (Ty,t) of a
solar collector, a resistance bridge was set up, according to the illustration
in Figure 3.15. A voltage is given over C and D. The resistances R, and
R, are equal (and in the range of 2.4 kQ when Uj,= 5V) and the two
Pt 100 temperature sensors must be calibrated to give equal resistance
for various temperatures. The difference in voltage is measured over A
and B. As long as the temperatures of the two Pt 100 sensors are equal,
there is no voltage difference between A and B. As these Platinum sensors
show extremely linear temperature dependence (they give a resistance of
100 Q at 0°C) a change in Ty alters the resistance Rz proportionally and
changes the voltage potential at point A (and vice versa for Tj, and point
B), which gives the difference in voltage potential over A and B. This way
the temperature difference between the Pt 100 sensors is represented by
the output signal from the voltage meter. A trim potentiometer is used
to balance the resistances before the measurement in case the resistances
of the Pt 100 sensors R3 and R, are not exactly equal at 0°C. (The meth-
odology is further described by Frank (1959) and Doebelin (1990)). The
two Pt 100 sensors used for a bridge measurement were calibrated in a
calorimeter bath between 20°C and 60°C. The zero temperature deviation
after 24 hours was 0.0006 °C.
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Figure 3.15 The resistance bridge set up to measure the temperature difference
between two Pt 100 sensors.

Temperature difference from thermopiles

Another way to achieve good accuracy of the measured data when the
temperature difference between the inlet and outlet of the collector is
low is to use a thermopile, which gives good relative accuracy (shown in
Figure 3.16). In some of the measurements a thermocouple was placed in
the inlet and thermopiles were mounted at the inlet and outlet, measuring
the temperature difference between the inlet and the outlet. The outlet
temperature was then calculated from these two registered values.
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Figure 3.16 The thermopile used for measurements of the temperature difference
(Tout-Tin) of solar collectors. The thermopile is protected from the
fluid with a thin silicon rubber hose.

Absolute temperature

In order to get an accurate value of the inlet temperature of the collector,
the absolute temperature was measured with a Pt 100 sensor that was set
up according to the illustration in Figure 3.17.

Exitation 2.2 V

10 kQ

Pt 100 D 5 V,

Prec. 100 5 Vo

AG

Figure 3.17 The four-wire measurement set up for measurements of the absolute
temperature using a Pt 100 temperature sensor.
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An excitation voltage of 2.2 V is given to the resistor of 10 kQ. The use
of this very large resistance reduces the influence of the Pt 100 sensor”s
resistance on the current, which becomes very low. The low current means
that errors due to internal heating are avoided. The resistance of the Pt 100
sensor is 100 Q at 0°C and increases as temperature rises above 0°C, as
shown in Equation 50. A precision resistor of 100 Q is also connected
to the circuit and to ground. The current can thereby be calculated by
Equation 51. T is here measured in °C.

Rproo =100+0.385-T Eq. (50)

| - 22 Eq. (51)
10000+100+100+0.385-T

The voltages over the Pt 100 resistor and the 100 € precision resistor are
measured and the relation between them equals the relation of their resist-
ances, which means that the temperature is given by Equation 52.

VPthO _ I . RPthO _ 100 +O385T Eq (52)
Vprec. I-R prec. 100

3.2.5 Flow rate

Inductive flow meters from Enermet/Kamstrup MP115 have been used for
all measurements. These flow sensors give a high pulse frequency already
at low flow rates and therefore a high resolution in the data.

3.2.6 Data logger system

A logger CR10X from Campbell has been used in all measurements in
combination with the software PC208W. The accurate logger measure-
ment sampling interval is 10 seconds. Two minute averages are stored in
the logger.
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3.3 Computer programs

3.3.1 The MINSUN simulation tool

MINSUN is a simulation tool for calculation of the solar irradiation on
surfaces and the energy output from solar collectors (Adsten, 2002; Chant
and Hakansson, 1985; Perers, 1993; Perers and Karlsson, 1993). It is spe-
cially developed for simulating solar collectors with a complicated angular
dependence. The program considers the characteristic parameters of solar
collectors and the longitudinal and transverse incidence angle dependence
can be included as input data, which makes it suitable for simulations of
concentrating collectors.

The program uses climate data for a typical reference year of the Stock-
holm climate from 1983 to 1992, provided by the Swedish Meteorological
and Hydrological Institute Stockholm (SMHI). MINSUN calculates the
monthly and annual irradiation on any given surface. It also gives the
energy output of the solar collector in question in kWh/m? per month
and year.

Hourly climate data of direct and diffuse irradiation is used to calculate
the total annual irradiation on a specified surface. The total absorbed ir-
radiance, S, is obtained by multiplying the direct and diffuse irradiance by
incidence angle modifiers for beam and diffuse irradiance. MINSUN can
calculate the incidence angle modifier for direct irradiance as a product of
the functions Rt(67) and f(6). The optical losses (to), are here included
in the expression Rt(67). The functions are given numerically at angular
intervals of 5°. The incidence angle modifier for diffuse irradiance, Ky is
given as a constant value or obtained by integrating R(67) fL(6) over an
isotropic sky. This means that Equation 53 gives the useful irradiance S
on the cell. For concentrating collectors this expression is then multiplied
by the concentration ratio, C.

S (0r.,01) = (RH(O7) f1(0) 1p +Kal ) Eq. (53)

The function Ry, which represents the angular dependence of the reflector,
is obtained from measurements of the optical efficiency in the transverse
plane with 6 =0. The function f_, which represents the angular depend-
ence of the glazing, is obtained from measurements of the optical efficiency
in a plane where 0 is constant. This means that f_ can be conveniently
modelled as a conventional Ky, function (Equation 17).
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3.3.2 WINSUN

WINSUN is asimulation program based on TRNSYS/TRNSED/PRESIM
that calculates the theoretical monthly and annual energy output from
solar collectors using a dynamic collector model. Synthetic weather data
based on long-term average data is used in the program. The collector
performance parameters, the orientation of the collectors etc. are used as
input data. The monthly average operating temperatures of the collector
throughout the year can also be used. The energy output for the period is
returned as monthly and annual values.

TRNSYS, the basis of the program, is a dynamic systems simulation
tool where complex energy systems can be set up and simulated. TRN-
SYS is used internationally by researchers within several different fields
of work.

3.3.3 Polysun

Polysun 3.3 is a simulation program for solar thermal energy systems
developed by Institut fir Solartechnik, SPF, in Rapperswil, Switzerland
(Polysun, 2002). There are eight main types of solar system designs to
choose from, including hot water systems and systems including space
heating. The program uses climate data from Meteonorm 95, which is
available from locations all over Europe and for a few other locations as
well. It is possible to vary a number of parameters from pipe dimensions,
hot water consumption (including circulation and habits of energy use),
heat exchanger parameters, pump characteristics, tank dimensions for a
tank with 12 layers (for which the heat transfer and mixing by temperature
inversion are considered), furnace dimensions, features of the control sys-
tems etc. The program holds a library of solar collectors that are available
on the market, which can be used in the simulations, and it is possible to
insert own collector characteristics (for symmetric collectors). The heat
demand of the building can be calculated roughly by the program from
choices of the construction type of the building, the indoor and design
temperatures and the temperatures at the inlet and outlet of the radiant
heating system. However, when Polysun was used in this work it was
adapted to use Excel input files containing hourly data for a year of the
heat demand of the building and of the outdoor temperature. Output files
from DEROB-LTH containing these data were then used to simulate the
energy demand of very specifically defined building constructions.
Polysun 3.3 is a convenient tool as it has a user-friendly graphical in-
terface and short calculation time. The results given by Polysun are energy
balances for the entire system and also for the tank and the collector loop
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separately. These data are available as annual or monthly values for the
period of one year. Also time related graphs of different temperatures and
powers are shown, which makes it possible to estimate whether or not the
system will reach stagnation.
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4 Solar thermal systems in
high performance houses

4.1 Introduction

This chapter presents the work performed by the author for the Interna-
tional Energy Agency, IEA, Task 28 — Sustainable Solar Housing. The work
is also presented in the handbook of Task 28, “Sustainable Solar Housing,
Vol 1: Strategies and solutions” (Hastings & Wall, 2007). The objective of
Task 28 has been to spread information about energy effective housing
design. The buildings presented in the book are designed with the focus
on minimising energy use by constructing the building envelope for very
low transmission losses, using efficient mechanical systems and heat re-
covery systems and finally by using renewable energy to cover the small
remaining energy demand. The main objective of the handbook is to
give inspiration and guidance to architects, constructors, consultants and
students in these fields, with the hope that it will help to turn the trends
in the building sector towards lower energy use, particularly lower use of
energy from fossil fuels.

Here presented are the contents of the author’s work within Task 28,
also presented in the following sections in Sustainable Solar Housing, Vol
1: Strategies and Solutions.

- Section 2.5. Using active solar energy (Gajbert, 2007). A presentation
of different aspects of solar thermal energy use in high performance build-
ings. Here presented in Section 4.2.

- Section 8.6 Apartment Building in the Cold Climate, Conservation
Strategy (Smeds & Gajbert, 2007). Simulations of the solar thermal
domestic hot water system for an extremely well insulated building were
performed by the author. Here presented in Section 4.3.3.

- Section 8.7 Apartment building in the cold climate, Renewable energy
strategy (Gajbert & Smeds, 2007). A design solution of a solar thermal
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system for a high performance building is presented as well as a parametric
study of several features of the system. Here presented in Sections 4.3.4
and 4.3.5.

In order to put the separate chapters into context for the reader, some brief
summaries of other parts of the handbook are also included, such as the
design and the energy demand of the reference apartment building for the
cold climate, which was designed within the project. The other building
solutions discussed here were designed by Johan Smeds.

4.2  Active use of solar thermal energy

From Section 2.5 in Sustainable Solar Housing, Vol 1, Strategies and Solu-
tions

Heat captured by an active solar heating system can cover a significant part
of the energy demand of high-performance (h.p.) houses, i.e. buildings
with very low energy demand. Because the space heating demand of such
buildings is very low, the year-round energy demand for domestic hot
water (DHW) becomes relatively important. An active solar system can
cover a large part of this energy demand, often more than 50%, since the
demand also occurs in summer. The question is whether or not to design
the solar system as a combi system that also contributes to the space heat-
ing, which means that a water-based heat distribution system is required.
A key issue then is estimating the space heating contribution realistically,
given the shorter heating period of high performance housing.

4.2.1 Solar thermal system designs

If awater-based heating system is preferred, a solar combi system is a good
option. It provides flexibility to the heating system as it is built up around
a joint storage tank, serving both the DHW and space heating systems
and it can be heated by both the solar collectors and auxiliary energy
sources connected to the tank, depending on conditions. There are many
interesting combi system designs on the market, varying by region and the
locally used auxiliary energy sources (Weiss, 2003). The system illustrated
in Figure 4.1 uses a wood pellet boiler and an electric resistance heater as
auxiliary energy sources to back up the solar circuit. The tank is equipped
with a device to enhance thermal stratification. The domestic hot water is
heated by an external heat exchanger.
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Figure 4.1 A solar combi system with a joint storage tank for the DHW and
space heating systems.

A critical design condition for solar thermal systems is the case of minimum
heat demand and maximum solar gains, as often occurs in summer. To
minimize the system overheating in such instances the solar system should
be designed to just cover the summer energy demand, accepting a small
solar coverage in winter. An important advantage is that the combustion
backup heating can be shut down during the summer. Thereby, short
cycling of the backup system in summer can be eliminated, increasing the
life expectancy of the system.

The shorter heating season of a high performance building results in a
more pronounced seasonal mismatch between solar gains and space heat-
ing demand than is the case for conventional houses. This is illustrated in
Figure 4.2, which shows a typical picture of the energy demand of a high
performance house and a standard house in a cold (Stockholm) climate.
The DHW demand is here assumed constant over the year although it is
often slightly lower in summer, e.g. due to vacations.

As shown by the figure, it is often only a small part of the heating
demand of h.p. houses that can be supplied directly by solar energy from
a solar thermal system as the small solar gains during the heating season
are also needed for hot water production. As it is not only the heating
demand but also the peak power requirement of h.p. houses that is very
low, it might be sufficient to heat the house simply by an electric heater
or a water-to-air heat exchanger of low power in the supply air duct. An
expensive water-based radiant heating system can then be avoided. A solar
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thermal system would then be suitable for heating the hot water. It could
also be connected to a heat exchanger for supply air.

Total energy demand (DHW+ space
heat) for a standard house

= Total energy demand (DHW+ space heat) for
" |a high performance house

Domestic hot water
energy demand

Solar gains (for smaller and
larger collector areas)

Jan  Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec

Energy demand and solar gains (kWh/month)

Figure 4.2 Seasonal variations in solar gains and space heating demand in
standard housing versus high performance housing.

Because of the seasonal mismatch between solar gains and heating demand,
it iscommon to over dimension the solar collectors used in combi systems
to increase the solar gains in the heating season. This means that the col-
lectors risk being overheated. This can be avoided by installing a larger
storage tank than the system design would otherwise require. However,
this approach is expensive, takes up more space and leads to higher tank
heat losses.

There are also good control solutions available, for example the use
of partial evaporation to empty the collector during stagnation. Active
removal of energy transported via the steam during stagnation is also pos-
sible with a small-volume heat sink. Alternatively, the tank can be cooled
down by circulating the heat transfer medium through the collectors at
night or by using an air cooler. (Weiss, 2003; Hausner and Fink, 2002).
However, the more cautious design strategy is not to over dimension the
collector area.

An advantage of a combi system is that during the heating season,
when energy for space heating is withdrawn from the tank, the operating
temperature in the collectors can be lowered, increasing the collector ef-
ficiency. This typically occurs in autumn and spring.

This gain in efficiency can be maximized if the system includes an
option to deliver solar energy directly to low temperature surface heat-
ing, e.g. floor heating. When there is a heating demand and the collector
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temperature is sufficient, as often in spring or autumn, the flow from the
collectors can be directed to the low temperature surface heating system,
which means that the collectors can be operated at low temperature and
thus be more efficient. This requires a good control strategy. Figure 4.3
shows an example of the design of such systems, which are common in
France, Denmark and Germany (Weiss, 2003).

Solar ®%
collector

Hot tap water

Temperature
sensor

Electrical -
heater Biomass
0= R boiler
Figure 4.3 A solar combi system with the option to deliver solar heat directly to

the heating system without passing through the tank first.

One way to better balance the solar gains against the heating demand is
to mount the collectors vertically on the fagade or to mount them with a
high tilt. This positioning makes better use of low winter sun angles and
suppresses summer overheating. This results in a more even distribution of
the solar gains over the year, but a larger collector area is required to cover
the summer domestic hot water demand. Figure 4.4 shows how the solar
fraction (the part of the heating demand which is supplied by solar energy)
increases with increased collector area for collectors tilted 40° and 90°. It
shows that with a vertical collector the solar fraction can be increased if
the collector area is increased. However, a larger collector will be necessary
in order to get the same solar fraction as with a 40° tilted collector.
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Figure 4.4 Effect of collector tilt and area on solar fraction. Results from Polysun
simulations of a combi system for a single family house in the cold
climate. (T. Bostrém).

A larger collector area is possible without risking overheating if the col-
lector tilt angle is increased in relation to the optimal tilt angle, which
approximately lies between 35° in southern latitudes (latitudes around 45°)
and 45° in northern latitudes (latitudes around 60°). The suitable collector
area and collector tilt angle are further discussed in Section 4.3.5.
Where buildings are closely spaced, a micro heating grid with a central
solar system may be plausible. Collectors on the buildings can then share
a large, semi-seasonal solar storage tank enabling some summer solar gain
excess to be stored for the autumn. The large tank volume has an advan-
tageous surface to volume ratio reducing tank heat loss. Also, a shared
system can even out peak demands or supply excesses, resulting from the
inhabitants’ different habits of energy use. Disadvantages are the relatively
high heat losses of the pipe network relative to the very small space heating
demand, and the investment and administrative costs for meeting such
a small demand. Such micro heat distribution grids for row-houses have
proven effective in demonstration projects in Germany (Russ, 2005).

4.2.2 Collector types

There are many reliable and efficient collectors of different types on the
market today:

Flat plate collectors have been highly optimized with selective coated
absorbers, low-iron, anti-reflective coated glazing, durable frames and
gaskets and effective back insulation.

78



Solar thermal systems i high performance houses

Evacuated tube collectors, with their extremely good insulation, can
operate at higher temperatures with only very small heat losses. Because
the losses are so small, evacuated tube collectors can deliver heat even at
very low irradiance levels occurring in winter and during overcast periods.
They are thus very suitable for high performance houses with their short-
ened heating season. The individual tubes can be rotated to an optimal
absorber tilt angle, allowing great flexibility in their placing. However, the
separation between tubes must avoid one shadowing the next. Heat pipe
collectors need to be mounted with a slight tilt to allow for gravity flow.
A critical issue is snow retention on the tubes. A facade-mounted system
minimizes this problem (Kovacs and Pettersson, 2002).

Concentrating collectors can also be envisioned, though such systems
are not commercially available for housing. Prototype systems have been
built and tested e.g. in Sweden, Great Britain and Australia. A low-cost
reflector increases the irradiance on the absorber. The system geometry can
be optimized for spring and autumn solar angles. While this suppresses
the summer performance, the solar gains are better balanced against the
heating demand over the year. Using an evacuated tube collector as the
target of the reflector is a promising solution.

Solar air collectors, while interesting for conventional buildings or
renovations, are difficult to justify economically for high performance
houses. The heat exchanger of the ventilation system competes with the
solar air collectors. One system or the other must operate with decreased
efficiency. A plausible configuration would be an entire roof slope covered
with a low cost, sheet-metal, solar air collector. During summer an air-to-
water heat exchanger should easily cover all or most of the energy demand
for water heating. In the autumn and spring the system could supply
much of the space heating. Precast hollow-core concrete floor planks or
large core masonry walls can also serve for heat storage and distribution
(Morhenne, 2000).

4.2.3 Tank location

The tank location is an important design decision. On the one hand, it
is sensible to locate it inside the insulated envelope of the building. Heat
losses from even a very well insulated tank are therefore not lost to the
ambient air but remain within the building (though this is a disadvantage
in summer). Short pipe runs keep circulation heat losses small. A good
location for the tank could be in or next to the bathroom. The warm tank
surface improves the comfort in the bathroom. Comfort here is critical,
because this is often where exhaust air for the whole living space is ex-
tracted, and the occupant may feel cold after showering. Also, the pipe run
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is minimized between the tank and one of the largest points of demand.
This decreases pipe heat losses and offers the convenience of hot water
being quickly available at the tap. An upper floor bathroom is ideal, as
the pipe run to roof collectors is also minimized. However, the insulated
building interior is a very expensive volume to sacrifice for a tank, so the
basement may be the preferred location. This otherwise cold space can
then be slightly heated, improving comfort for the many uses found for a
basement. Pipe runs from the tank should be within the heated building
envelope as much as possible.

4.2.4 Regional design differences

It is easiest to market a solar combi system in regions where home owners
prefer hot water radiant heating, particularly low temperature systems.
Regions where oil or wood pellet heating is preferred have proved to be
good markets for combi systems, often even large systems. Solar combi
systems have been widely sold in Germany, Austria, Switzerland, Sweden,
Denmark and Norway. It seems more difficult to market combi systems
in regions where mainly direct electricity or gas is used for heating, in the
Netherlands for example (Weiss, 2003).

In warmer climates, the space heating demand of h.p. houses is even
lower but the solar energy can also be used a little bit longer in spring and
autumn, as the general illustration in Figure 4.5 shows.

Cold climate . Mild climate
Space heating

DHW

— Solar gains |

Figure 4.5 The general differences between colder and milder climates; the solar
gains are better balanced against the space heating demand in the
milder climate.
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4.3 Design of solar heating systems
4.3.1 Introduction

The work within Task 28 - Subtask B

Within the framework of IEA, Task 28, subtask B, high performance
houses have been designed and analysed. The results of all the buildings
are presented in the handbook.

Designs of three house types - single family houses, row houses and
apartment buildings - in three different climates - “the cold climate”
(Stockholm), “the temperate climate” (Zurich) and “the mild climate”
(Milan) - have been investigated. Reference buildings with standard in-
sulation quality were set up for each of the nine building types. Targets to
meet were set up after thorough discussions and investigations. Thereafter
the design process of the high performance houses for the different cases
began. (Wall, 2007)

The applied design approaches - energy conservation and
renewable energy supply

A general advice for building designers who want to reduce the energy
demand of a building is to start by designing a well insulated building
envelope and to ensure good heat recovery systems, so that the heating
demand of the building is reduced as much as possible, and secondly to
ensure that renewable energy is used for the remaining energy supply.
As there may be limitations of different kinds, e.g. in the budget for the
building materials or the heating systems, the feasibility of grid connection
etc., it is useful to know how the use of primary energy can be reduced
to a low level in different cases. Therefore two design approaches are
differentiated and applied in this work - the conservation strategy and the
renewable energy strategy.

When the conservation strategy is applied, the main focus is to reduce
the thermal losses from the building by investing most resources in the
building envelope. Thick insulation, building materials with low thermal
conductivity, low-e-coated windows and efficient heat recovery systems are
used, all in order to reduce the energy demand. Another means of reduc-
ing the energy demand is to choose low-consuming household appliances.
With these measures, large energy savings can be accomplished, without
reducing comfort or quality.

When the renewable energy strategy is applied, the focus is set on
supplying the required energy with renewable energy, here with the focus
on solar thermal energy and bio fuel, which lowers the non-renewable
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primary energy demand significantly. In comparison with the conservation
strategy, a slightly lower insulation level of the building envelope may be
acceptable, as the target of non-renewable primary energy use (discussed
below) can still be reached.

The targets to meet

Two targets were set for the buildings before the design process. The main
target is that the annual use of non-renewable primary energy for space
heating and hot water production and the electricity for mechanical systems
must not exceed 60 kWh/m?a. Targets for the maximum space heating
demand were then set up and different buildings were designed to meet
these targets. For the conservation strategy the maximum space heating
demand is 15 kWh/m?2a. However, an extremely well insulated apartment
building requiring only 6 kWh/m?a is also designed for the cold climate.
For the renewable energy strategy, the maximum space heating demand
was set higher, to 20 kWh/m?a.

The author’s assignments

The author was assigned to work on the design of the solar heating systems
for two apartment buildings in the cold (Stockholm) climate, one for the
conservation strategy and one for the renewable energy strategy. These
building constructions (including mechanical ventilation systems) had
previously been designed by Johan Smeds, using the simulation program
DEROB-LTH (Kuvist, 2005). The results of space heating demand from
these simulations were used by the author in the simulations of the solar
thermal heating system, using Polysun 3.3 (Polysun, 2002), which had
been slightly adapted so that output data of space heating demand from
DEROB-LTH could be used as input data. Hourly Stockholm climate data
from Meteonorm (Meteotest, 2004) were used for both the Polysun and
the DEROB-LTH simulations. For general assumptions and parameters
used in the DEROB-LTH and Polysun simulations, see Appendix B.

Most of the simulation work performed by the author was carried out
for the design of a solar combi system for the building in Solution 2, the
renewable energy strategy. A sensitivity analysis of different parameters of
the solar system, such as the type, size and orientation of the collectors,
the tank size, flow rates etc., was performed for this system. A solar ther-
mal hot water system was also designed for the extremely well insulated
building in Solution 1a.

Definitions and design assumptions

All the buildings presented in this chapter have the same basic structure
based on reinforced concrete and wooden frame facades with mineral
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wool. It is mainly the insulation thickness that is varied. The apartment
buildings were all designed with a floor area of 1600 m?2, which is divided
into 16 apartments of 100 m2 each. The average number of occupants in
each apartment is 3 people (two adults and one child). The domestic hot
water demand is assumed to be 40 litres per day and person.

The energy terms presented in the result tables are defined as follows:

The net energy is the energy required for services such as maintaining
the building at the specified internal temperature, lighting or ventilating
a space etc. Internal gains from inhabitants, electric appliances and circu-
lation losses were taken into account in the simulations of space heating
demand in DEROB-LTH. The presented figure of space heating demand
is thus the remaining heating demand. The tank losses and losses from
the collector loop on the other hand have not been considered as internal
gains since the tank and boiler are assumed to be placed in the basement
outside the thermal envelope of the building.

The total energy use of the building includes the net energy and the
system heat losses. It can also be described as the sum of the delivered
energy and the energy produced and used on site, including renewable
forms, but excluding passive gains. Energy delivered back to the market
is not included.

The delivered energy is the energy supplied to the building from the
last market agent.

Both the emissions of CO, equivalents and the non-renewable primary
energy use are directly related to the total energy use. Primary energy is
the energy used on site, for which losses from the extraction, distribution
and conversion to heat are taken into account. The presented results of
non-renewable primary energy include only the share of the primary en-
ergy that is based on non-renewable energy sources. Energy required for
space heating, water heating and for the mechanical systems is included.
Circulation heat losses and losses from the boiler are also included. The
conversion losses of an electric heater in the tank are assumed to be zero.
(Petersdorf & Primas, 2007)

The conversion factors to calculate the primary energy and the CO,
equivalents from different energy sources were set up by a group within
the project which has studied LCA reports agreement. The factors used
are based on the GEMIS tool (GEMIS, 2004) where average values for 17
European countries are used. These factors are related to the lower heating
value (LHV) for which condensation energy is not included. This means
that the theoretical efficiency of a heating system with a condensing gas
furnace can be higher than 100%. However, the efficiencies set here are
100% for a gas furnace, 98% for an oil furnace and 85 % for a pellet boiler.
The factor used for calculating the non-renewable primary energy is 2.35
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for electricity and 0.14 for bio pellets (Petersdorf & Primas, 2007). These
conversion factors are also presented in Appendix B.I11.

4.3.2 The cold climate apartment reference building

The reference apartment building for the cold Stockholm climate has
reinforced concrete structure and wooden frame facades with mineral
wool, as the other apartment buildings designed for the cold climate. Air-
filled triple glazed windows with a frame ratio of 30% are used and the
U-value of the whole building envelope is 0.35. There is no heat recovery
in the exhaust air ventilation system, which provides 0.5 ach (air changes
per hour). District heating is used for heating DHW and space heating.
(Smeds, 2007)

Calculations of the space heating demand of the reference house were
performed using the Bilanz program and according to EN832 (Heidt,
1999). The annual space heating demand is 70000 kWh/a or 44 KWh/
m2a and the maximum power requirement is 46 kW or 29 W/m?. The
total energy use (for space heating, DHW, system losses and mechanical
systems) is 81 kwWh/m?2a. The use of non-renewable primary energy is
70 kWh/m?2a (112600 kWh/a) and the corresponding emissions of CO,
equivalents are 20 kg/m?2a. (Smeds, 2007)

4.3.3 Design solution 1a — Conservation strategy:
A solar DHW system for an extremely well
insulated building

From Section 8.6 in Sustainable Solar Housing, Vol 1, Strategies and Solu-
tions.

A solar domestic hot water system was designed for an extremely well
insulated apartment building in the cold climate. This building has a
space heating demand of only 6.5 kWh/m?2a, which is even lower than
the target of the conservation strategy, and the peak power for space heat-
ing is limited to 10 W/mz2. The energy for space heating is supplied by
electric resistance heating.

The building design

A similar building but with extremely high insulation level was also de-
signed for the project. The U-value of the whole building envelope is only
0.21 (to be compared with 0.41 for the building of the renewable energy
strategy). The U-value of the windows is 0.92 for frame and glass. The
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windows have a frame ratio of 30%, triple glazing, one low-e coating and
they are filled with krypton. The U-value of the walls is 0.13, the roof,
0.09 and the floor, 0.12 (excluding ground). More detailed U-values and
construction data are shown in Appendix B.I.1. Also for this building, a
balanced mechanical ventilation system with 80% heat recovery and a
bypass for summer ventilation is used. The only heat distribution system
is the supply air duct, where electric heating is installed.

Solar thermal system design

A solar domestic hot water system is designed for this building. The solar
system consists of 60 m2 collectors, a storage tank of 6 m3 and an electric
heater of 8 KW in the tank. The collector is an advanced flat plate collector
and the same collector parameters as in Solution 2 are used (see Table 4.4
—collector no 3.) The heat from the solar circuit is delivered to the storage
tank via an external heat exchanger. A stratification device is placed in the
tank to improve stratification. The hot water is taken directly from the top
of the tank and a three-way-valve is used to mix it with cold water. Daily
peaks in hot water consumption are taken into consideration.

Energy Performance

The space heating demand of this building is 10300 kWh/a (6.5 kwWh/
m?2a) according to simulation results from DEROB-LTH. The space
heating demand for each month of the year is shown in Figure 4.6. The
highest heat load occurs in January and is 16 kW (10 W/m2). The net
heat demand for domestic hot water is approximately 37800 kWh/a (23.6
kWh/mZ2a) which means that the DHW demand is much larger than the
space heating demand.

18000
16000
14000
12000
10000
8000
6000
4000
2000
0

M solution la DOreference case [

Space heating demand (kWh/month)

April Jﬁ
‘Fn

anvary W ||
February
March
May j
June
July
August
September
October
November
December

Figure 4.6 Monthly values of the space heating demand for the building of
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solution 1a and of the reference building.

The total energy use for DHW and space heating, system losses and
mechanical systems is 63200 kWh/a (39.5 kWh/m?Za). The system losses
consist mainly of losses from the hot water storage tank (1.5 kWh/mZ2a),
but also of pipe heat losses in the distribution system. After taking the
solar contribution for DHW into account the delivered energy is 34200
kWh/a (21.4 kwh/m?a), which is provided by electricity. This results in a
total use of non-renewable primary energy of 80300 kWh/a (55 kWh/m?2a)
and CO, equivalent emissions of 10 kg/mZ2a, see Table 4.1.

Table 4.1 Total energy demand, non-renewable primary energy demand
and CO, equivalent emissions for the apartment building with
electric resistance space heating and solar DHW system with
electrical backup. The energy terms are defined in 4.3.1.

Total Energy Use (kWh/m?a) Delivered Nu.n renewable CcOo; e.qu!valent
Net Energy primary energy emissions
energy
(kWh/m*a) factor factor
Energy use Energy source (kWh/m*a) 2 2
ay 9y ) (kW h/m?a) (kalkWh) (kg/m?2a)
Mechanical 5.o|Mechanical | g oleiociicity | 5.0[etecticity | 5.0 2.5 118 0.43 2.2
systems systems
Space Space .
heating e'smeatinu 6.5|Electricity 6.5]
Electricity | 18.3] 2.35 43.0] 0.43 7.9
DHW 23.6|DHW 23.6 Electricity | 11.8
Tank and
circulation 55
Ié)sses - Solar 17.3
onversion 0.0
es
Total | 35.1 40.6 40.6 23.3 54.8 10.0

4.3.4 Design solution 2 - Renewable energy strategy:
A solar thermal system for DHW and space
heating,

From Section 8.7 in Sustainable Solar Housing, Vol 1, Strategies and Solu-
tions.

This section presents a design solution of an apartment building in the
cold climate (Stockholm) and the solar and bio fuel based heating system
designed for this building. The solution is based on the renewable energy
strategy, for which the maximum space heating demand of the building
was 20 kWh/m?2a. The use of renewable energy should make it possible
to reach the target of non-renewable energy use of 60 kWh/m?2a. For
this solution a solar combi system with a bio fuel boiler is used for the
thermal energy supply of both DHW and space heating. The design of
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the solar thermal heating system was performed primarily with regard
to low auxiliary energy use in summer, avoidance of overheating and
economic aspects.

The building design

This apartment building is similar to the reference building, with reinforced
concrete structure and wooden frame facades with mineral wool. The U-
value of the whole building envelope is 0.41, which is even higher than
the reference building. However, the building has a balanced mechanical
ventilation system with heat recovery of 80%, which reduces the ventilation
losses, and a bypass for summer ventilation is installed. The ventilation rate
is 0.45 ach and the infiltration rate is 0.05. The double glazed windows,
with U-value of 1.34 for frame and glass, have a frame ratio of 30%, one
low-e coating and are filled with air. The U-value of the walls is 0.27, the
roof, 0.29 and the floor, 0.30 (excluding ground). The heating set point
is 20°C, the maximum room temperatures: 23°C during winter and 26°C
during summer (assumes use of shading devices and window ventilation)
(See more details in Appendix B.L.111).

The solar and bio fuel heating system

A solar combi system is designed for this building, i.e. a solar thermal sys-
tem where the space heating system and the domestic hot water (DHW)
system are combined, here by a joint storage tank, to which both solar
collectors and auxiliary energy sources are connected. The solar thermal
heating system consists of 50 m2 collectors placed on a south-facing roof,
tilted 40°. The collector is an advanced flat plate collector. (The collector
parameters are shown in Table 4.4, for collector number 3.) The storage
tank is 4 m3, there is a 35 kW pellet boiler and an electric heater of 5 kW
connected to the tank for increased operational flexibility. The heat from
the collector circuit is delivered to the tank via an external heat exchanger
coupled to a stratifying device, which improves the important thermal
stratification in the tank. Another external heat exchanger is used for heat-
ing the DHW, taking water from the top of the tank and returning it at
the bottom. The heat transfer medium in the collector circuit is a mixture
of 50% water and 50% glycol. Water from the tank is used for the radiant
heating system in the building. The system is illustrated in Figure 4.7.
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Figure 4.7 The design of the suggested solar combi system with a pellet boiler
and an electric heater as auxiliary heat sources, two external heat
exchangers, one for the DHW and one for the solar circuit. The latter
is attached to a stratifying device in the tank.

The electric heater and the biomass boiler are mainly working alternately,
heating the upper part of the tank when necessary. When only very little
auxiliary heat is required during short periods, as often in the summer,
the biomass boiler operation mode with frequent starts and stops causes
unnecessary energy losses and it is therefore suitable to shut off the furnace
during summer, when solar energy can cover most of the energy demand.
The electric heater can then be a good backup during cold and cloudy
days. The electric heater can also be used parallel with the boiler if needed
on extremely cold winter days.

Energy Performance

The space heating demand of the building is 30400 kWh/a, or 19.0
kWh/m?a, according to simulations results from DEROB-LTH, which
is below the limit of maximum space heating demand. The monthly
space heating demand for this high performance case in comparison to a
reference building according to the current building code of year 2001 is
shown in Figure 4.8. The annual peak load occurs in January and is 26.8
KW (17 W/m2).

88



Solar thermal systems i high performance houses

= 18000

= 16000 | @ Reference building

% 14000 H m High performance building

é 12000 H| ]

£ 10000

2 8000

T 6000 |

2 I

§ 4000 i

& 2000 H %

o u 0 =
> > C = > 5] > — — — —
s §£555335££¢%5 £ £
S &8 = 2 & 8 g g
- 9 2 O 38 3
n Z 0
Figure 4.8 Monthly values of the space heating demand during one year. The

annual total space heating demand is 30400 and 70000 kWh/a
respectively for the high performance building and the reference
building.

The net energy demand for domestic hot water is assumed to be 37800
kWh/a (23.6 kwWh/m?2a). The DHW demand is thus larger than the space
heating demand.

The system losses consist mainly of losses from the hot water storage
tank, but also from circulation losses in the distribution system for DHW.,
The tank and circulation losses are 1.2 and 4.4 kWh/mZ2a respectively.
The efficiency of the biomass boiler is set to 85%, resulting in conversion
losses of 5.5 kWh/mZa.

As shown in Table 4.2, the net energy required for DHW, space heat-
ing and mechanical systems is 47.6 kWh/m?2a (76200 kWh/a). Adding
tank, boiler and system losses gives a total energy use of 58.7 kWh/mz2a
(93900 kWh/a).The total auxiliary energy demand (electricity and pel-
lets), including the conversion losses in the pellet boiler, is 36.4 kWh/m?2a
(58300 kWh/a), of which 36.2 kWh/m?2a (57900 kWh/a) are provided
by biomass in the pellet boiler and approximately 0.3 kWh/m?2a (400
kWh/a) by the electric heater.

The active solar gains are 17.3 kWh/mz2a (27600 kWh/a) and the solar
fraction of the heating system is 35%, since the simulation result of the
same building, but without solar collectors, would require 77400 kWh/a
(described in section 4.3.5).The electricity use for mechanical systems is
5.0 kWh/m?a (8000 kWh/a).
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Due to the solar contribution, the delivered energy is reduced to 41.4
kWh/m?2a (66200 kWh/a). The total use of non-renewable primary energy
is approximately 17 kWh/m?a (27900 kWh/a) and the CO, equivalent
emissions are 3.8 kg/m?2a (6100 kg/a). Compared to the reference build-
ing, the non-renewable energy use and CO» equivalent emissions are
considerably lower; see Table 4.3 and Figure 4.9.

Table 4.2 Total energy demand, non-renewable primary energy demand
and CO, equivalent emissions for the apartment building. The
energy terms are defined in 4.3.1.

Total Energy Use (kWh/m?a) Nqn renewable co, e_quivalent
Net Energy Delivered energy primary energy emissions
{khim’a) Energy use Energy source (kWhima) fa(c-t)or (kWh/m?a) (k':IT(tVTlrh) (kg/m?2a)
Mechanical  , [Mechanical 50 |[Electricity 5.0 |Electricity 5.0 | 235 118 0.43 22
systems Jsystems
Electricity 0.3 |Electricity 0.3 2.35 0.6 0.43 0.1
ﬁgztcisg 19.0|Space heating 19.0
Solar 17.3 |Solar 0.0 0.00 0.0 0.00 0.0
DHW 23.6 [oHW 23.6
Bio pellets 362 |°° 36.2 | 0.14 5.1 0.04 16
Tank and 56 pellets
circulation losses 1
Boiler conversion 55
losse i}
Total 47.6 58.7 58.7 41.4 174 3.8
Table 4.3 A comparison between the high performance house and the
reference house regarding energy use and CO»-equivalent emis-
sions.
Building Net energy | Total energy use | Delivered energy | CO, equivalent
(kWh/m?a) | (kWh/m?2a) (kWh/m?a) emissions
(kWh/m?a)
High
performance | 47.6 58.7 41.4 3.8
building
Reference 72.4 81.2 81.2 20.5
building

90



Solar thermal systems i high performance houses

100
= 9 4‘ H High performance building @ Reference building
N
§ 80 ] ]
= 70 ]
< 60
©
S 50
& 40
©
? 30
g 20
L
10
0
Net energy Total energy use Delivered energy
Figure 4.9 An overview of the net energy, the total energy use and the delivered
energy for the high performance building and the reference build-
ing.

4.3.5 Sensitivity analysis of the solar system for
Solution 2

As the performance of the solar energy system is strongly affected by the
system design parameters, e.g. collector area, tank volume, slope and direc-
tion of the collectors and collector type of the solar heating system, some
of the most important results from the Polysun simulations performed
during the design of the system are presented here. Unless otherwise stated,
the parameters of the simulated systems are the same as for the system
solution described above. The “auxiliary energy”, which is shown in many
of the figures, is the heat output from the auxiliary energy system, thus
including heat for DHW heating, space heating and also heat losses from
the piping and the tank. It does not include the conversion losses from
the heat production (i.e. combustion and heat exchanger losses in a wood
pellet furnace).

Collector area

When a solar thermal system is designed, the collector area and tank
volume should preferably be considered both individually and as a unit.
The collector area is however the more important feature to optimise in
order to minimise the auxiliary energy use.
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Polysun simulations of a solar combi system have been performed with
varying collector areas and with a constant storage tank volume. The aim
was to find a collector size that is large enough to almost cover the sum-
mer heating demand, i.e. the DHW demand, while still maintaining a
relatively low risk of stagnation in the collectors.

The solar fraction, SF, is calculated according to Equation 54. The
parameters Aux and Auxg represent the auxiliary energy required with
(Aux) and without (Auxgp) the solar system. In Polysun, the value of Auxg
was obtained by setting the collector area to zero, which resulted in an
annual auxiliary energy demand of 77400 kWh per year and 11600 kWh
during the summer months (June, July and August).

Aux
Aux,

SF =1- Eq. (54)

In Figure 4.10 it is shown how the calculated solar fractions for the whole
year and also for the summer months, June, July and August, increase with
increasing collector area.
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Figure 4.10 The solar fraction of the system for the whole year and for the summer
months.

In order to lower the risk of stagnation and overheating, 50 m2 seems
a suitable collector size. The pellet boiler can still be turned off during
summer, although a small amount of electricity may be needed during a
few colder days. The solar fraction during the three summer months will
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then be 95%. If a solar fraction of 100% in the summer were to be at-
tained, the risk of overheating and stagnation would be large. Even though
good control strategies can mitigate these problems, it is still desirable to
avoid the problem completely. If a solar heated swimming pool for sum-
mer use were connected to the system, the problems of overheating and
stagnation could be reduced and a larger collector area could be used,
giving higher solar gains over the whole year. Figure 4.11 shows monthly
values of the auxiliary energy demand during summer for different system
dimensions.
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Figure 4.11 Monthly values of auxiliary energy demand for solar systems of dif-
ferent dimensions.

In Figure 4.12, the energy saved due to the installation of the collectors
is shown for the marginal collector area, i.e. the extra savings made with
an increase in collector area by 10 m2.
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Figure 4.12 The energy savings per marginal collector area, i.e. the amount of
additional energy saved if 10 m2 is added to the collector area, read
from left to right.

The resulting non-renewable primary energy demand and CO»-equivalent
emissions when solar combi systems of different dimensions are used can
be seen in Figure 4.13. The tank volumes were optimised for each case.
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Figure 4.13 The resulting non-renewable primary energy demand and CO»-
equivalent emissions for different collector areas.

If the solar system had been installed in the reference building (described
in Section 7.2 in the handbook) instead, the auxiliary energy demand
would be much higher, as can be seen in Figure 4.14, where the auxiliary
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energy demands of the two buildings are shown for different solar system
dimensions. Again the tank volumes were optimised for each case.

Auxiliary energy demand (kWh/mg2)

Figure 4.14
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dimensions based on Polysun simulations.

In Figure 4.15 the overview of the energy demands of the high perform-
ance building and the reference building are shown as well as the solar
gains of collectors of 30, 50 and 70 m2. Note that the heat for DHW,
circulation losses and tank losses is valid for 50 m2 collector area. For a
larger collector, the tank losses will be slightly higher.

Energy demand and solar gains (kWh/month)

Figure 4.15
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Storage tank volume

For economic reasons it is important to consider the storage tank volume.
A larger tank is much more expensive though the impact on the auxiliary
energy use is rather small, as shown in Figure 4.16. The tank could pref-
erably be designed based on the daily energy demand, due to the limited
storage time capacity. The tank should not be too small in view of the risk
of overheating and because of lowered storage capacity. On the other hand,
an oversized tank might give rise to a higher auxiliary energy demand in
order to heat the tank and also because of the higher heat losses. A high
insulation level is therefore important and it becomes more important,
the larger the tank is.
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Figure 4.16 The influence of tank volume and tank insulation level. The figure
shows the auxiliary energy demand per living area for different tank
volumes.

Simulation results for collector areas between 50 and 100 m2, with varying
tank volumes, are shown in Figure 4.17 where the chosen system is marked
with a circle. These results too show that the collector area has a much
larger influence on the auxiliary energy use than the tank volume. For the
larger collectors, some energy can be saved by choosing a larger tank. The
suggested system with 50 m2 collector area and a storage volume of 4 m3
would entail neither overheating nor excessive tank losses, according to
the simulation results.
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Figure 4.17 Annual auxiliary energy per living area for different system dimen-
sions based on Polysun simulations.

Collector tilt

The tilt of the collector determines how large the collector should be in
order to cover the summer demand. In order to maintain a solar fraction
of 95% during the summer months, the required collector size increases
as the collector tilt is increased or decreased from 30- 40°, which is the
tilt where the smallest collector area (50 m2) is needed. This is illustrated
in Figure 4.18.
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Figure 4.18 The graph shows the collector area required for differently tilted col-
lectors in order to get a solar fraction of 95% during summer, i.e.
an appropriate area which does not imply boiling in the tank. The
solar fraction for the whole year and the constant solar fraction in
summer are shown.

When highly tilted or vertical collectors are used, the solar gains will be
better balanced against the seasonal heating demand as more of the win-
ter space heating demand will be covered. However, this requires a larger
collector area in order to cover the summer demand. For a very large
collector with a high tilt angle, energy can be saved in total over the year,
thus implying a higher annual solar fraction. A good, yet very expensive,
solution would therefore be to use a vertical wall mounted collector of
very large size. The benefits of this are naturally much higher for combi
systems than for DHW systems. There are generally no benefits in using
a horizontal collector, or a collector with a very low tilt.

Looking further at two mounting options for good building integration;
either to mount the collectors on the 40° tilted roof or vertically on the
wall, tilted 90°, it can be seen in Figure 4.19 how the auxiliary energy
demand decreases with increasing system size. The 40° tilt gives rise to a
lower demand of auxiliary energy on an annual basis and the difference is
more significant in smaller systems. Furthermore, the risk of snow cover
should be considered if a very low tilt angle is used. The risk of snow cover
is even larger for evacuated tube collectors.
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Figure 4.19 Results from simulations of systems with differently tilted collectors,
40° for the roof mounted and 90° for the wall mounted collectors.

Azimuth angle

If the deviation from south, i.e. the azimuth angle, is varied, the auxiliary
energy demand and solar fraction change according to Figure 4.20.
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Figure 4.20 The auxiliary energy demand and solar fractions of systems with
different azimuth angles.

99



Solar thermal energy systems for building integration

Collector performance

The choice of collector is very important for the system performance.
Simulations have been performed with collectors of different types, from
older collector types without a selective surface to the most advanced
evacuated tube collectors available, with characteristics and simulation
results listed in Table 4.4. The results are also shown in Figure 4.21. In the
suggested system an advanced flat plate collector with a selective surface,
antireflection treated glass and highly efficient thermal insulation (number
3inTable 4.4) is used. When compared to an older collector type without
selective surface, the chosen collector increases the solar fraction from
26.4% to 35.1%. If an evacuated tube collector is used, the solar fraction
increases even more. For the suggested solar heating system an evacuated
tube collector of 35 m2 would be sufficient. Evacuated tube collectors are
very efficient, but also often very expensive.

Table 4.4 Collector parameters and corresponding solar fraction and aux-
iliary energy.
Mo c; Cy KCH1| KCH2 [ Specific | Solar | Auxiliary energy
heat  |fraction
Collector type capacity
O [wmi|WimK) [ () | O | mk)| (%) [(kWh/a)[ (KWh/
m?2a)
1. Advanced
evacuated tube 0.88 | 141 | 0013 | 092 | 1.15 | 7.84 | 40,5 | 46053 | 28.8
collector

2. Evacuated tube
collector

3. Advanced flat
plate collector

0.77 | 1.85 0.004 0.9 | 1.00 571 36.7 | 49004 | 30.6

0.85 3.7 0.007 | 091 | 0.91 6.32 35.1 | 50232 | 31.4

4. Flat plate collector| 0.8 35 0.015 0.9 0.9 6.32 33.1 [ 51767 | 32.4

5. Flat plate collector

. 0.75 6,00 0.03 0.9 0.9 7,00 26.4 | 56976 | 35.6
- no selective surface
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Figure 4.21 Results from simulations of systems with different collector types.

Concentrating collectors

By using concentrating reflectors to enhance the irradiance on the absorber,
the output from the collectors can be increased. If the geometry of the
collectors excludes irradiation from higher solar angles, the collector could
improve the seasonal balance by increasing the winter performance and
suppressing the summer performance. It is interesting to apply this strategy
to evacuated tube collectors, which have the potential to deliver energy
during lower irradiance levels and which are also relatively expensive at
the present time. An estimation of the effect this would give rise to was
investigated for an evacuated tube collector (with collector characteristics
according to Collector type 1 in Table 4.4). Polysun simulations were
performed assuming a double collector area from October to March and
with the collector tilted 70° and 90°. The area was chosen so as to imply
a solar fraction of 95 % during summer. The results shown in Table 4.5
indicate that the reflector gives rise to energy savings of 11 %, if it is tilted
either 70° or 90°.
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Table 4.5 The auxiliary energy demand for an evacuated tube collector with
and without reflectors.

70°, 42 m? 90°, 56 m*
Without With Without With
reflector reflector | reflector | reflector

Total annual

auxiliary energy 47538 42297 45643 40570
(kwWh/a)

Solar fraction (%) 38.6 45.4 41.0 47.6

Design of the collector loop heat exchanger and flow rate

The design of the storage tank and its connected components is also im-
portant for the system efficiency, as different types of heat exchangers work
optimally at different flow rates. The flow rate in the collector loop should
not be too low, so as not to cause laminar flow, air traps and/or increased
heat losses. Therefore, if the heat from the collectors is transferred to the
tank through an internal heat exchanger, a high flow rate gives rise to a
lower auxiliary energy demand, as shown in Figure 4.22.

The efficiency of the solar heating system is improved if an external
heat exchanger is used instead, and even better if a stratifying device is
used. In a smaller tank the importance of a stratifying device is more
significant. In these cases, a low flow rate is better, since the fluid inserted
into the tank may otherwise cause mixing of the stratified water. However,
the flow rate should not be too low. The optimum can be seen in Figure
4.22. Lower flow rates also contribute to a lower electricity use for the
pump, and the dimensions of the pipes are reduced and they are therefore
less expensive.
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Figure 4.22 The auxiliary energy demand, with varied flow rate and type of heat
exchanger in the solar circuit.

Non-renewable energy use — for solar DHW systems and combi
systems

In order to compare our solar combi system with a solar DHW system,
simulations were also performed for two different a solar DHW system
for the same building construction as for the combisystem. One of these
DHW systems is combined with an electric heater in the DHW tank
and electricity also for space heating. The other system is combined with
district heating for both DHW and space heating. The use of non-renew-
able energy and the emissions of CO» equivalents are shown in Figures
4.23 and 4.24, which clearly show that the most environmentally friendly
design is the solar combi system with a pellet boiler. This system reaches
the targets of non-renewable primary energy of maximum 60 kWh/m?2a
(floor area) by far and only a small collector is required in order to reach
this target. If a solar DHW system combined with electricity for space
heating were applied the target would not be reached. For a solar DHW
system combined with district heating for space heating, the solar collec-
tors would have to be at least 40 m? in order to reach the target, as shown
in Figure 4.23.
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Non-renewable primary energy
demand per living area (kWh/m?2a)

Figure 4.23

Emissions of CO, equivalents
(kg/mza)

Figure 4.24
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4.3.6 Comparison between the different solutions

The results for the different solutions have also been compared and ana-
lysed. These figures are also presented in Section 8.1 in the handbook
(Smeds, 2007). First a short overview of the design and heat load of the
reference building and the different solutions.

Table 4.6 The designs of the solutions and the reference building.
Eefer_ence Solution 1a Solution 1b Solution 2
uilding
U-value of the
whole building 0.35 0.21 0.34 0.41
(W/m’K)
Space heating
demand 44 6.5 13.4 19.0
(KWh/m’a)
District heating Electric resistance | District heating Solar combi
Heating system for DHW and heating of the for DHW and system with
space heating supply air. Solar space heating. biomass boiler for
DHW system DHW and space
with electric heating.
backup.

The results of non-renewable energy use and emissions of CO, equivalents
for the different solutions of buildings and heating systems are presented
in Figures 4.25 and 4.26. All the solutions have substantially lower energy
demand than the reference building and all the solutions meet the targets
of non-renewable primary energy use.

The total energy demand and the delivered energy are lowest for Solu-
tion 1a, due to the extremely well insulated building envelope. However,
it is for Solution 2 that the lowest emissions of CO, equivalents and
non-renewable primary energy use are achieved, due to the extensive use
of renewable energy.
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Figure 4.25 Overview of the total energy demand, the delivered energy and the
non-renewable primary energy demand for the apartment build-
ings. The reference building is connected to district heating. (Smeds,
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Figure 4.26 Overview of the CO, emissions for the apartment buildings. The
reference building is connected to district heating. (Smeds, 2007).
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4.4 Conclusions

The thermal energy from a solar combi system can provide a significant
part of the total energy demand of a high performance building. If the
space heating demand is specifically examined, it is seen that solar energy
can also contribute to some extent to the space heating supply even for
a well-insulated building. However, the relatively low space heating de-
mand (although higher in the cold climate) and the short heating season
makes it unreasonable to over dimension the solar system to cover much
more than the domestic hot water demand (which is a large part of the
total demand in a h.p. house and more constant over the year). The solar
system should therefore preferably be designed so as to cover most of the
energy demand in summer, both for solar combi systems and solar DHW
systems. This way the furnace can be switched off in the summer, avoiding
inefficient operation.

The building design and the choice of heat distribution system set the
context for the design of a solar heating system. If the space heating demand
is so low that is could be supplied merely by heating the incoming air, e.g.
by electric resistance heating and heat recovery, a solar domestic hot water
system is more easily argued, given the costs of a radiant heating system.

If a water-based radiant heating system is preferred, it is suitable to de-
sign a solar combi system, where a joint storage tank combines the domestic
hot water system and the space heating system. The tank can be heated
both by the solar collector and by auxiliary heat sources, thus providing
flexibility to the system. The combined storage tank can give beneficial
effects due to the higher energy withdrawal from the tank, which could
lower the temperature in the collector circuit and thereby increase the col-
lector efficiency somewhat during the heating season. The solar energy can
also be used more efficiently if the collectors can be directly connected to
a low-temperature radiant heating system, e.g. a floor heating system.

For a solar DHW system a collector tilt of 40-50° is suitable in the
cold climate. For combi systems a higher collector tilt or facade integrated
collectors improves the seasonal balance between space heating demand
and solar gains, although a larger collector area is required to cover the
summer demand.

The simulations performed during the design of the solar thermal
system of Solution 2 (renewable energy strategy), for an apartment build-
ing in the cold climate, showed that a combi system with a collector area
of 50 m2 and a storage tank of 4 m3 should be suitable. The system was
designed to cover 95% of the energy demand in summer, so that the
risk of stagnation is relatively low and the auxiliary pellet furnace can be
switched off during the summer. The parametric study shows how much
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the collector area needs to be increased when the tilt angles are higher or
lower than the optimal angle for summer production.

Generally, a suitable collector area for the energy demand of the build-
ing in Solution 2 is between 30 and 80 m2 (0.6 — 1.8 m2/occupant) and
a suitable tank volume is between 3000 and 5000 | (60-100 I/occupant).
However, this much depends on user behaviour.

The parametric study also shows that the volume of the storage tank
has a rather low influence on the energy output, although a minimum
volume is crucial.

As regards the heat transfer from the collector circuit to the storage
tank, the simulation results show that an external heat exchanger with a
stratifying device in the tank should preferably be used, as it saves more
energy compared to using internal heat exchangers in the tank. For internal
heat exchangers a higher flow rate gives higher output while a lower flow
is more beneficial when an external heat exchanger is used, as the tank
water can be kept well stratified.

For Solution 2, the result of non-renewable energy demand is very
low, only 17.4 kWh/m?2a, which is far below the target of 60 kWh/m?a.
Also, the emissions of CO»-equivalents to the atmosphere are very low,
3.8 kg/m2a. The alternative solar DHW systems simulated for the same
building as the solar system would give rise to much higher use of non-
renewable primary energy. For a solar DHW system combined with
auxiliary electricity for DHW and for the space heating, the target would
not be reached at all for a reasonable collector size. If the space heating
were supplied by district heating, the target could be reached for a col-
lector area of 40 m2.

For Solution 1a (a building with U-value 0.21 and a solar DHW system
with electric resistance heating for the remainng DHW demand and the
space heating) the non-renewable energy demand is 54.8 kWh/m?a and
the emissions of CO5-equivalents are 10 kg/m?a.

When the construction of the building envelope is compared to cur-
rent building standards, it is clear that today’s apartment buildings could
live up to the targets of space heating demand set by the IEA if they were
built very airtight and if efficient ventilation heat exchangers were used.
The comparison between the reference building, Solution 1a, Solution 2
and another building, Solution 1b (which has U-value 0.34 and which
uses district heating) shows that they all meet the targets of non-renewable
energy use but it is Solution 2 that gives the lowest non-renewable energy
use and the lowest emissions of CO,-equivalents. As this building has the
highest space heating demand, it is interesting to see that the non-renewable
primary energy demand can be lowered so much, relative to the other solu-
tions. This indicates the huge importance of using renewable energy.
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There is not one optimum design for an energy efficient building and
in each situation factors such as user behaviour, climatic conditions, politi-
cal regulations, building standards and the availability of different energy
network systems, such as natural gas or district heating, are important to
consider. Depending on the circumstances, the design strategy should
be adapted so that a realistic and long-term sustainable development is
introduced in the built environment.

Generally, the strategy of renewable energy use is suitable for retrofit
buildings where increased insulation is not a reasonable solution. For the
design of new buildings the conservation strategy gives more opportunities
for the future as the well insulated building envelope provides opportuni-
ties for further reductions in energy use by changing the energy systems
to use more renewable energy.

District heating systems use a large share of renewable fuels in Scan-
dinavia; approximately 80% of the fuel is renewable. If the building is
situated in an urban area with such a district heating system, the district
heating is to be preferred to the use of biomass boilers, as biomass boilers
can give rise to some emissions from the furnaces, something that may be
against the regulations in certain urban areas. However, the purification
of the exhaust gases is very good today and modern furnaces are often
designed to use optimal oxygen amounts in the combustion process. If a
biomass boiler is to be used, it should be an “environmentally approved”
boiler and it should be coupled to a thermal heat storage tank in order to
achieve an effective and controlled combustion process and to minimise
the emissions of VOC and particles (Johansson et al., 2003).

A solar thermal heating system can be combined or integrated with most
other heating systems and there is a large potential to lower the primary
energy use and the impact on the environment by using solar collectors.
Capturing and using energy from the sun is thus a very natural and mar-
ketable concept for sustainable, low energy housing.
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5 Solar collectors for
Integration on
non-insulated roofs

Three solar collectors have been designed for non-insulated roofs in order
to provide a cost-effective and easily installed solar collector. The collec-
tors were tested outdoors and the measurement results and analysis are
presented in this chapter and in Paper IV: Design and evaluation of solar
collectors for integration on non-insulated roofs (Gajbert et al., 2007), which
was presented at the conference NorthSun 2005 in Vilnius. The paper
has been submitted to Solar Energy Materials and Solar Cells. Some ad-
ditional results from measurements and simulations are also presented in
this chapter.

5.1 Introduction

Non-insulated roofs with cold attics underneath are one of the largest
available potential locations for installation of solar thermal collectors in
Sweden. Solar thermal collectors for building integration are often very well
insulated in order to contribute to the thermal comfort in the building.
For collectors integrated on non-insulated roofs less insulation material is
sufficient for the insulation of the collector. There is therefore a potential for
development of a cost-effective, thin collector with lower use of insulation
material, suitable for easy integration in non-insulated roofs.

The objective of this work is to design a thin, cost-effective solar thermal
collector for integration into a roofing material. It should be flexible for
production in variable lengths and have potential to be developed into a
cost effective product. Prefabrication and simple mounting are desirable
features for building integrated collectors.

Three similar collectors for non-insulated roofs have been designed and
constructed as small scale prototypes. By using low-concentrating reflec-
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tors in two of the collectors the absorber material is used more efficiently.
Existing roofing sheet is used for the collector bottoms, which means that
no separate collector box is required. This and the fact that the absorber
area is reduced enable the collector to be produced at low cost.

The thermal performance and the incidence angle dependence of the
collectors were evaluated from measurements and the potential energy
production from the collectors was calculated using the MINSUN simu-
lation program.

5.2 The collector designs

The three collectors, including absorbers, reflectors and the expanded
polystyrene (EPS) insulation material, are designed to fit in a commonly
used corrugated sheet steel roofing material in order to facilitate the instal-
lation and to integrate the collector into the building element.

The designs of the three collectors are similar but two of them are
designed with concentrating reflectors and one is a flat plate reference col-
lector. All collectors are covered with a4 mm acrylic sheet with a relatively
low transmittance. It is assumed that this sheet will be replaced by a glass
cover with higher transmittance in a full scale collector. A description of
the collectors follows.

5.2.1 Collector A

Standard size Sunstrip absorbers of 143 mm are used in the reference
collector, Collector A, shown in Figures 5.1 and 5.2. Underneath is 50
mm insulation of EPS material. For the other designs the thickness of the
insulation is determined by the reflector geometry.

Figure 5.1 Collector A — the flat plate reference collector. Two absorber plates fit
into each compartment of the corrugated steel roof.
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Figure 5.2 Collector A has standard Sun-strip absorbers of 143 mm.

5.2.2 Collector B

The concentrating Collector B (Figures 5.3 and 5.4) has a Sunstrip absorber
of half width (71.5 mm) combined with circular shaped concentrating
reflectors, resulting in a factor of 2.0 between the glazed area and single
side absorber area, i.e. the geometrical concentration ratio. The physical
concentration is 1.0, since the absorber is bifacial.

Figure 5.3. Collector B — a concentrating collector with narrow strip absorbers
and circular reflectors.
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Figure 5.4 Collector B, with circular concentrators and narrow 71.5 mm Sun-
strip absorbers.

5.2.3 Collector C

The absorbers of the concentrating Collector C are copper pipes with
an aluminium foil with a selective surface paint on an aluminium foil,
produced by the Swedish Company Skultuna Flexible, taped onto it. The
pipe diameter is 180 mm. The absorbance, «, is 0.92 and the emittance,
€, 15 0.20.

WW R QARLARLAQ N
Figure 5.5 Collector C — a concentrating collector with tube absorbers, selective
surface and CPC-reflectors.

Four copper pipes with reflectors of anodized aluminium (with a reflect-
ance of 0.85) fit into each compartment of the corrugated steel, shown
in Figure 5.6.
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Figure 5.6 Collector C, showing the tube absorbers with selective surface.

The geometrical design of the concentrating reflector is an involute
(Winston and Welford, 1989) (See further description in Section 2.5.2)
combined with a truncated quasi parabola, resulting in a geometrical
concentration ratio of 1.3 between the glazed area and the tube area. It
is the lowest part of the reflector that is an involute (see Figure 5.7). The
involute is based on a pipe of 150 mm in diameter and an acceptance
angle of 40°. A slightly larger copper pipe, of 180 mm, is then used as
absorber. The parabola is then truncated at 10 mm above the top of the
pipe. This geometry gives an acceptance interval of 80°, i.e. the acceptance
half-angle, 0, is 40°.
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N\
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Figure 5.7. The shape of the truncated reflector used in Collector C, which is
a combination of an involute and a parabola with an acceptance
half-angle, 0,4, of 40°.

If large collectors with straight wide tube absorbers are used, it will be easier
to connect them in series. The use of wide pipes in the collectors means
that the pressure drop will be low, which is very beneficial as components
of lower dimensions, such as pumps etc., can be used, which also reduces
the cost of the system.

5.2.4 Orientation

With these collector designs, the collectors could be oriented either in the
east-west or in the north-south direction. For Collectors A and B, this
orientation of the absorbers should not have any impact on the energy
output, as they accept all irradiation that hits the glass. If only a small
part of the roof is used as collector, it would be more suitable to place
them in the north-south direction, as it facilitates the water run-off on
the corrugated steel.

For Collector C, which has a limited acceptance of irradiation in the
transverse plane, this will have a small impact on the energy output, al-
though the 80° of acceptance it has will not exclude much of the irradia-
tion, if mounted in the north-south direction. Therefore, if an entire roof
is constructed as a collector, it is suitable to mount it with the absorbers in
the east-west direction, and this is what Collector C is intended for.
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5.3 Experimental work and evaluations

The thermal performance and the incidence angle dependence of the col-
lectors have been evaluated by both indoor and outdoor measurements.
Long-term outdoor measurements have been performed with larger col-
lector prototypes in the Alvkarleby test facility and several indoor and
outdoor measurements have been performed in the laboratory in Lund.
From the long-term outdoor measurements, the thermal performances of
the collectors were evaluated by multi linear regression, MLR. The results
were used to set up a model of the expected collector output and it was
also used for MINSUN simulations of the annual energy output. Ray
tracing simulations of Collector C were performed in ZEMAX by Johan
Nilsson. The methods are further described in Chapter 3.

5.3.1 Long-term measurements and MLR

Long-term outdoor measurements

Long-term outdoor measurements of larger collector prototypes were per-
formed at the test facility in Alvkarleby (60.5°N, 17.4°E) during the period
from 2005-04-02 to 2005-05-10. Three collector prototypes (Collectors
A, B and C) of the size 1.0 x 2.0 m were mounted facing towards south
with the absorbers directed in the east-west plane. For further method
description see Section 3.1.2.

MLR analysis

From the long-term outdoor measurements, the thermal performances of
the collectors were evaluated by Multi Linear Regression, MLR, according
to the model described by Perers (1993), which is based on Equation 30. It
should be noted that values from measurements even during hours of lower
irradiance are accounted for in these analyses. The monitored parameters
of the collector power, g, the diffuse and direct irradiance, G, and Gy,
the mean collector temperature, Tp,, and the ambient temperature, T, are
used as input in the MLR calculations. The parameters F'(ta)p, bg, Kg,
F'Ug, FU; and (mC), given are results from the MLR. The parameters
F'U and nqy, are thereafter calculated. The results for the three collectors
are shown in Table 5.1.
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Table 5.1 The results from the MLR analysis based on long-term outdoor
measurements.
Cotlector | 110 | W0 oty | ownt ) | pwink] | (ke |
A 0.76 | 0.65 | 5.84 4.90 0.017 | 6834 0.125
B 0.72 | 0.62 | 4.93 4.27 0.012 | 5617 0.134
C 0.72 | 0.58 5.79 5.29 0.009 19148 | 0.154

The MLR analysis shows that the concentrating collectors, B and C, have
a lower optical efficiency than the reference, Collector A. This is explained
by reflectance losses and deviations from the ideal optical design. The
pipes of Collector C are slightly displaced from the centre of the reflec-
tor, which affects the beam efficiency. Collector C shows a lower diffuse
efficiency, which is normal for concentrating collectors. Collector B, with
a narrow absorber, shows the lowest heat loss factor F'U, while the F'U
values of Collector C and Collector A are comparable. The collectors A
and B contain the same volume of water, while Collector C with the tube
absorber contains four times more water per collector area. This is also
reflected in the very high specific heat parameter, (mC),, of Collector C.
The longitudinal incidence angle dependence is basically equal to Ky using
the bg value from these MLR results. This is explained in Section 5.3.5,
Figure 3.19. The incidence angle dependence in the longitudinal plane,
given by the bg value, is similar for all the collectors.

5.3.2 Model accuracy

In order to verify the accuracy of the measurement results, a model of the
expected collector power was set up based on the results from the MLR
analysis. The model was compared with measurements from the 6t of
May 2005, a day with varying weather and low temperature. Figures 5.8-
5.10 show the measured and modelled collector power over time. Figures
5.11-5.13 show the modelled power on the Y-axis and the measured values
on the X-axis, with data from the period 2005-04-02 to 2005-05-10. The
good agreement between modelled and measured power of the collectors
that can be seen in these graphs indicates that the evaluation model works
satisfactorily.
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Figure 5.10 Measured and simulated power of Collector C over time, 6% of May
2006.

Power-model(W/m?)

800
700
600 -
500
400
300 -
200 . :
100 - E
o]

#

E ++ -+ Collector A

0 100 200 300 400 500 600 700 800
Power-measured(W/m2)

Figure 5.11 Measured and modelled power for Collector A. Data from the period
2005-04-02 to 2005-05-10.
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Figure 5.12 Measured and modelled power for Collector B. Data from the period
2005-04-02 to 2005-05-10.

Power-model(W/m?)

+ -+ -+ Collector C

0 100 200 300 400 500 600 700 800
Power-measured(\W/m?2)

Figure 5.13 Measured and modelled power for Collector. Data from the period
2005-04-02 to 2005-05-10.
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5.3.3 Thermal inertia of the collectors

The thermal inertia of Collector C is greater than that of Collectors A
and B, since the absorber tube of Collector C is wider and contains more
water, giving a larger constant (mC),. This is confirmed by the comparison
of the modelled and the monitored collector power from the long-term
measurements on 25 April 2005, during a sudden temperature drop, see
Figures 5.14-5.16, where the model follows the measurements well. Figure
16 shows that the power of Collector C exhibits a strong peak, while the
other collectors show just a small response to the decrease in temperature.
These properties are also shown by the very high (mC), value of Collector
C from the MLR analysis.
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Figure 5.14.  The relative collector temperature and the measured and modelled
power of Collector A during a temperature peak.
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Figure 5.15.  The relative collector temperature and the measured and modelled
power of Collector B during a temperature peak.
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Figure 5.16.  The relative collector temperature and the measured and modelled
power of Collector C during a temperature peak.
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5.3.4 Monitoring of efficiency graphs

Results from the long-term outdoor measurements

The standard efficiency curves of the three collectors are determined from
the long-term measurements during periods of near normal incidence,
stable temperatures and for irradiance higher than 900 W/m2. The results
are shown in Figure 5.17.

Efficiency, n (-)

Figure 5.17
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The efficiency of the three collectors as a function of (Tp,-T,)/1. The
slope of the graph is the value of the heat loss coefficient F'U and the
value where the graph crosses the Y-axis is the value of the optical
efficiency, no.

Good agreement is shown between the results of optical efficiency, ny,
derived from these graphs, and the results from the MLR. The F"U values
from these efficiency graphs at high irradiances are systematically higher
than the corresponding data from the MLR, which includes data measured
during all hours of operation. This is because an increase in absorbed ir-
radiance causes an increase in the temperature difference between the fin
and the heat carrier fluid, which increases F"U (Hellstrom, 2005). This
effect was confirmed by measuring F”U from cooling the collectors during
dark hours, which resulted in even lower F"U values, shown in Table 5.2.
The dependence of FU on the irradiance is strongest for Collector A,
which has a low F"-value because of the wide absorber.
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Table 5.2 The heat loss coefficient F"U derived from the efficiency graphs
from the long-term measurements, from the MLR analysis and
from the dark hour measurements.

Collector | F'U from | F'U from | F'U measured
efficiency | MLR in darkness
curves
[W/m2K] | [W/m’ K] | [W/m2K]

6.5 5.84 55

B 5.3 4.93 4.8

6.0 5.79 55

Results from measurements using the test rig

Outdoor measurements on the smaller (0.6 x 1.0 m) prototype of Collec-
tor C were performed in Lund, both in daylight and during dark hours
as described in Section 3.1.1. The test rig was used and the power and
temperatures were recorded at three different operating temperatures.
Figure 5.18 shows results from dark hour measurements. The heat losses
are shown as negative values of power on the Y axis. On the X-axis is
AT, the difference between the mean fluid temperature in the collector
and the ambient air temperature. F'U is determined from the slope of
the graph to 6.5 W/m2K. The fact that this is higher than the F'U value
derived from the MLR analyses based on long-term measurements (with
large prototypes) is explained by the higher area-to-volume ratio of the
smaller prototypes.
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Figure 5.18.  The heat losses of the small prototype of Collector C as a function
of (T~ Ta), from dark hour measurement. The slope of the graph is
equal to F’U, which is 6.5 W/m2K.

Results from early measurements

Earlier performed indoor measurements during dark hours on all the small
collector prototypes (see Section 3.1.3) show F'U values of 4.5 W/m2K
for all prototypes. Similar outdoor measurements (using the same set-up)
show the same results. The difference between the results from the measure-
ments using the test rig and the early measurements may seem high, but
it can be explained by the use of back insulation on the collector during
the early measurements, which gives a lower F'U value.

5.3.5 Longitudinal incidence angle dependence

The longitudinal incidence angle dependence was evaluated using data
from the long-term measurements, where the collectors were mounted
with the absorbers in the east-west direction. Data from May 1, 2005,
when the transverse incidence angle of the irradiance was nearly constant
during the whole day (shown in Figure 5.19), show how the incidence
angle coincides with the longitudinal incidence angle during most of the
time. The transverse incidence angle hardly varies at all. This leads to the
conclusion that the collector efficiency is mostly dependent on variations
in the longitudinal incidence angle. This means that the reflectors of
Collector B and C have a very small or no impact on the bg values. The
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b values obtained from the MLR-analysis represents only the effect of
the incidence angles on the glazing. Therefore the longitudinal incidence
angle dependence can be described by Ky, with the by values obtained
from the MLR-analysis.
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Figure 5.19 The incidence angles on the collector surfaces, measured on
April 1, 2005. The incidence angle coincides with the longitudinal
incidence angle during most of the time and the transverse incidence
angle hardly varies at all.

The angular dependence of ngp, with corrections for the contribution
from diffuse irradiance and heat losses (according to Equation 31), are
presented in Figures 5.20 and 5.21. The data is from April 26, 2005. In
Figure 21 the zero-loss efficiency is shown as a function of [(1/cos6) -1].
Here, the bg values are equal to the slopes of the graphs.

127



Solar thermal energy systems for building integration

10 Nob(-)Beam Efficiency

0.8

0.6

04

0.2

st

+
>
= == Collector A <,
+ -+ -+ Collector B %

0.0

o

Figure 5.20

> > > Collector C L
T T T T T T T T T T T T T

10 20 30 40 50 60 70 80 90
Angle of incidence(°)

The zero-loss beam efficiency, ngp, shown as a function of the incidence
angle.
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Figure 5.21 The zero-loss beam efficiency, ngp, shown as a function of (1/cos 6-1).

bg is derived from the slopes of the graphs.

It is shown that all the collectors have similar angular dependence in the
longitudinal direction. For Collectors A, B and C, bg is equal to 0.20,
0.15and 0.18 respectively. These are higher values than the corresponding
values obtained from the MLR analysis. An explanation for this is that
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the MLR results are, to a high degree, determined from angles where high
power is achieved, i.e. incidence angles below 30°, which correspond to
values of the function [(1/cos6) -1] lower than 0.15. In Figure 5.21, it is
clearly shown that the slopes giving the b values are very low for these
values. The bg values from the MLR are thus more representative of the
whole range of longitudinal incidence angles.

5.3.6 Incidence angle dependence in the transverse
plane

Results from outdoor measurements using the test rig

The incidence angle dependence in the transverse plane of an identical
but smaller (0.6 x 1.0 m) prototype of the concentrating Collector C has
been evaluated based on outdoor measurements using the test rig and
equipment described in Section 3.1.1. Figure 5.22 shows measurement
results of optical efficiency for beam irradiance from September 15t 2005,
plotted against the transverse incidence angles, 0.
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Figure 5.22 The transverse incidence angle dependence of the small prototypes of
the concentrating Collector C. Measured data from a.m. and p.m.
on September 1%, 2005. The modelled transverse incidence angles,
and the normalization to data from the larger collectors, are also
shown.
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As expected, the optical efficiency is highest and almost constant within
the acceptance interval (i.e. when the transverse incidence angle is between
0° and 40°) and thereafter it decreases. A slight difference between values
of measured data from a.m. and p.m. can be seen. This difference can be
explained by the obstruction in the horizon, the sun is descending before
reaching 90°, and by the difficulty of measuring at low incidence angles.

The figure also shows the model of the expected optical efficiency for
different transverse incidence angles that was set up based on the measured
data. The model of transverse incidence angle dependence was adjusted
to descend gradually to O at 90° from the abrupt drop between 70° and
80°. The model was also normalized to match the MLR results of ngp at
normal incidence, which meant multiplying all values of ng, by 1.14.
This was done because the long-term measurements are considered more
accurate due to the larger size and the better precision during the produc-
tion of the prototypes.

A complete model to predict the collector power could now be set up
(asin Equation 27) with these modelled results of the transverse incidence
angle dependence for beam irradiation, ngq(6T), (using the normalized
values for larger collectors and the original values for the smaller prototypes)
and the results of ngg, F'U and mC, from the MLR analysis.

The model was validated by comparing measured data of the collector
power from another day, August 18, 2005, with the modelled values. As
can be seen in Figure 5.23, the model agrees well with measured data.
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Figure 5.23 Measured and modelled data of the collector power during August
18, 2005.
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Results from early measurements

The results of zero-loss efficiency for normal irradiance from the early
measurements (described in Section 3.1.3) are shown in Table 5.3. The
results are based on global irradiance on a tilted surface.

Table 5.3 The zero-loss efficiency at normal incidence angle.
Collector Collector A Collector B Collector C
Mo (%) 72 73 59

Collector B shows similar optical efficiency as the reference, Collector A.
This was expected as Collector B has a low concentration ratio and the
same acceptance interval as Collector A (180°). Therefore, it shows that
the optics is good. Collector C, on the other hand, shows a lower optical
efficiency at normal irradiance, which is explained by non-ideal reflec-
tor optics. The prototype of Collector C used here was replaced by one
with smoother reflector before the measurements with the test rig were
performed.

The efficiency, ng, for different transverse angles of incidence, 0, is
plotted in Figure 5.24.
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Figure 5.24 The measured incidence angle dependence of the three collectors in
the transverse direction. The collectors A and B are tested indoors
with the solar simulator and collector C is tested both indoors and
outdoors.
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Collectors A and B exhibit a similar angular dependence in the transverse
direction as in the longitudinal and transverse direction. The concen-
trating Collector C, with a tubular absorber, is clearly influenced by the
limited acceptance interval, and shows that for angles above 40°, the ef-
ficiency decreases. However, Collector C shows a relatively low efficiency
for normal irradiance. An explanation for this is that the absorber pipes
may have been slightly dislocated from their original position. The results
from outdoor and indoor measurements of Collector C agree well up to
transverse incidence angles, 6, of 50°. The difference at higher angles is
explained by the low accuracy during measurement on small areas at high
angles of incidence. This is due to the somewhat uneven light distribution
of the solar simulator used in indoor measurements and the movement
of the light pattern during the elevation of the simulator during measure-
ments. The outdoor measurements are therefore more reliable at high
incidence angles.

5.3.7 Ray tracing simulations

Ray tracing simulations of Collector C were performed in ZEMAX by
Johan Nilsson in order to show the theoretical transverse incidence angle
dependence. Detailed data of the collector geometry was used for the
simulations. In the first simulation only the reflectance of the reflector
was considered and set to 0.85. A second simulation was also performed,
where also the transmittance of the glazing and the absorbance of the
absorber were included. The transmittance was set to 0.9 and the absorb-
ance to 0.9. The incidence angle dependence of the transmittance and the
absorbance was accounted for by a variation from 0.9 at normal incidence
to 0.0 at 90° incidence, similar to the Ky, function. Simulations of the
light distribution pattern on the absorber surface were also performed for
various incidence angles.

Ray tracing results

Figure 5.25 shows the ray tracing results of theoretical optical efficiency,
Nop, Of Collector C for varying transverse incidence angles, compared to
the normalized model shown in Figure 5.22. The ray tracing simulation
including reflectance, transmittance and absorptance corresponds relatively
well with the model. The deviations are explained by the slightly imperfect
reflector shape. The simulation that only considers the influence of the
reflector gives very much higher values.
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Figure 5.25 Ray tracing results and the modelled values of optical efficiency for
beam irradiation for varying transverse incidence angles for Collector
C.

In Figures 5.26 - 5.33 the results from the ray tracing simulations of ir-
radiance on the absorber and the light distribution pattern for incidence
angles of 0°, 20°, 45° and 60° are shown. In the figures showing irradiance,
the X-axis shows the pixels along the absorber surface, which were used in
the simulation, clockwise from the top.
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Figure 5.26 Light distribution pattern for the incidence angle 6 of 0°.
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Figure 5.27 The irradiance along the tube absorber for incidence angles 61 of
0°.

Figure 5.28 Light distribution pattern for the incidence angle 6+ of 20°.
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Figure 5.31 The irradiance along the tube absorber for incidence angles 61 of
45°,

Figure 5.32 Light distribution pattern for the incidence angle 6+ of 60°.
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Figure 5.33 The irradiance along the tube absorber for incidence angles 61 of
60°.

5.3.8 MINSUN simulations of annual energy output

The MINSUN simulation program (see Section 3.3.1) was used to calcu-
late the expected annual energy output from the collectors. The parameters
derived by the MLR analysis (Table 5.1) were used as input data. Simula-
tions were performed for all three collectors. For Collectors A and B, the K
function with the bg values from the MLR results was used to describe the
incidence angle dependence. For Collector C simulations were performed
with the influence of both the longitudinal and the transverse incidence
angle dependence. The tilt of the surface was varied in order to show the
effect of installing the collectors on roofs of different tilt angles.

Annual energy output - MINSUN simulation results

The simulation results show that the maximum annual energy output per
glazed collector area would be 320 kWh/m?, 330 kWh/m?2 and 280 kWh/
m? respectively for Collectors A, B and C, at an operating temperature
of 50°C and with a collector tilt of 45°. If calculated per absozrber area,
the corresponding yield would be 360, 680 and 1140 kWh/m" absorber
respectively for Collectors A, B and C. (The absorber area of Collector C
is based on the pipe diameter).
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While Collectors A and B show higher performance per glazed area
than Collector C, both Collectors B and C, Collector C in particular,
show high energy output per absorber area. The low energy output per
collector area of Collector C could be explained by a slight dislocation of
the absorber, which means that a lot of the irradiation could be reflected
back out from the collector.

The influence of the roof tilt on the annual energy output is shown in
Figure 5.34. The optimal tilt angle of the roof is 45° and for tilt angles be-
tween 35° and 50° the annual output is not reduced by more than 2%.
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Figure 5.34 Simulation results showing the annual energy output for the collectors
on differently tilted roofs, at an operating temperature of 50°.

5.4 Conclusions

The thermal performance and incidence angle dependence of two low con-
centrating collectors and one flat plate reference collector, all constructed
for direct integration into non-insulated roofs, were investigated in detail
by outdoor and indoor measurements and by simulations in MINSUN.
Generally, good correspondence between measured and modelled collector
performances was shown, which leads to the conclusion that the results
are accurate.

The simulation results show that the maximum annual energy output
would be 320 kWh/m?, 330 kWh/m? and 280 kWh/m? per glazed col-
lector area, respectively, or 360 kWh/m2, 680 kwWh/m? and 1140 kWh/

138



Solar collectors for integration on non-insulated roofs

m2, per absorber for collectors A, B and C respectively at an operating
temperature of 50°C and with 45° tilt angle.

According to the detailed analyses of the thermal performance, Collector
B, with the narrow strip absorber, shows the lowest heat loss coefficient.
The heat loss coefficient F’'U varies slightly between different measure-
ments. This is explained by the difference in size of the prototypes, the
theoretical difference between dark hour measurements and measure-
ments with irradiation and also because of the use of back insulation on
the collectors.

The analysis of transverse incidence angle dependence of Collector
C shows results similar to the results from the ray tracing simulations.
The deviations can be explained by imperfections of the reflector or by a
slight dislocation of the absorber pipe, which can result in slightly higher
optical losses.

These solar collectors combined in a ready-to-use roofing material
should preferably be mounted as entire roofs over cold spaces, which could
give a significant contribution to the heat supply.

Judging from the collectors with their present design, Collector B is the
most promising, with low heat losses and little use of absorber material.
Collector C is the collector that would be the cheapest to produce, but
the heat losses could be too high to make it profitable. It would therefore
be interesting to further analyse the unexpectedly high F"Ug value of the
concentrating Collector C.

It is possible to reduce the heat losses by decreasing the acceptance
angle and by increasing the concentration ratio. A suggestion for further
development is to decrease the acceptance angle of the reflectors of Col-
lector B. For a previously evaluated non-insulated low-concentrating
east-west collector (a roof-MaReCo) with a bifacial narrow absorber and
a factor 3 between glazed area and single side absorber area, an acceptance
interval of only 45° has been shown to be sufficient. This collector has a
F"Ug value of around 3.5-4.0 W/m2K (Adsten et al., 2005). However,
for a concentrating collector with the absorbers in the north-south direc-
tion, the acceptance interval needs to be around 80°, as for Collector C,
in order for the collector to be operated at least 5 hours in the middle of
the day in Sweden.

As the designs are today they can be placed either in the east-west
direction or in the north-south direction

Considering the low production costs expected for these collector types,
it is estimated that the production of a cost-effective collector has a high
potential, although there are improvements to be made. A detailed cost
analysis should preferably also be performed in future work to ensure the
low cost of the final product.
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6 Evaluation of solar
simulator performance

This chapter describes the work performed for the evaluation of the accu-
racy of indoor measurements of thermal performance and incidence angle
dependence of solar collectors using a large solar simulator. The work is
described in Paper V - Measurement of concentrating solar collectors using a
solar simulator with parallel light, which was presented at Eurosun 2004.

6.1 Introduction

By using indoor measurements under steady ambient conditions, evalu-
ations of concentrating solar collectors could be made easier and more
systematic, facilitating the repetitiveness of the experiments. In order to
enable indoor evaluation of concentrating solar collectors, a light source
with parallel light is required. These kinds of light sources are not common
and indoor evaluations are therefore rare. The solar simulator that is used
at Energy and Building Design, shown in Figure 3.10, is designed to give
parallel light and is adjustable to simulate different solar altitude angles.
The simulator is further discussed in Section 3.2.1

In order that values of the irradiation on the collector surface should be
recorded correctly during measurements, it is important that the irradiation
on the test area is known throughout the measurement. A problem with
this solar simulator is that the light distribution is slightly non-uniform
and when the simulator is lifted to simulate different solar altitude angles,
it is possible that the light pattern is altered, which could make it difficult
to correctly evaluate the performance of concentrating solar collectors. This
has been indicated by previously performed measurements where results
were difficult to interpret.

The objective of this work is to improve indoor evaluations of incidence
angle dependence of concentrating solar collectors by evaluating a method
to better estimate the irradiance from the simulator on a test area in front
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of the simulator. It is investigated if it is possible to compensate for the
non-uniform light distribution and the movements of the light pattern
by using an array of photodiodes that is placed in front of the test area to
estimate the total irradiance on the collector surface.

6.2 The solar simulator light distribution

Each of the seven lamps on the solar simulator is placed facing one of the
parabolic reflectors, which render the light nearly parallel. The good paral-
lel light quality of the radiation has been achieved to some extent at the
expense of a uniform area distribution. The irradiance over the test area
perpendicular to the lamps is therefore slightly non-uniform. Fewer large
lamps generating nearly parallel light are used instead of a larger number
of smaller lamps, which would have generated more evenly distributed
but also more diverging light. Previously performed measurements of the
irradiance on several locations in front of the simulator have shown a light
distribution according to Figure 6.1, where the light intensity peaks ema-
nate from the rim of the reflectors surrounding the lamps. This is further
discussed in Hakansson (2003 a, b) Hakansson (2001), Hakansson and
Fredlund (1999).

2000
1500
1000

500

Figure 6.1 Light intensity distribution pattern from the solar simulator over a
test area perpendicular to the simulator (Hakansson, 2003 a, b).
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When the simulator is lifted to simulate various solar altitudes, the light
intensity pattern tends to move over the test area, although placed at the
pivot point of the adjustable lifting frame of the simulator. Therefore it
is possible that total irradiation on the object is changed as the simula-
tor altitude angle is altered. As the irradiation is normally measured by a
single pyranometer, the results could be misleading. The radiation from
the simulator also changes slightly over time due to the instability of the
discharge lamps.

6.3 The photodiode array

In order to estimate the mean irradiance on the test area and thereby com-
pensate for the spatially non-uniform irradiation from the solar simulator,
an array of six photodiodes, connected in parallel by thin copper threads,
was placed on the glazing of the collector during the measurements. The
placement of the photodiodes divides the front area of the solar collector
into smaller areas of equal size with one photodiode placed in the centre of
each area. With this arrangement, the total current from the photodiode
array should be a fairly good representation of the total irradiance on the
collector surface.

Figure 6.2 An illustration of the photodiode array placed in front of a solar col-
lector to be tested. The six photodiodes are connected in parallel and
the resulting current from the array represents the total irradiance
on the test area.
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6.4 Measurements of concentrating

collectors

In order to compare results from indoor measurements with results from
outdoor measurements that have higher credibility, the transverse incidence
angle dependence of different concentrating solar collectors was evaluated
by indoor and outdoor measurements. During the indoor measurements,
the photodiode array was placed in front of the test area in order to achieve
a mean value of the irradiance on the collector surface.

6.4.1 The roof collector of corrugated steel

Measurements

The concentrating roof-integrated solar collector, referred to as Collector
C in chapter 5, is based on copper pipe absorbers placed together with
concentrating reflectors in a roofing material of corrugated steel. The col-
lector was evaluated by indoor and outdoor measurements as described in
Sections 3.1.3 and 5.3.6.

Figure 6.3 The concentrating roof-integrated collector based on copper pipe
absorbers.

Results

The measurement results are described in Section 5.3.6 and Figure 5.24
shows the transverse incidence angle dependence where Collector C is
measured both indoors and outdoors. The graphs from indoor and out-
door measurements correspond relatively well up to 6+=50°. For incidence
angles higher than that the results are less accurate.

6.4.2 The roof MaReCo

Measurements

A prototype of a 2D concentrating collector, a roof MaReCo, which is geo-
metrically optimised for spring and autumn performance and intended
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to be placed on a 30° tilted roof, was also evaluated. The collector, which
was previously described and evaluated for thermal performance by Adsten
(2002), is shown in Figure 6.4.

The reflector geometry is a parabola combined with a circular section.
The bifacial absorber receives irradiation both on the front side and on
the back side over an acceptance interval between 0° and 60° solar altitude
angle when placed on a roof with 30° slope.

Optical axis

Reflector 30° "~

Figure 6.4 Design of MaReCo for tilted roofs (Adsten, 2002).

Indoor measurements with a Roof-MaReCo prototype were performed
as described in Section 3.1.3. The collector was mounted in front of the
solar simulator with the absorbers placed vertically on a stand that was
rotated to get varying incidence angles on the collector, as shown in Figure
6.5. During the measurements the glazing of the prototype was replaced
by a Teflon film, for which the incidence angle dependence is similar to
that of glass. The f(6) function was therefore approximated with Kp, with
bg equal to 0.08. The photodiode array was placed in front of the Teflon
film during the measurement.
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TSNS

Figure 6.5 The roof MaReCo mounted in front of the solar simulator, with the
absorbers placed vertically.

A single measurement was performed outdoors, at 6+ =30°, with similar
equipment set-up. The result from this measurement was intended to be
a normalization point for the indoor measurements.

The relation between the current from the photodiode array and the
irradiation at corresponding incidence angles during outdoor measure-
ments was calculated based on the outdoor measurements.

The results of optical efficiency for the various incidence angles gave
the incidence angle dependence in the transverse plane, K(0,0t), which
includes the influence of the Teflon cover. K(0,01) was then divided by
fL(6L), the influence of the glazing, in order to get Rt(67), the influence of
the reflector only, according to the method described in Section 2.5.3.

The optical efficiency was also calculated by multiplying the irradiation
at normal incidence by cos 6, as this could be a good approximation had
the total irradiation from the simulator been constant throughout the
measurement.

A comparison has been made with corresponding outdoor measurements
of fL(61) and K(0,071) on the roof MaReCo, which were previously per-
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formed at the Alvkarleby test facility on a larger prototype with identical
geometrical features.

Results

The transverse incidence angle dependence of the roof MaReCo is shown
in Figure 6.6. These values of optical efficiency, Rt(67), show the influ-
ence of the reflector exclusively, since the influence from the Teflon and
the glazing are deducted. For low angles of incidence, from +0° to ap-
proximately £35°- 40°, the results from the photodiode compensation
method show good agreement with outdoor measurements but for higher
angles of incidence, when the irradiance is low, the agreement is not so
good. Here, the cosine dependence shows better agreement with outdoor
measurements than the photodiode compensated data. According to these
results the cosine compensation seems to be a good method for estimation
of the irradiance but it does not take the moving light pattern, nor the
variable irradiance and the time aspect into account.

1
|l —— Qutdoor measurments no
- —=— Photo diode compensation :;
~ || --x--Cosine compensation hihe
;': Rt ST i . e 01‘7
;:.: B N o Aty DN _
E’: ././l’"/ Q,;\h\
3 0,4 ™
5 03 \Q!“ ]
E U, 90 \::'
= 0,2
Q_ 1
o 0.1
0
60 -50 -40 -30 -20 -10 0 10 20 30
Transverse incidence angle, 6 + (°)
Figure 6.6 The incidence angle dependence of the roof MaReCo from indoor and

outdoor measurements is plotted here, showing the optical efficiency
influenced only by the reflector. The interval of incidence angles cor-
responds to the interval when placed at a 30° tilted roof. Then -60°
in the figure means that the solar altitude angle is 0°, 0° is normal
incidence and 30° means 90° solar altitude (zenith).
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6.5 Conclusions

The measurement technique of using an array of photodiodes for cal-
culation of the total irradiance during indoor measurements with the
solar simulator has been shown to work well for lower incidence angles.
However, the method is in need of improvement before it can be applied
during evaluations of the entire angular spectrum.

The results of optical efficiency from outdoor and indoor measurements
show that the agreement between indoor and outdoor measurement is
good at lower incidence angles but not so good at higher incidence an-
gles. The evaluation of the roof collector of corrugated steel showed that
measurements of incidence angles up to £50° gave accurate results while
the measurements of the roof-MaReCo indicate that it is accurate only
up to £35°-40°.

Although the cosine compensation method, which showed very good
agreement from the evaluation of the roof-MaReCo, appears good, it is
not suitable for application where this solar simulator is used, as neither
the light intensity variation in time nor the moving light pattern can be
taken into consideration when it is used. In this case it is highly likely that
the good correspondence was more or less a coincidence.

An explanation for the lower correspondence when the photodiode
method is used at higher incidence angles could be that the active test
area is smaller and the power involved is lower.

Also, the number of photodiodes could be too small. A higher number
of photodiodes might give a more representative value of the total irradi-
ance on the collector surface.

If possible the photodiodes should be replaced by pyranometers, the
accuracy of which at high incidence angles is well known.

Actually, the photodiodes might not be suitable for use at high incidence
angles. There is arisk that the light might be reflected into the silica receptor
of the photodiodes from the sides and from the back of the diodes, which
is transparent glass. There is therefore a risk that the shown current might
be higher than the irradiance it should represent, which would explain
the lower optical efficiency at high incidence angles. This problem could
possibly be taken care of by painting the sides of the photodiodes black
so that no side irradiation affects the result.

The method can thus be improved in a number of respects, and there
is potential for development of a good indoor method for evaluations of
the incidence angle dependence of solar collectors.
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7/ Building integrated solar
collectors for district
heating systems

A presentation and summary of Paper VI - Design and performance of a
large solar thermal system with facade-integrated collectors in several directions,
connected to the district heating system is found in this chapter. The work was
performed in collaboration with E.ON and Grontmij (former Carl Bro),
the owners and ivolved designers of the investigated solar thermal system
and with help with climate data from Denmark Technical University. The
paper was presented at Northsun 2005 in Vilnius.

7.1 Introduction

A reliable and robust control system is crucial for the optimal function of a
solar thermal system. By connecting solar thermal collectors to the district
heating system, problems with stagnation in the collectors can easily be
avoided due to the constantly large heating demand. This chapter describes
the interesting design features of one of the largest facade-integrated solar
thermal systems in Europe, which is also connected to the local district
heating system. This system has been operated successfully and monitored
since June 2002 without stagnations problems or interruptions. The
thermal performance of the collectors and the importance of some system
features have been evaluated by studies of measured data from the system
and by parametric studies from WINSUN simulations.
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7.2  System description

7.2.1 System design

The solar thermal system works as any other conventional production
unit in the district heating system in Malmo, with the exception that the
production cannot be predicted. It is therefore very important that the
system is robust and provides a high availability, in order not to cause
disturbances like the discharge of low-temperature water into the district
heating net. The system is therefore highly automated, remote-controlled
and requires minimal maintenance.

The installation of the 1050 m? large flat plate collectors with antire-
flection treated and frosted glass was carried out as a replacement of the
old facade and they have been given an interesting design, well integrated
in the building.

Figure 7.1 The large facade-integrated collectors at Kockum Fritid in Malmg.
(Photo: Martin Raberg, Grontmij).

The five collectors are divided into three subsystems, which are integrated
in the facades in directions close to east, south and west and tilted at 90°
and 73°. The control system allows cooperation of the five collectors. The
areas, azimuth angles and tilt angles of the collectors are shown in Table
7.1. In Figure 7.2, an overview of the system design is shown.
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Table 7.1 The size and orientations of the collectors.
Direction Azimuth angle, y Collector tilt,3 | Collector area (m?)
East -98° 90° 181,6
South -8° 90° 371,2
South -8° 73° 221,6
West 82° 90° 112,4
West 82° 73° 163,4

sol, ¢ DHS, ¢

V4

Pous R

Figure 7.2 An overview of the system design.

The collectors are marked with S, W and E, for the orientations towards
south, west and east, and with the tilt angles. The temperatures from the
outlets of the collectors towards south, (T;), west (Ty,) and east (T,) are
shown in the figure as well as the hot and cold temperatures on the solar
circuit side (T h) and (Tso1 ¢) and the corresponding temperatures on the
district heating system side (Tpns 1) and (Tpps, ¢)- The expansion vessel
(Ex), the flow sensor (FS), the forward (F) and the return (R) pipes of the
district heating system, the solar circuit pump (Pso)), the pump on the
district heating side (Ppns) and the three-way valves (V1, V2, V3 and
V4) are also shown .
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7.2.2 The flows in the collector circuits

The flow in the solar circuit is divided into three main circuits, east, west
and south, and the flow rates in these circuits vary continuously. Two
PID regulators seek to modify the positions of two motorized three-port
control valves, V1 and V2, which mix the flows in a way that minimises
the temperature differences between the outflows from the three circuits.
The flows from the eastern and the western collector circuit are mixed
in V1, so that T,, and T, are balanced, by increasing the flow where the
temperature is highest. The valve V2 mixes the flow from the collectors
towards east/west with the flow from the southern collectors so that the
highest temperature of T,, and T, is balanced to T;. This strategy results in
a higher flow rate, lowered operation temperatures and thereby reduced
heat losses in the most illuminated collector.

7.2.3 Start up and shut down control of the solar
circuit

The start up and shut down of the solar circulation pump, Py, is controlled
by a timer, which starts the pump in the morning on low power for two
minutes, or as long as any of the three measured outlet temperatures, T,
T,and Ty, is higher than 40°C. A new attempt to start is made every 30
minutes. In this way, overheating and loss of available energy is avoided.
When Ty p rises above the required 67°C, the district heating pump,
Ppns, is started and the solar circuit pump activity is thereafter increased
to 100%. The bypass valve, V3, protects the heat exchanger against freez-
ing as it is kept open to the heat exchanger as long as Ty 1, is higher than
5°C. When the temperature is lower than that, V3 shuts and the liquid is
shunted outside the heat exchanger.

7.2.4 The control of the district heating circuit

In the heat exchanger, the return flow from the district heating system
is heated from approximately 45°C to the temperature required for the
outgoing flow, which is 65°C minimum. The three-way valve V4 is used
to adjust the temperature of the outgoing water. The pump in the district
heating circuit, Ppps, increases the pressure from 4 bar on the return side
to approximately 7 bar on the outgoing side. The pump is active as long as
To1, 1 18 65°C or higher. The flow sensor registers the actual flow rate in the
district heating system circuit. When Ppyy is operating the solar pump
Pyl IS Set to operation mode, i.e. 100%, providing the design flow in the
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solar circuit. If the valve V4 on the district heating side has been closed
for ten minutes, the district-heating pump is shut off and the solar circuit
pump is set to its mode of 25% rotation speed, waiting for the temperature
to rise before a start-up can be initiated once again. In the event that the
freezing alarm is activated, the three-way valve of the district heating system
circuit is opened just enough to keep the outgoing water above 15°C. By
having double control functions for the pump, on both the temperature
and the flow of the circuit, the system is made more robust.

7.2.5 Overheat protection by partial evaporation

The system is protected from overheating by control features allowing
partial evaporation of the heat transfer medium (Tyfocor). The system is
equipped with a 1000 | compressor-fed expansion vessel that is automati-
cally refilled after boiling. In case of boiling and stagnation, the pressure will
rise to a certain limit before air is let out of the expansion vessel through a
solenoid valve, maintaining this slightly higher pressure. The solar circula-
tion pump is then stopped in order to prevent as much of the liquid as
possible from boiling, which could expose the collectors to hammering as
the hot steam condenses when meeting the cold liquid. The heat transfer
medium is thereby pressed backwards into the expansion vessel. As the
weight of the expansion vessel increases over a critical level, a pressure
sensor triggers an alarm to the control centre. As the collectors are cooled
down, the pressure in the solar circuit decreases and the Tyfocor is then
pressed back into the system, due to the higher pressure in the expansion
vessel, and it condenses in the solar collector. The compressor refills the
expansion vessel with air to a certain pressure and the solar circuit is then
ready for operation again. This overheat protection system was never ac-
tivated during the first years of operation, since the system never reached
stagnation. However, the pilot plant was in stagnation several times and
the control strategy had then been proved successful.

7.2.6 The importance of location

A condition for the success of this solar thermal system is the carefully
planned location, which makes it possible to keep the heat losses from
the system very low. The solar system is situated in the outer parts of the
district heating system where only relatively low temperatures are required.
Also, itis very close to an area where the buildings were designed to main-
tain thermal comfort using the minimum temperature of 65°C from the
district heating system.
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7.3 Evaluation of the system

7.3.1 Methodology

An evaluation of the system was carried out based on studies of collected
data from the solar heating system, such as temperatures, flow rates, valve
positions, pump activity etc. during the period 2002-07-01 to 2003-06-
30. As detailed data of solar irradiation from the site were not available,
an analysis of the performance of the system based on measured data
was not possible. Instead simulations of the energy output of each of the
collectors were performed using WINSUN, a simulation program for
solar collectors, see Section 3.3.2. Climate data from Meteonorm, for a
typical year in Lund, was used. Input data of the performance parameters
of the collectors are shown in Table 7.2. These values are received from
the manufacturer who had the collectors tested by SP Technical Research
Institute of Sweden.

Table 7.2 The collector performance parameters used in WINSUN simula-
tions. ng is normally 0.83 but was considered lower due to the
frosted glazing.

Ho F’U{) F’U] b{)
(W/m?K) (W/m?K) (W/m?K?) -)
0.81 (0.83) 2.7 0.03 0.10

Monthly mean flow weighted operation temperatures in the collectors were
derived from measured data and the average operation temperature over
the year was calculated to 63°C and used in WINSUN. Simulation results
of monthly energy output from the solar collectors during an average year
and monitored monthly values of total energy output to the district heat-
ing system during the investigated period were compared. Some minor
deviations between these values were found, which could be explained by
the fact that the irradiation varies considerably from year to year (Adsten,
2002). Also, a comparison between the climate data from Meteonorm
and measured data from DTU, Copenhagen was performed in order to
verify the simulation results. As Copenhagen and Malmg are close and
the climatic conditions are similar it was assumed that these data give a
sufficiently good approximation of the Malmd conditions. The comparison
showed that there were considerable differences between the beam irradia-
tion from measured data and corresponding climate data. This, and the
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fact that the model is rather rough, explains the small difference between
simulated and measured energy output from the collectors.

7.3.2 The overall energy yield

During the investigated period from 2002-07-01 to 2003-06-30, the sys-
tem delivered 189000 kWh to the district heating system, i.e. 180 kWh/m?2
collector area, with a peak power of 0.3 MW. The COP (i.e. the thermal
energy produced per kWh electricity used for the system operation) was
24, according to measured data. The results from the simulations show an
expected energy output of 183000 kWh/a, i.e. 174 kWh/m?a, which is a
divergence of only 3% from the measured output. The results of annual

energy output are as high as can be expected from a system with collectors
in non-optimal directions.

7.3.3 The cooperation of the collectors

Figure 7.3 shows the positions of the motorized three-way valves V1 and
V2 as illustrated in Figure 7.2, which alter the flows of the main collector
sub circuits. The data is from the 20t of July 2003, a sunny clear day when
the solar pump was working at 100% speed during the whole day.
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Figure 7.3 The positions of the motorized three-way valves, V1 and V2, con-

trolling the flows of the collector circuits, measured during a clear
summer day, the 20t of July 2003.
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In Figure 7.4, the outlet temperatures T, T, and T, from the different
collectors, (from the same day) are shown as well as the temperatures at
the inlet of the heat exchanger on the solar side, Ty, and at the outlet of
the heat exchanger on the district heating side, Tps p. It also shows that
the temperatures in and out of the heat exchanger, Ty p and Tpps p, are
stable from 07:00 to 20:00. As the temperature T,  decreases below 67°
in the evening, the district heating pump is stopped and no more energy is
delivered to the district heating system. Both Figure 7.3 and 7.4 show that
the flows are well controlled and result in a constant output temperature
to the district heating system.
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Figure 7.4 The outlet temperatures from the three main collector circuits, Tg, T,

T the temperatures at the inlet to the heat exchanger on the solar
circuit side, Tg p, and the outlet from the heat exchanger, Tpys p,
in the district heating circuit. Data from 2003-07-20.

7.3.4 Parametric studies

Collector orientation

WINSUN simulation results of the monthly energy output from the five
collectors during a year are shown in Figure 7.5. The west- and south-facing
collectors tilted 73° give the highest peaks in summer, while the south-fac-
ing vertical collector gives a more balanced output over the year. The two
south-facing collectors provide some energy output during winter, when
the eastern and western collectors hardly deliver any energy at all.
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Figure 7.5 The simulated energy output for the different collectors shown as
monthly values over the year.

The monthly values of mean area weighted energy output of the system are
shown in Figure 7.6, as well as results of the energy output from a system
where the collectors are placed horizontally or towards south, tilted 40°.
The results of annual energy output are shown in Table 7.3.
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Figure 7.6 Simulation results of the mean area weighted energy output and the
theoretical output for horizontal or south-facing 40° tilted collec-
tors.
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During the winter, the mean energy output of the system is higher in
comparison to horizontally placed collectors but it does not exceed the
output from a collector directed towards south tilted 40°.

Table 7.3 The simulated annual energy output of the differently tilted
collectors and of a horizontal and south-facing collector tilted
40°.

Collector direction | East | South | South | West | West | The total| South| Hori-

and tilt 90° 90° 73° 90° | 73° | system | 40° | zontally
Annual energy
output (kWh/m?2a)

90 167 263 | 137 | 190 174 343 234

It can be concluded that the high tilt of the south-facing collectors gives
balance to the energy distribution over the year whereas the vertical east-
and west-facing collectors give less energy during the cold season. If the tilt
was 40° they would give the maximum annual output of 343 kWh/m?a,
almost twice as much as they give today.

Operation temperature

The results in Figure 7.7 show how the energy output for the different
collectors and the mean (area weighted) energy output of the whole system
would change if the mean operation temperature in the collectors were
altered. At present the average mean operation temperature is 63°C. The
collector facing south and tilted 73° gives the highest annual output, fol-
lowed by the 73 tilted collector directed towards west, which gives almost
the same results as the area weighted system average. The collector facing
east and tilted 90° is the collector with the lowest output. Had the opera-
tion temperatures instead been 40°C or 50°C, the output would have
been 60-130 kWh/m?2a higher. A 10°C increase in temperature reduces
the mean annual energy output by around 50 kwWh/mz2.
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Figure 7.7 The theoretical energy output of the different collectors for different

mean operation temperatures in the collectors and the mean values
of the system.

7.3.5 Comparison of measured and simulated data

Measured and simulated results of monthly values of energy output from
the solar collectors during an average year are compared in Figure 7.8. The
obvious differences are most significant in March and September, when
the collectors produced more heat than expected.
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Figure 7.8 Measured and simulated results of the total monthly energy output

from the solar thermal system.
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The divergence can be explained by the natural climate changes from
year to year. The solar irradiation varies considerably from year to year
and the collector output also varies accordingly by + 20% around the
average value, according to Adsten (2002). This was further investi-
gated by comparing data of global and beam irradiation measured at
Denmark Technical University, Copenhagen to corresponding climate
data from Meteonorm used in the simulations (a reference year based
on the location of Lund). The measured data of global irradiation cor-
responded well with the climate data (see Paper VI, Figure 4). However,
important differences were shown between the beam irradiation meas-
ured normal to the sun and the corresponding climate data, see Figure
7.9. The deviations are particularly large in March and September. This
variation in beam irradiation from year to year, together with the fact
that the model is rather rough, could very well explain the deviation of
energy output shown in Figure 7.8. This implies that the results showing
monthly values should be considered as an indication that these results
are of slightly lower accuracy than the results showing annual energy
output, which correspond well with measured data.
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Figure 7.9 Monthly values of beam irradiation, normal to the sun, from Co-

penhagen and the corresponding values used in the climate data in
WINSUN.
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7.4 Conclusions

A large solar thermal system for production of heat for the district heating
system was studied. The five large collectors are integrated in the facade
in different directions. Simulations were performed in order to show the
benefits of the used control strategies. The overall evaluation shows that
the advanced system design for start up, stagnation and control has resulted
in a well working solar collector system with high accessibility.

The design criteria are very different for a solar heating system with an
immense heat load compared to a solar system for single houses. Still, there
are several interesting design features in this system that are interesting to
consider also for small scale systems, e.g. robust components and good
control strategies such as partial evaporation and anti-freezing protection
of the heat exchanger.

The control of the flows through the five collectors is designed to even
out the temperature differences between the different collectors. The
analysis shows that this control strategy results in a balanced flow over
a day, with the highest flow rate in the most illuminated collectors. The
output temperature is shown to be fairly constant over the day. It is also
shown that the control feature for delivering heat to the heat exchanger
at a temperature of at least 67°, works according to the design and with
a high reliability. The temperature going into the heat exchanger and the
temperature going out to the district heating system are relatively constant
during the time heat is delivered.

The parametric studies using WINSUN show that, as expected, the
collectors tilted at 73° south give the highest energy output and that the
vertical collectors in east and west give the lowest output. The two collec-
tors tilted 73° give the highest output in summer, the two south-facing
collectors give the highest output during spring and autumn and the east
and west collectors contribute to a uniform energy distribution over the
day. If all the collectors had been mounted towards south tilted 40°, the
total energy output would have been increased by a factor of approximately
2. However, the collectors were installed as a replacement of the old fagade
and the low total material costs for facade and collectors taken together is
considered as a compensation for the lower energy output.

Detailed climate data from the location was not available, and simula-
tions in WINSUN were therefore performed to show the expected thermal
output. The simulations give a good indication of the energy output. The
accuracy of the simulation results of annual energy output is considered
fairly high while the monthly values are difficult to predict due to climate
changes from year to year, especially variations in the beam irradiation.

161



Solar thermal energy systems for building integration

This was shown by comparisons of climate data used in simulations and
data measured in Copenhagen.

This evaluation shows the importance of having access to accurate
and detailed climate data when evaluating the performance of solar
collectors. It also shows that climate data from Meteonorm can be used
for simulations of annual output when there are no measured irradia-
tion data available.
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8 Optimisation of
module geometries for
concentrating facade
Integrated collectors

This chapter presents an overview of Paper VII, Optimisation of reflector
and module geometries for static low-concentrating, facade integrated pho-
tovoltaic systems, which is published in Solar Energy Materials and Solar
Cells. The work was also presented at the ISES Solar World Congress in
Gothenburg in 2003.

8.1 Introduction

The geometrical design of a static, fagade integrated, concentrating solar
collector has been optimised for maximum annual energy output when
operated in southern Sweden. The module tilt and the geometry of the
parabolic reflector have been investigated by measurements and simula-
tions and the different geometries are compared.

The concentrating system could be used either as a photovoltaic collec-
tor, a thermal collector or a hybrid PV/thermal collector, generating both
electricity and thermal energy. This work deals only with the geometrical
design and the electricity generation from the collector as a photovoltaic
system, which should however also be representative for the thermal gen-
eration as the optimisation aims to find the highest annual irradiation on
the absorber.
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8.2 Collector design

The collector had previously been produced as a prototype of which an
illustration is shown in Figure 8.1. This system has a concentration ratio
of 2.96 and includes parabolic reflectors and photovoltaic string modules,
as well as EPS (expanded polystyrene) insulation. Due to the insulation
material attached to the back of the reflector sheet metal, the facade ele-
ment can serve as an integral part of the building envelope. The mirrors
are made of anodised sheet aluminium, which offers good mechanical
properties and has a total solar reflectance of 81% for wavelengths shorter
than 1100 nm.

Figure 8.1 Cross section of a static, two dimensional concentrating photovoltaic
system intended for fagade integration. The system includes photo-
voltaic string modules and parabolic aluminium reflectors, as well
as EPS insulation. (Brogren et al., 2003)

This system can be used either unglazed and passively cooled or with a glass
surface placed vertically in front of the whole fagade element in order to
protect and prolong the lifetime of the reflector material. As photovoltaic
modules give higher output at lower temperatures, it is beneficial to use
active cooling combined with heat generation, especially when glazing
is used.
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The reflector is shaped as a parabola (see Figure 2.9) with its optical axis
tilted at an angle v to the horizontal, as shown in Figure 8.2. As also
shown in Figure 2.9, all irradiation incoming parallel to the optical axis
or from higher solar altitude angles will fall between the focal point, F,
and the reflector, and it is therefore suitable to place an absorber here. The
letter h denotes the height of the glazing and a the width of the module
plane, which can be tilted back and forth around the focal point. In the
figure, ¢ is the angle between the vertical glazing and the optical axis of
the reflector. The solar altitude angle projected in the north-south plane
is denoted by ang and the angle between the horizontal and the module
plane is denoted . The geometrical concentration ratio, C, of the system
is given by Equation 40.

Reflector

/

Optical axis Module
¢ 0
Horizontal Y s
F
\p\/
Figure 8.2 Illustration of the geometry of the reflector and the module plane of

the collector.

Similar asymmetric concentrating collector systems for facade integration
have been evaluated by measurements (Mallik et al., 2004; Mallik et al.
2006; Zacharopoulos et al. 2000) and found to increase the performance
by 62% for a geometrical concentration ratio of 2.0.
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8.3 Measurements and calculations of

optical efficiency

In order that measurements may be performed for several different sys-
tem geometries, a prototype with a parabolic reflector and an adjustable
absorber plane was designed, see Figure 8.3. The module plane of this
prototype can be tilted, as can the entire prototype. This means that the
system can be evaluated for different values of angle B and for different
transverse incidence angles, but the angle v is constant at 25°.

Measurements of the short circuit current Igc from a photovoltaic thin
film CIGS (Copper Indium Gallium Diselenide) module that was placed
on the module plane were performed for different geometries. The meas-
urements were carried out indoors using the solar simulator described in
Section 3.2.1. As the absorber plane was tilted the active absorber width,
a, was altered. The thin film cell was shaded with aluminium foil to obtain
the correct module area to be exposed for each value of the angle B, see
illustration to the right in Figure 8.3. The short circuit current of the cells
represents the irradiance, I, and is proportional to the module area. The
CIGS cells are suitable for this purpose as the vertical cells are all aligned
in one row and can be partly shielded perpendicular to the length of the
cells without interrupting the current.

' Parabolic
t reflector

\Adjustable

plane

Figure 8.3 To the left, the prototype with adjustable absorber plane. To the
right, an illustration of a photovoltaic thin-film cell shielded with
aluminium foil to achieve the right area.
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The entire prototype was tilted so that measurements could be performed
for different transverse incidence angles. Two basic geometries, Geometry
A and Geometry B, were analysed in detail. In both geometries, the angle
v, 15 25° and the distance p is 158 mm. For Geometry A, the module tilt
angle, B, is 20°, which results in a geometrical concentration ratio C of
2.96. For Geometry B, B is -15° and C is 3.44. Because of the difference
in absorber tilt angles, the absorber width a is slightly higher for geometry
A than for Geometry B. The positive module tilt gives the system a better
performance at low solar altitudes angles, as direct irradiation can fall on
the absorber. The negative module tilt of Geometry B was chosen because
it gives the system a higher geometrical concentration ratio and thereby
possibly a cheaper absorber.

Geometry A
Geometry B

Diieg) Vg,
s s
B=20°7 vV p=-15°

Figure 8.4 Geometries A and B. For Geometry A, the angle B is -20° and in
Geometry B, B is -15°. In both geometries the angle v is 25°.

Measurements were also performed on the CIGS modules when mounted
vertically on the wall, shielded to the corresponding sizes, as references. The
results of short circuit current per cell area for Geometry A, B and for the
vertical reference cell are presented in Paper VI, Figure 12 and 13.

The optical efficiency for beam irradiation for each angle was then
calculated by Equation 55 for every tenth south-projected incidence angle
between 0° and 70°, giving the transverse incidence angle dependence.

Nop = I'sc (conc.) Eq. (55)
C - Tsc (ref)
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The accuracy of the measured optical efficiency for higher transverse in-
cidence angles was considered too low, due to the limitations of the solar
simulator (see Chapter 6). Therefore the optical efficiency for angles higher
than 40° was also calculated according to Equation 56. This is referred to
as the calculated optical efficiency and is also denoted Rt(67). The calcula-
tion for angles lower than v is shown in Equation 57. A constant k=0.69
that represents the effective reflectance was introduced in Equation 56 to
get a good fit to the results of optical efficiency. The relatively low value
of the effective reflectance, k, is explained by multiple reflections, optical
imperfections and resistive losses in the photovoltaic cell. The calculation
results are shown in Figure 8.5.

R, (@ )_k-(h~cos(9T)—a-cos(90°—B—GT))+a-cos(90°—[3—eT)_
T h-cos@+) a
1 c0s00°~p -07) Or>v Eq. (56)

:kJr(l_k)E cos®+)

_1 cos(90°~p ~6r) 0r<v Eq. (57
RT(eT)_C cos(®7 ) T<v Eq.657)
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Transverse incidence anlge, 01 (°)

Optical efficieny, ng, (-)

Figure 8.5 The calculated optical efficiency R+(6) for the two system geometries.
The values are significantly higher for incidence angles greater than
the angle of the optical axis (25°) as this means that the irradiation
is concentrated.
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Figure 8.6 shows the resulting incidence angle dependencies in the trans-
verse plane for Geometry A and B, based on measurements up to 40° and
on calculations for higher angles.
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Figure 8.6 The model of optical efficiency according to measured values for 61

<40° and calculated values for 61 >40°.

For angles O below v, the concentrator is not used and no light is reflected,
yet some irradiation reaches the module directly, more so for Geometry A
than for Geometry B. For 61 over 70°, all irradiation reaches the module
directly without reflections, which means that the optical efficiency is equal
to 1. The measured values of lower incidence angles correspond well to
the calculated values.

8.4 Analysis of long term outdoor

measurements

A long term outdoor evaluation of the prototype of Geometry A had
previously been carried out at the Alvkarleby test facility. The results, thus
including both diffuse and direct irradiation, show that l(conc.) is a factor
of 2.0 higher than Iyt (see Paper VII, Figure 17). This means that the
geometrical concentration factor of 2.96 in combination with the optical
losses results in a real concentration factor of approximately 0.7, which is
similar to the results achieved by (Mallik et al., 2004; Mallik et al. 2006;
Zacharopoulos et al. 2000).
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An analysis of the measured optical efficiency for beam irradiation
Nop(67) was also performed, which showed a relatively good overall agree-
ment with the results in Figure 8.6 (see Paper VI, Figure 18). For 61 =
40°, the outdoor measurements show a mgp value of 0.60-0.72, while the
estimated value is 0.78. The influence of the diffuse irradiation scattering
and of the aged and dirty reflectors explains this difference.

8.5 Simulations of annual energy vyield

Simulations of the annual energy output from different system geometries
were performed using the MINSUN simulation program. Glazing in front
of the collector was considered in these simulations. The results of optical
efficiency for beam irradiation for different transverse incidence angles
were used as input to the program, which calculates the incidence angle
dependence as a product of the optical efficiency in the transverse plane
and the influence given for the longitudinal plane, basically the incidence
angle dependence of the glazing. In the calculations, bg was set to 0.25.
Read more about MINSUN in Section 3.3.1.

The MINSUN results gave the annual irradiation on a south facing
vertical surface, with the optical losses of the concentrating system de-
ducted. The annual irradiation on the absorber plane of the collector is
then calculated by multiplication by the concentration ratio, C. Thereafter,
the annually produced electricity yield is calculated by multiplying the
result by the efficiency of the photovoltaic module. In the calculations,
the efficiency of the photovoltaic module was set to 13%, a common value
for thin film photovoltaic cells (Shell Solar, 2003).

Simulations of altered system geometries were also performed. The
parabolic curves of the reflector were rotated in the simulations so that
the performance of geometries with differently tilted optical axes (varied
angle v) could be calculated. This was accomplished by shifting the input
data of optical efficiency in the north-south plane to the left or right on
the input row, for tilting the optical axis forwards or backwards. As the
program will consider the whole system as tilted, the angle 8 will be al-
tered but the angle between the module plane and the optical axis remains
unchanged. Anillustration of how the geometries were altered is shown in
Figure 8.7. The figure shows that the concentration ratio will increase as
the angle v increases and vice versa, because the height, h, relative to the
module width, a, is increased. As the whole systems are tilted, the module
tilt angles {3 are also altered.
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=15° V=25° v=35°
c<C, C, C>Co
Figure 8.7 The geometries that result from tilting the entire system forwards

and backwards, adjusting the reflector length to the truncation of
the glazing. The geometry in the middle is the original system design
of Geometry A.

8.6  MINSUN results and annual electricity

production

The results of the simulated annual electricity production for different
geometries of the concentrating system, based on Geometry A and B, are
shown in Figure 8.8. The electricity yield per cell area and per glazed area
are shown in the figure for varying tilt angles of the optical axis, v. The
horizontal lines show the calculated yield per cell area from the vertical
flat reference module and also for a reference module that is shaded up to
12°, as this is a probable situation for vertically placed photovoltaic cells.
The concentrator module is insensitive to shadowing up to the incidence
angle equal to the optical axis.

171



Solar thermal energy systems for building integration

130 | | | | | | | 70
120 H | | | | | | -
o 110 160 8
5% wof o
3 wy +%0 8E
= . S <
>3 W e 14 23
TR (VS Y St >
58 60 by o 5 8
8= Shaded reference 130 2%
T 5 50 | g =
) cell o T
s g 40 ! ! ! ! ! ! 1920 = =
3 30 —e— A - electricity per absorber area | = o
.. >
< © 20 —o- -B - electricity per absorber area 2
—a—A - electricity per glazed area || 10 ¢
10— e B - electricity per glazed area <
0 L L L L L L L L L L o

55 50 45 40 35 30 25 20 15 10 5 O -5
Tilt of the optical axis, v (°)

Figure 8.8 The results of energy yield, shown per absorber area and per vertical
glazed area, for different geometries of the concentrating system.

The annual electricity yield per absorber area increases with higher values
of angle v (as the concentration ratio C increases) until the tilt of the
optical axis is so high that the system does not accept a large share of the
irradiation. For v angles higher than 45° the annual yield is decreased. The
annual yield per glazed area decreases with increasing values of angle v.
It can also be seen that the graphs for Geometry A and B are similar but
slightly displaced from one another and that Geometry B gives a slightly
higher yield per absorber area, compared to Geometry A, at values of v up
to 45°, due to the higher concentration ratio. Geometry A, on the other
hand, gives a higher yield per glazed area, which is explained both by the
lower concentration ratio and the lower reflection losses.

The highest annual energy yield per cell area is 120 kWh/mZa, achieved
by Geometry B at v = 35°, when the concentration ratio, C, is 4.65. The
simulations show that the reference cell would give 70 kWh/m?2a and, if
shaded for 61 from 0° to 12°, 60 kWh/m?2a. The calculated electricity
production for this concentrating system is thus 72% higher than that of
the unshaded vertical reference module, and 100% higher than a shaded
module. In this geometry, the module is tilted slightly backwards (f=-25°),
which implies a lower energy generation for low solar altitudes.

However, at v=35°, Geometry A gives almost as high a yield, 118
kWh/m?2a, with C=4.00 (and $=10°).

The measured systems, where v =25°, show slightly lower values of the
estimated annual yield, 112 and 118 kWh/m?2a for Geometry A and B re-
spectively, thus 60% and 68% higher than the unshaded reference cell.
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As long as the angle v is between 25° and 45° the annual yield is not
lower than 93% of the maximum yield.

However, a higher inclination of the optical axis means that the ac-
ceptance of irradiation from low solar altitude angles is more limited.
This results in a higher summertime production at the expense of a lower
wintertime production. This effect can be observed in Figure 8.9, which
shows the annual distribution of the electricity yield per module area for
different values of angle v (0°, 25° and 45°) of the Geometry A system
and for the vertical reference cell. A low absorber tilt angle, 3, also limits
the production in winter.
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Figure 8.9 Annual distribution of the electricity yield per module area for dif-

ferent system geometries and for the vertical reference cell. The higher
the tilt angle of the optical axis, v, the higher the summer production
and the lower the winter production.

8.7 Conclusions

The aim of this investigation was to find the system geometry that would
give the highest energy yield per module area. The simulations showed that
the difference in annual yield between the two basic geometries A and B
(where the difference is the module tilt angle, B) is fairly small. What is
more important is to find the right tilt angle of the optical axis. The choice
of the absorber tilt angle is more a matter of fine adjustment.
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The presented results suggest that the most efficient system, on an
annual basis, should have a tilt angle v, of 35°. However as long as the
inclination is between 25° and 45° the annual yield is not lower than
93% of the maximum yield. At v = 35° the energy yield of Geometry B
is 120 kWh/m?a, i.e. slightly higher than that of Geometry A, which is
118 kWh/m?Za. As Geometry B has a slightly higher concentration ratio
there is a chance that it could be cheaper to produce, although this must
be further investigated before a conclusion can be made.

The results show that the annual energy yield per module area will
increase with a higher tilted optical axis, up to where the tilt of the optical
axis, v, is 35° and 45° respectively for Geometry A and B. The backwards-
tilted parabolic reflector has a larger vertical area compared to the module
area and thus a higher geometrical concentration ratio. This means that the
cost effectiveness of the whole concentrating system also may be improved
by increasing the tilt of the optical axis.

However, a highly tilted optical axis gives a high energy generation in
summer at the expense of a lower generation in winter, and vice versa.
Which design is the more suitable, must therefore be estimated from
considerations of the patterns of energy demand. Of course, if the sys-
tem is grid connected, the immense energy demand makes this aspect
unimportant, and the inclination of the optical axis should then be 35°.
Otherwise it would be reasonable to suggest a system where the inclina-
tion of the optical axis is between 25° and 35° and the absorber tilt angle
is positive, to give a fairly well balanced energy output over the year. The
original design, Geometry A, is therefore considered a good design for
southern Sweden.

Another aspect is the cost of the facade. The building element consists
of glazing, insulation wires etc. and the cost of these materials, as well
as the modules, should preferably be covered by the energy savings per
glazed area of the building element, or at least be kept at a reasonable level.
However, since it is not uncommon that a large amount of money is spent
on facade material, this design may be a very price worthy solution. Also,
the collector could very well give an aesthetically appealing facade.

The anodised aluminium offers good solar reflectance but there are also
other reflector materials available, which give considerably higher solar re-
flectance. For example, Miro sheets from Alanod have a solar reflectance of
90% at normal incidence (Brogren et al., 2000). By using these materials
the system performance could be increased by almost 10 %, although at
a higher cost.

In a line-focusing concentrating system, such as the parabolic reflec-
tor system optimised in this work, the concentration of solar radiation
may result in high cell temperatures, which will decrease the efficiency
of the system. One way of eliminating, or at least significantly reducing ,
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this problem is to cool the photovoltaic modules. There are several cooling
methods available, but work by Edenburn (1980) and by Ronnelid et al.
(1999) indicates that active water cooling is the most cost effective method
for low-concentrating line-focusing systems. In addition to increasing the
electric power by reducing the cell temperature, if operated at medium
temperatures (about 30-55°C depending on cell type), active water cool-
ing makes it possible to utilize the warm water produced for heating or
pre-heating of domestic hot water or space heating. If a hybrid absorber is
considered, the demand of thermal energy and the pattern of the heating
demand should preferably also be considered in the geometrical design of
the collector.

Further research on the costs of the materials and the production of
the collector is required before a final statement can be made about which
geometry and materials to choose in order to minimize the energy costs.

It can be concluded that the use of photovoltaic modules and parabolic
aluminium reflectors in static, low-concentrating systems designed for
building integration has a potential to significantly increase the annual
electricity production per cell area, compared to planar vertical modules
of the same type. Given the low cost of the highly reflective anodised alu-
minium mirrors and the insulation material in combination with a simple
manufacturing process, the kinds of systems evaluated in this work have
a potential to reduce the cost of solar energy.
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9 Summary and discussion

The objective of this work has been to find good design solutions for cost
effective solar thermal collectors and solar thermal systems. The focus con-
cerning the collectors has been set on concentrating, building integrated
collector designs, as these are features that give potential for cost effective
products. Collector designs for facade integration and roof integration are
investigated. The work on solar thermal systems is intended to highlight
important aspects of system design and also to show examples of how to in-
tegrate collectors into buildings, depending on different circumstances.

9.1 Collector designs

The collector designs discussed in this work are concentrating designs
intended for integration into building elements. The ideas for this type of
concentrating collectors are not entirely new, but they have been modified
for different applications.

9.1.1 Roof integrated designs

The evaluated collector designs intended for integration in non-insulated
roofs are interesting as they are rather thin, they only use little insulation
material, and the use of commonly used corrugated steel for the collector
box should make the production cheap and easy. It should therefore be
easy to integrate the collectors as roofing material that could be produced
in optional lengths and the assembly and the installation should be eas-
ily performed. The results of the evaluation showed that the maximum
annual energy output per glazed collector area would be 320 kWh/m?,
330 kwh/m?2 and 280 kWh/m?, for the evaluated Collectors A, B and C
respectively, in Stockholm climate, at an operating temperature of 50°C
and with 45° tilt angle. These results are slightly lower than desired. Col-
lector B, with the narrow strip absorber and circular reflector, is considered
the most promising design, as it shows the lowest heat loss coefficient and
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only requires little absorber material in comparison to the flat reference
collector, Collector A. Although the concentrating Collector C, with the
tubular absorber, would most likely be the cheapest to produce it also in-
volves rather high heat losses. Before any of these collectors are produced
on a larger scale it is desirable to further reduce the heat losses.

A suggestion for further development is to decrease the acceptance
angle of the reflectors of Collector B to enhance the concentration on
the absorber. As the collectors are designed today they can be mounted
with the absorbers either in the north-south or the east-west direction. If
Collector B is mounted with the absorbers in the north-south direction
it is important to keep the acceptance interval at 80° at the least, in order
to have the collector operating at least 5 hours in the middle of the day
in summer.

After the experimental tests with these collectors were finished, a similar
concentrating collector, well suited for integration in non-insulated roofs,
with higher concentration ratio, has been developed by a private investor
(Solarus, 2008) and is now available on he market.

9.1.2 Facade integrated designs

The geometry of a concentrating fagade integrated PV/thermal hybrid
collector for higher latitudes, e.g. southern Sweden, has been optimised
for maximal annual energy generation. The collector has enough back
insulation to allow it to be part of a facade element and it is flexible for
production in variable lengths.

If the inclination of the optical axis of the parabolic reflector is increased,
it gives a higher concentration ratio, meaning a lower requirement of mod-
ule area per facade area. The results from measurements and simulations
show that best results are achieved for geometries where the inclination of
the optical axis is between 25° and 45°. In this range of angles the results
do not depend so much on the tilt angle of the module plane. The maxi-
mum annual electricity production for a photovoltaic cell in the evaluated
concentrating systems was found to be 120 kWh/m2 per module area, 72%
higher than that of the unshaded vertical reference module. This result
was obtained for a system with a tilt of the optical axis, v, of 35°, and
with the concentration ratio, C = 4.65. With this geometry the module
plane is tilted backwards, § = -25°, which means that no direct irradia-
tion can fall on the module without reflection on the reflector, implying
lower energy generation for low solar altitudes. A high tilt of the optical
axis gives a high energy generation in summer at the expense of a lower
generation in winter. Which design is the more suitable, must therefore
be estimated from considerations of the patterns of energy demand. As it
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is often is desired to achieve a more evenly distributed solar energy yield
over the year the previously designed prototype with v =25°, = 20° and
C=2.96 also seems a promising design, which also gives relatively high
total annual output.

For photovoltaic cells accepting concentrated light, cooling is very
important in order not to reduce the efficiency. There are even risks of
damaging the cells at too high concentration on the cells. Therefore, if
photovoltaic cells are to be applied in this system, a promising design
feature is to use a combined solution for cooling of the photovoltaic cells
and thermal energy generation.

It could also be considered to produce this collector design with only
thermal absorbers, as the optimisation is just about finding the design that
accepts the most irradiation.

9.1.3 Future development

For both the roof integrated and the facade integrated collector designs it
would be of interest to further investigate the production costs.

Another interesting idea for further work is to design and investigate
the performance of a concentrating collector based on an evacuated tube
collector with reflectors for higher irradiance. It could be either for roof
or facade integration. Evacuated tube collectors are well suited for high
temperatures as the heat losses are so low.

9.2 Solar thermal system designs

There is a great variation in design of the solar thermal systems used today
and it is difficult to find direct answers to how to best design a solar ther-
mal system, as every system is unique and as the energy demand depends
on the users and their habits. However, the importance of knowing the
energy demand and its distribution over the year, before designing a solar
thermal system, should be stressed.

As solar thermal energy is only complementary to other energy sources
it is also important to find the best auxiliary energy source for the system,
or a system design that is suitable for combining solar thermal energy with
the chosen auxiliary energy source. In the same way as e.g. heat pumps,
solar collectors are preferably operated at low temperatures, which can
cause a difficulty in priority between the two components. Often it is more
suitable to combine solar collectors with a pellet boiler which is operated
at high temperatures, and it is also beneficial to be able to shut off the
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boiler during summer. However, it also depends much on the design and
the temperature requirements of the heating system in the building.

Solar thermal system designs have been discussed in this work with the
focus on different aspects. In Chapter 4 solar systems are investigated with
the focus on houses with low energy demand and in Chapter 7 several
features of solar systems are investigated in the analysis of a grid connected
solar thermal system with fagade integrated collectors.

9.2.1 Solar systems for houses with low energy
demand

The work performed for the International Energy Agency, Task 28
— Sustainable solar housing shows different solutions of how to reduce
the emissions of greenhouse gases and the use of non-renewable energy
in buildings.

It is discussed that from an economical point of view it is not always
evident to design a high performance house with a hot water radiant
heating system, as it could be sufficient to heat the house with low power
heat in the supply air. This is demonstrated in Solution 1a, an extremely
well insulated building that only requires very low power for space heat-
ing, which is why there is no water based heating system, just an electric
resistance heater in the ventilation system. In order to reach the target of
non-renewable energy use of maximum 60 kWh per living area and year,
solar energy is used for heating domestic hot water, replacing electric
resistance heating.

For a building with slightly lower insulation standards, as in Solution
2, the higher space heating demand means that higher power is required.
Therefore it is suitable to use a water based heating system that can give
higher power to the building. Only renewable energy is used, bio pellets
and solar energy, in a solar combi system, i.e. a water based heating system
where solar energy can contribute to the heating of both domestic hot water
and space heating. This solution is by far the best from an environmental
point of view, as the resulting green house gas emissions are less than half
the emissions of Solution 1a. This shows the importance of using renewable
energy even where the building envelope is very well insulated.

The break point where the space heating demands are so low that a water
based heating system is not economically justified must be defined in each
case separately as the cost of a heating system and the solar collector gains
depends on the building design and the users’ habits of energy use.

Evacuated tube collectors are suitable for use on these buildings with
their shortened heating season, as they use low irradiation very well.
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Another aspect of combi systems is that the use of a common stor-
age tank for space heating and hot water heating may be beneficial to
the system efficiency as the heat withdrawal from the tank due to space
heating demands can lower the tank temperature and increase the solar
collector efficiency.

9.2.2 Solar system design features

The solar thermal systems for low energy houses were designed to almost
cover the summer energy demand. This strategy was chosen so as not to
overdimension the system and risk overheating, although there are means
to deal with this issue today, such as the use of partial evaporation of the
collectors. This strategy was applied for both solar domestic hot water
systems and solar combi systems, as the benefits from designing larger solar
combi systems for high performance houses are few. Most of the presented
results for solar thermal systems in high performance houses are applicable
also for standard houses, particularly for solar domestic hot water systems.
For combi systems in standard houses it can be interesting to design the
collector slightly larger if good overheating protection is applied.

One of the parametric studies shows how much the collector area needs
to be increased when the tilt angles are higher or lower than the optimal
angle for summer production, and shows the solar fraction to be expected
for different tilt angles.

It is also shown that the volume of the storage tank has a fairly low
influence on the energy output, although a minimum volume is crucial
and too large a tank gives unwanted heat losses.

According to simulation results an external heat exchanger with a strati-
fying unit is a more profitable design compared to internal heat exchangers.
For internal heat exchangers a higher flow rate gives higher output while
a lower flow is more beneficial when an external heat exchanger is used,
as the tank water can be kept well stratified.

9.2.3 Beneficial circumstances for investments

A good advice concerning investments in solar thermal systems is to install
them when other investments are required, such as a new hot water tank,
a new boiler or new roof or fagade material, so that good planning and
lower costs can be achieved.

The solar thermal system described in Chapter 7, which is delivering
heat to the forward side of the district heating system in Malmg, has been
installed as a replacement of the old fagade. This is why the five large col-
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lectors are integrated in different directions in the facade. The flow through
the different collectors are controlled by an advanced control system.

As the system in question is connected to the district heating system,
the temperatures are important. The temperature delivered to the forward
side must be high enough to give thermal comfort in the buildings, yet
low enough not to cause to high thermal losses. Because of this, one of
the most important issues is the location of the system. This system is
placed in the outer parts of the district heating grid, which means that the
temperature requirements are not as high as for some of the other produc-
tion plants in the district heating system. The minimum temperature for
delivery to the grid is 70° and the buildings in this particular area were
actually designed to maintain thermal comfort with only 65°. This is
another beneficial circumstance, as it facilitates the delivery of heat with
only low heat losses.

For locations in the city where land is expensive, integration into the
facades is an interesting feature from an economic point of view.

9.2.4 Important design features of automated
systems

An important feature of the above mentioned system (discussed in Chapter
7) is the highly automated and robust control system which makes the
system as reliable as it has proved to be. One very important aspect is the
overheating protection. In case of overheating, the collectors are automati-
cally evacuated, by partial evaporation, a practice which is increasingly
common today. Nevertheless it is important to point out the importance
of this feature.

Other features are the many control strategies to stop the delivery of
energy to the grid when temperatures are too low or the alarm transmitted
when the system is short of electricity.

9.3 Future outlook

The world may soon be facing an environmental disaster if we do not take
action now to mitigate the climate changes. Solar energy is one part of the
solution that must be found. With solar thermal energy there is potential
for significant reductions of green house gas emissions and therefore we
need to use it much more than today.

It is hoped that the presented results and observations concerning design
features of solar collectors and solar thermal systems can provide inspira-
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Summary and discussion

tion for product developers, architects, constructors, building owners or
anyone interested in these matters.

It would be beneficial to the building industry if more prefabricated
building integrated solar collectors were available on the market, as they
give potential for cost reductions in terms of saved time and material and
bought energy. The use of building integrated collectors can also give a
building an interesting and aesthetically appealing facade.

Itis important that the issue of energy use is put on the top of the agenda
when planning for new buildings, in order to enable the implementation
of cost effective solutions that can reduce energy use. Today this issue is
often brought up too late in the construction process, leading to an exces-
sive use of energy in the final construction.

We should use solar energy in the best possible way. This means taking
into account all technical facts and other important information, such as
user behaviour, available energy systems and location, that can improve
the function and cost effectiveness of solar energy systems.
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Appendix A

Equations of the involute and the semi
parabola

A.l  Derivation of involute equations

The equations 41 and 42 for the involute presented in Section 2.5.2 are
derived from the figure shown below.

X =rsinc —ro C0SG Eq. (41)

y =-IC0Sc —Ic sinc Eq. (42)

-rc cosc
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A.ll  Equations of the semi parabola

These are the equations that were used for the semi parabola shown in

Figure 2.14. This geometry was also used in the design of the Collector
C in Chapter 5.

6 +0,,, +n/2—-cos(c —0,,,)
1+sin(c —0,47)

X=r-SinG —r -COSG -

Eq. (42)

c+0,,+n/2—-cos(c -6,,,)

y =—r-COSC —r-SIncC - -
1+sin(c -0,,,)

Eq. (43)
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Appendix B

Design parameters used in the work for |EA,
Task 28 — Sustainable solar housing

B.I  Design parameters used in DEROB-LTH
simulations

B.lI Solution l1a

These following assumptions and parameters were applied in the simula-
tions of a high performance building that is presented in Solution 1a in
Section 4.3.3.This information can also be found in (Smeds & Gajbert,
2007).

193



Solar thermal energy systems for building integration

Table B.1 Design parameters of the building envelope construction in
Solution 1a: Conservation strategy. Space heating with electric
resistance in the supply air and solar heating of the DHW.

. . L Resistance Resistance
Material Thickness | Conductivity | Percent Studs Studs without Rsi, Rse | with Rsi, Rse U-value
m A (W/mK) % |a(WmK)[ % (mK/W) (mKW) [(W/im°K)
wall exterior surface 0.04
wooden panel 0.045 100%
air gap 0.025 100%
mineral wool hd 0.050 0.030 100% 1.67
mineral wool 0.250 0.036 85% 0.14] 15% 4.84
plastic foil 100%
mineral wool 0.050 0.036 85% 0.14]  15% 0.97
plaster board 0.013 0.220 100% 0.06
interior surface 0.13
0.433 7.54 7.71 0.130
roof exterior surface 0.04
roof felt 0.003 100%
mineral wool hd 0.050 0.030 100% 1.67
mineral wool 0.350 0.036 100% 9.72
plastic foil 100%
concrete 0.15 1.700 100% 0.09
interior surface 0.10
0.553 11.48 11.62 0.086
floor exterior surface
mineral wool 0.300 0.036 100% 8.33
concrete 0.150 1.700 100% 0.09
interior surface 0.17
0.450 8.42 8.59) 0.116
window emissivity
pane 0.004|low emissivity 5%]|reversed
gas 0.012]krypton
pane 0.004{clear 83.70%
gas 0.012]krypton
pane 0.004low emissivity| 83.70%
0.036 0.800
frame 0.093]wood 0.14 0.66 0.83 1.20

The U-value of the whole building envelope is 0.21 W/m?2K.

B.LII

Solution 1b

These following assumptions and parameters were applied in the simula-
tions of a high performance building that is presented in Solution 1b, which
is briefly discussed for comparison of the other solutions in Sections 4.3.6
and 4.4. This information can also be found in (Smeds, 2007).
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Table B.2 Design parameters of the building envelope construction in
Solution 1b: Energy conservation with district heating for space
heating and heating of DHW.
Material Thickness | Conductivity | Percent Studs Studs | . Re5|stan‘ce BeS|sts}nce U-value
without Rsi, Rse| with Rsi, Rse
m A (W/mK) % A(W/mK)| % (mK/IW) (M K/W) |(W/mK)
wall exterior surface 0.04
wooden panel 0.045 100%
air gap 0.025 100%
mineral wool hd 0.030 0.030 100% 1.00
mineral wool 0.100 0.036 85% 0.14] 15% 1.94
plastic foil 100%
mineral wool 0.050 0.036 85% 0.14| 15% 0.97
plaster board 0.013 0.220 100% 0.06
interior surface 0.13
0.263 3.97 4.14) 0.242
roof exterior surface 0.04
roof felt 0.003 100%
mineral wool hd 0.030 0.030 100% 1.00
mineral wool 0.100 0.036 100% 2.78
plastic foil 100%
concrete 0.15 1.700 100% 0.09
interior surface 0.10
0.283 3.87 4.01 0.250
floor __|exterior surface
mineral wool 0.110 0.036 100% 3.06
concrete 0.150 1.700 100% 0.09
interior surface 0.17
0.260 3.14 3.31 0.302
window emissivity
pane 0.004low emissivity 5% reversed
gas 0.012]krypton
pane 0.004|clear 83.70%
gas 0.012|krypton
pane 0.004|clear 83.70%
0.036 0.800
frame 0.093|wood 0.14 0.66 0.83 1.20

The U-value of the whole building envelope is 0.34 W/m?2K.

B.1.1I

2007).

Solution 2

These following assumptions and parameters were applied in the simula-
tions of a high performance building that is presented in Solution 2 in
Section 4.3.4. This information is also presented in (Gajbert & Smeds,
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Table B.3 Design parameters of the building in Solution 2.
. . - Resistance Resistance
Material Thickness [ Conductivity | Percent Studs Studs without Rsi, Rse with Rsi, Rse U-value
(m) A (W/mK) (%) A (W/mK) | (%) (m°K/W) (MK/W)  [(WImK)
wall exterior surface 0.04
wooden panel 0.045 100%
air gap 0.025 100%
mineral wool hd 0.030 0.030 100% 1.00
mineral wool 0.100 0.036 85% 0.14f 15% 1.94
plastic foil 100%
mineral wool 0.030 0.036 85% 0.14f 15% 0.58
plaster board 0.013 0.220 100% 0.06
interior surface 0.13
0.243 3.58 3.75 0.267
roof __|exterior surface 0.04
roof felt 0.003 100%
mineral wool hd 0.015 0.030 100% 0.50
mineral wool 0.100 0.036 100% 2.78
plastic foil 100%
concrete 0.15 1.700 100% 0.09
interior surface 0.10
0.268 3.37 3.51 0.285
floor _[exterior surface
mineral wool 0.110 0.036 100% 3.06
concrete 0.150 1.700 100% 0.09
interior surface 0.17
0.260 3.14 3.31 0.302
window| emissivity
pane 0.004|clear 83.70%
gas 0.015)air
pane 0.004|low emissivity 4%
0.023 1.400
frame 0.093|wood | | 0.14 0.66 0.83 1.20

The U-value of the whole building envelope is 0.41 W/m?2K.

B.LLIV  The reference apartement building for the cold
climate

The following parameters were used for the energy balance calculations
of the apartment reference building for the cold climate. The calculations
were performed according to EN 832. The values are based on national
building codes in countries in colder regions such as e.g. Scandinavia.
These values have been somewhat modified (lower u-values etc.) since
the standard in Sweden includes heat recovery. Read more about this in
the handbook.
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Table B.4 Parameters used for the reference building.
Ventilation (ach) 0.4
Infiltration (ach) 0.2
Heat recovery (%) 0.0
U-value wall (W/m?2K) 0.20
U-value window (W/m?2K) 1.81
U-value roof (W/m?2K) 0.19
U-value floor (W/m?2K) 0.20
U-value building (W/m?2K) 0.29
B.Il  Design parameters used in Polysun

simulations

These parameters were used for the POLYSUN simulations of the solar
systems designed for the work within IEA, Task 28, which is presented in
Section 4.3. This information is also found in Gajbert& Smeds, (2007)

and Smeds and Gajbert(2007).

Table B.5 Parameters used in Polysun simulations.
Parameter Value
The Pipes of the solar circuit
Pipe material copper
Dinside 16 mm
Doutside 18 mm
Length indoors 24 m
Length outdoors 6m
Thermal conductivity, A, of pipe 0,040 W/mK
Thermal insulation thickness 25 mm
Collector circuit
Pump power 210 W
Collector circuit flow 5251/h
Specific throughput 7 I/h,m?

Heat transfer medium
Power output to heat transfer medium

water (50%), glycol (50%)
60%

Heat exchanger in solar circuit

Heat transfer rate k - A for heat exchanger | 5000 W/K
Tank

Volume 4ms3
Height 4m
Temperature in the tank room 15°C
Thermal insulation of the tank 150 mm
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B.III  Primary energy and CO» conversion

factors

The factors for calculation of primary energy use and emissions of CO
equivalent that are used for the simulation work within IEA, Task 28 are
presented in Table B.6. The factors are based on the GEMIS tool (GEMIS,
2004). This work was presented by (Petersdorf & Primas, 2007).

Table B.6 Primary energy and CO» conversion factors.

Primary Energy and CO, conversion factors PEF COseq
(KWhpe/kWheng) (9/kWh)
Oil-lite 1.13 311
Natural gas 1.14 247
Hard coal 1.08 439
Lignite 121 452
Wood logs 0.01 6
Wood chips 0.06 35
Wood pellets 0.14 43
EU-17 Electricity, grid 2.35 430
District heating CHP-coal cond. 70%, oil 30% 0.77 241
District heating CHP-coal cond. 35%, oil 65% 1.12 323
District heating heating plant; oil 100% 1.48 406
LDH CHP-coal cond. 35%, oil 65% 1.10 127
LDH Heating plant, oil 100% 147 323
Local solar 0.00 0
Solar heat (flat) central 0.16 51
PV (multi) 0.40 130
Wind electricity 0.04 20
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2.5 Using active solar energy

Helena Gajbert

DESIGN ADVICE

The amount of energy to heat domestic hot water is a large fraction of the total energy needed in
high-performance housing, and an active solar system can easily cover up to 50 per cent of this
demand. Here are example rules of thumb from simulations (see also Part Il in this volume).

Suitable dimensions for an example solar system in northern or temperate climates:
An apartment building (approximately 1600 m?, 16 apartments or 48 occupants):

e Tank volume: 3000-5000 I/building or 60-100 |/occupant.
e Collector area: 30-80 m?/building or 0.6-1.75 m?/occupant.

A single family house (approximately 150 m?, 4 occupants):

¢ Tank volume: 400-600 |/house or 100-150 I/ occupant.
e Collector area: 5-10 m?/house or 1.3-2.5 m%/occupant.

Collector slope: For domestic hot water (DHW) systems, approximately 40°-50° slope. For
combi-systems, the slope is preferably steeper, although a larger collector area
is then required.

Economics: If water-based heat distribution is preferred (i.e. a low temperature floor
heating system), a solar combi-system with direct injection of solar heat to the
floor heating system is a good approach.

2.5.1 Introduction

Heat captured by an active solar heating system can cover a significant part of the very low energy
demand of high-performance houses. Because the space heating demand of such houses is very low,
the year-round energy demand for domestic hot water (DHW) becomes relatively important. An
active solar system can cover a large part of this energy demand, often more than 50 per cent, since
the demand also occurs in summer. The question then is: if there is to be a solar system, would it not
be good to enlarge it to also supply some space heating (a ‘combi-system’)? A key issue, then, is
estimating the space heating contribution realistically, given the shorter heating period of high-
performance housing.

2.5.2 Solar thermal system designs

If the client desires a water-based heating system, this is a good situation to argue for a solar combi-
system. It provides flexibility and there are many interesting system designs on the market, varying
by region and the locally used auxiliary energy sources (Weiss, 2003). The storage tank can serve
both the DHW and the space heating system, and it can be heated by both the auxiliary and the solar
systems, depending on conditions. The system illustrated in Figure 2.5.1 uses a wood pellet boiler
and an electric resistance heater as auxiliary energy sources to back up the solar circuit. It is equipped
with a device to enhance thermal stratification in the tank. The DHW is heated in an external heat
exchanger.
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ENERCY 29

A critical design condition is the case of
minimum heat demand by maximum solar gains,
as often occurs in summer. To minimize the
system overheating in such instances, the solar
system should be dimensioned to just cover the
summer energy demand, accepting a small solar
coverage in winter. Nonetheless, an important
advantage is that the combustion backup heating
can be shut down during the summer. As a result,
short cycling of the back-up system in summer
can be eliminated, increasing the life expectancy
of the system.

The shorter heating season of a high-
performance house results in a more pronounced

Figure 2.5.1 A solar combi-system with a joint ~ Seasonal mismatch between solar gains and space

storage tank for the domestic hot water (DHW) ~ heating demand than is the case for conventional

and space heating systems houses. This is illustrated in Figure 2.5.2, with

the case of a reference apartment building in the

cold (Stockholm) climate. The DHW demand is

here assumed constant over the year, although it is often slightly lower in summer — for example, due
to vacations.

The overheating problem could be reduced by installing a larger storage tank than the system
design would otherwise require. However, this approach is expensive, takes up more house volume
and leads to higher tank heat losses.

There are also good control
solutions available - for
example, using partial evapora-
tion to empty the collector
during  stagnation.  Active
removal of energy transported
via the steam during stagnation
is also possible with a small
volume heat sink. Alternatively,
the tank can be cooled down by
circulating the heat transfer
medium through the collectors
at night or by using an air
cooler (Hausner and Fink,
2002; Weiss, 2003). However,
the more cautious design strat-
egy is to not over-dimension
the collector area. Figure 2.5.2 Seasonal variations in solar gains and space heating

An advantage of a combi- demand in standard housing versus high-performance housing
system is that during the
heating season, when energy
for space heating is withdrawn from the tank, the operating temperature in the collectors can be
lowered, increasing the collector efficiency. This typically occurs in autumn and spring. This gain in
efficiency can be maximized if the solar collectors supply heat directly to low temperature surface
heating, as shown in Figure 2.5.3. This requires a good control strategy. Such systems are common in
France, Denmark and Germany (Weiss, 2003).

Source: Helena Gajbert, Lund University SE

Total energy demand (DHW+ space heat)
for a standard house |

[Total energy Semand [DHW + space haat] for
high perfarmance house |

| h

{Balar gains (lor smallor and largor |

Energy demand and solar gains (kWh/month)

Jan Feb Mar  Apr  May Jun Jul Aug Sep Oct MNov Dec
Source: Helena Gajbert, Lund University SE
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Source: Helena Gajbert, Lund University SE

Figure 2.5.3 A solar combi-system with the possibility of

delivering solar heat directly to the heating system without
passing through the tank first

A larger collector area is possible
without risking overheating if the collec-
tor tilt angle is increased in relation to

the optimal tilt angle, which approxi-

mately lies between 35° in south
latitudes (latitudes around 45°) and

in northern latitudes (latitudes around

ern

50°

Solar fraction (%)

60°). The suitable collector area to cover
95 per cent of the summer hot water
heating demand with minimal system
overheating is illustrated in Figure 2.5.5.

The results are from Polysun simula-
tions of a flat-plate combi-system
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One way to better balance the solar
gains to the heating demand is to mount
the collectors vertically on the fagade or
to mount them with a high tilt. This
positioning makes better use of low
winter sun angles and suppresses
summer overheating. This results in a
more even distribution of solar gains
over the year; but a larger collector area
is required to cover the summer domes-
tic hot water demand. Figure 2.5.4
shows how the solar fraction increases
with increased collector area for collec-
tors tilted 40° and 90°. The results are
from Polysun simulations of a flat-plate
combi-system coupled to a single family
house in the cold climate.
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coupled to an apartment building in the
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Figure 2.5.5 Suitable collector areas at different
tilt angles for a collector dimensioned to cover
95% of the summer demand; solar fractions for

the year and for the summer are also shown

Solar fraction (%)

solar fraction

Where houses are closely spaced, a
micro-heating grid with a central solar
system may be plausible. Collectors
on the houses then can share a large
semi-seasonal solar storage tank
enabling some summer solar gain
excess to be stored for the autumn.
The large tank volume has an advan-
tageous  surface-to-volume  ratio
reducing tank heat loss. A shared
system can also even out peak
demands or supply excesses.
Disadvantages are the relatively high
heat losses of the pipe grid relative to
the very small space heating demand,
and the investment and administrative
costs for meeting such a small
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demand. Such micro-heat distribution grids for row houses have proven effective in demonstration
projects in Germany (Russ, 2005).

2.5.3 Collector types and placement

There are many reliable and efficient collectors and types on the market today.

Flat-plate collectors have been highly optimized with selective coated absorbers, low iron anti-
reflective coated glazing, durable frames and gaskets, and effective back insulation.

Evacuated tube collectors, with their extremely good insulation, can operate at higher tempera-
tures with only very small heat losses. Because the losses are so small, evacuated tube collectors can
deliver heat even by very low irradiance levels occurring in winter and during overcast periods. They
are thus very suitable for high-performance houses with their shortened heating season. The individ-
ual tubes can be rotated to an optimal absorber tilt angle, allowing great flexibility in where they are
placed. However, the separation between tubes must avoid one shadowing the next. Heat pipe collec-
tors need to be mounted with a slight tilt to allow for the gravity flow. A critical issue is snow retention
on the tubes. A facade-mounted system minimizes this problem (Kovacs and Pettersson, 2002).

Concentrating flat-plate collectors can also be envisioned, although such systems are not commer-
cially available for housing. Prototype systems have been built and tested — for example, in Sweden,
the UK and Australia. A low-cost reflector increases the irradiance on the absorber. The system
geometry can be optimized for spring and autumn solar angles. While this suppresses the summer
performance, the solar gains are better balanced to the heating demand over the year. Using an evacu-
ated tube collector as the target of the reflector is a promising solution.

Solar air collectors, while interesting for conventional houses or renovations, are difficult to
justify economically for high-performance houses. The heat exchanger of the ventilation system
competes with the solar air collectors. One system or the other must operate with decreased
efficiency. A plausible configuration would be an entire roof slope covered with a low cost sheet-
metal solar air collector. During summer an air-to-water heat exchanger should easily cover all or
most of the water heating energy demand. In the autumn and spring, the system could supply much
of the space heating. Pre-cast hollow-core concrete floor planks or large core masonry walls can also
serve for heat storage and distribution (Morhenne, 2000).

2.5.4 Tank location

The tank location is an important design decision. On the one hand, it is sensible to locate it inside
the insulated envelope of the building. Heat losses from even a very well-insulated tank are therefore
not lost to the ambient, but remain within the house (although this is a disadvantage in summer).
Short pipe runs keep circulation heat losses small. A good location for the tank could be in or next to
the bathroom. The warm tank surface improves the comfort in the bathroom. Comfort here is critical
because this is often where exhaust air for the whole living space is extracted, and the occupant may
be feeling cold after showering. Also, the pipe run is minimized between the tank and one of the
biggest points of demand. This decreases pipe heat losses and offers the convenience of immediate
hot water at the faucet. An upper floor bathroom is ideal, as the pipe run to roof collectors is also
minimized. However, the insulated building interior is a very expensive volume to sacrifice for a
tank, so the basement may be the preferred location. This otherwise cold space can then be slightly
tempered, improving comfort for the many uses found for a basement. Pipe runs from the tank should
be within the heated house envelope as much as possible.

2.5.5 Regional design differences

It is easiest to market a solar combi-system in regions where homeowners prefer hot water radiant
heating, particularly low temperature systems. Regions where oil or wood pellet heating is preferred
have proven to be good markets for combi-systems, often even large systems. Solar combi-systems
have been widely sold in Germany, Austria, Switzerland, Sweden, Denmark and Norway. It seems
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more difficult to market combi-systems in regions where mainly direct electricity or gas is used for
heating — for example, in The Netherlands (Weiss, 2003).

2.5.6 Conclusions

A solar thermal combi-system can be a valuable component of sustainable housing. The dimension-
ing and economics of the system have to reflect the very low space heating demand and short heating
season. For a high-performance house, a solar domestic hot water system is more easily argued than a
solar combi-system, given the more constant demand for hot water over the entire year and the cost
of a water-based radiant heat distribution system. If the client desires a radiant heating system, a
combi-system is suitable. The DHW and the space heating system can then share a storage tank,
which can be heated both by the solar collector and by the auxiliary heat sources. In such an applica-
tion, a higher collector tilt improves the balance between the space heating demand and seasonal
solar gains, although a larger collector area is required to cover the summer demand. Fagade-
integrated collectors are very suitable and make the system less prone to summer overheating.
Capturing and using energy from the sun is a very natural and marketable concept for sustainable
low energy housing.
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8.7 Apartment building in the Cold Climate Renewable Energy Strategy

Helena Gajbert and Johan Smeds

Table 8.7.1 Targets for apartment building in the Cold Climate Renewable Energy Strategy

Targets
Space heating 20 kWh/m?%a
Non-renewable primary energy:
(space heating + water heating + electricity for mechanical systems) 60 kWh/m2a

This section presents a solution for the apartment building in the cold climate. As a reference for the
cold climate, the city of Stockholm is considered. A balanced mechanical ventilation system with heat
recovery is used to reduce the ventilation losses. The solution is based on renewable energy supply.
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8.7.1 Solution 2: Renewable energy with solar combi-system and biomass boiler
Building envelope

The apartment building has reinforced concrete structure and wooden frame facades with mineral
wool. The U-values are shown in Table 8.7.2. The double-glazed windows have a frame ratio of 30
per cent, one low-e coating and are filled with air. Construction data are found in Table 8.7.7.

Table 8.7.2 U-values of the building components

Building component U-Value (W/m?K)

Walls 0.27

Roof 0.29

Floor (excluding ground) 0.30

Windows (frame + glass) 134
Window frame 1.20
Window glass 1.40

Whole building envelope 0.41

Mechanical systems

Ventilation: a balanced mechanical ventilation system with heat recovery and a bypass for summer
ventilation is installed. The heat exchanger has an efficiency of 80 per cent. The ventilation rate is
0.045 ach and the infiltration rate is 0.05.

Solar
collector

» Hot tap water

Source: Helena Gajbert and
Johan Smeds

—_ﬁh‘\-——, To radiators Figure 8.7.1 The design
i m— of the suggested solar
Biomass combi-system with a pellet
o= | | [|Boier boiler and an electrical
Electrical | |

heater as auxiliary heat
sources and two external
heat exchangers, one for
DHW and one for the solar
circuit; the latter is
attached to a stratifying

J J device in the tank

heater

iE
| From radiators

|

Space heating and DHW: a solar combi-system is chosen as the energy supply system for the building
— that is, a system where the space heating system and the domestic hot water (DHW) system are
combined, here by a joint storage tank, to which both solar collectors and auxiliary energy sources
are connected.

The solar thermal heating system consists of 50 m? collectors placed on the south-facing roof,
tilted 40°. The storage tank is 4 m? and there is a 35 kW pellet boiler, as well as an electrical heater of
5 kW, connected to it for increased operational flexibility. The heat from the collector circuit is deliv-
ered to the tank via an external heat exchanger coupled to a stratifying device, which improves the
important thermal stratification in the tank. Another external heat exchanger is used for heating the
DHW, taking water from the top of the tank and returning it at the bottom. In the collector circuit,

210



Paper Il

158  SUSTAINABLE SOLAR HOUSING

the liquid heat transfer medium is a mixture of 50 per cent water and 50 per cent glycol. Water from
the tank is also used for the radiant hot water space heating system in the building. Other important
design parameters of this system can be found in Table 8.7.8. An illustration of the system is shown in
Figure 8.7.1.

The electrical heater and the biomass boiler largely working alternately, heating the upper part of
the tank when necessary. When only very little auxiliary heat is required during short time intervals,
as is often the case in the summer, the biomass boiler operation mode with frequent starts and stops
causes unnecessary energy losses. It is therefore suitable to shut off the furnace during summer,
when solar energy can cover most of the energy demand. The electrical heater can then be a good
complement during cold and cloudy days. The electrical heater can also be used in tandem with the
boiler if needed in extremely cold winter days.

An alternative system design for increased efficiency could also include a possibility of delivering
solar energy directly to a low temperature radiator heating system when there is prevailing heating
demand. Since the collector temperature then can be lowered, heat losses of the system are reduced
and the efficiency is increased.

The building is designed according to simulations with DEROB-LTH (Kvist, 2005). Simulations
of the active solar energy systems are performed with a modified version of Polysun 3.3 (Polysun,
2002): the Polysun-Larsen version, which uses the data files of space heating demand from the
DEROB-LTH simulations. Stockholm climate data from Meteonorm (Meteotest, 2004) are used in
both simulation programs. The dimensioning of the solar thermal heating system was performed
primarily with a concern for low auxiliary energy use in summer, avoidance of stagnation and
overheating, and economical aspects. For general assumptions and parameters used in the DEROB-
LTH and Polysun simulations, see Table 8.7.7 and 8.7.8.

Energy performance

Space heating demand: the space heating demand of the building is 30,400 kWh/a (19 kWh/m?a)
according to simulation results from DEROB-LTH. The assumed heating set point was 20°C.
Maximum room temperature set points were 23°C during winter and 26°C during summer (this
assumes the use of shading devices and window ventilation).

The monthly space heating demand for this high-performance case in comparison to a reference
building (current building codes year 2001) are shown in Figure 8.7.2. Hourly peak loads of the
heating system are calculated with results from DEROB-LTH simulations without direct solar radia-
tion in order to simulate a shaded building. The annual peak load occurs in January and is 26.8 kW
(17 W/m?).

Domestic hot water demand: the net energy demand for domestic hot water is assumed to be 37,800
kWh/a (23.6 kWh/m?a). The DHW demand is thus larger than the space heating demand.

System losses: the system losses consist mainly of losses from the hot water storage tank, but also
from circulation losses in the distribution system for DHW. The tank and circulation losses are 1.2
and 4.4 kWh/m?2a, respectively. The circulation losses are taken into account as internal gains in the
building heat load simulations. The tank losses and losses from the collector circuit can, however, not
be used as internal gains since the tank and boiler are placed in the basement outside the thermal
envelope of the building. The efficiency of the biomass boiler is set to 85 per cent, resulting in conver-
sion losses of 5.5 kWh/m?a.

Household electricity: the household electricity use is 2190 kWh/a (21.9 kWh/m?2a) for two adults and

one child in each apartment. The primary energy target does not include household electricity since
this factor can vary considerably depending on the occupants” behaviour.
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Figure 8.7.2 Monthly
values of the space heating
demand during one year;
the annual total space
heating demand is

30,400 and 70,000 kWh/a,
respectively, for the high-
performance building and
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Total energy use, non-renewable primary energy demand and CO, emissions: as shown in Table 8.7.3,
the net energy required for DHW, space heating and mechanical systems is 47.6 kWh/m?a (76,200
kWh/a). Adding tank, boiler and system losses gives a total energy use of 58.7 kWh/m2a (93900
kWh/a).The total auxiliary energy demand (electricity and pellets), including the conversion losses in
the pellets boiler, is 36.4 kWh/m?a (58300 kWh/a), where 36.2 kWh/m?a (57900 kWh/a) are provided
by biomass in the pellet boiler and approximately 0.3 kWh/mZ2a (400 kWh/a) by the electrical heater.

The active solar gains are 17.3 kWh/m?a (27600 kWh/a) and the solar fraction of the heating
system is 35 per cent since the simulation result of the same building but without solar collector
would require 77,400 kWh/a (described in section 8.7.2). The electricity use for mechanical systems
is 5.0 kWh/mZa (8000 kWh/a).

Due to the solar contribution, the delivered energy is reduced to 41 kWh/m?a (66,200 kWh/a).
The total use of non-renewable primary energy is approximately 17 kWh/m?a (27,900 kWh/a) and the
CO, equivalent emissions are 3.8 kg/m?a (6100 kg/a). Compared to the reference building, the non-
renewable energy use and CO, equivalent emissions are considerably lower (see Table 8.7.4 and

Figure 8.7.3).

Table 8.7.3 Total energy demand, non-renewable primary energy demand and
CO, equivalent emissions for the apartment building

N nawabl COo. ivalent
Total Energy Use (KWh/m?a) ::‘m b * ?”_“ "
Met Energy Delivered energy | Prmary energy asblact gk
(kWhim?a) (kWhim'a) | gaeror factor
Energy use Energy source kWhima| kgim®a
¥ y pid V] ugwm | eaimia)
kiR’ | bchnic 50 |Blecicty 50 |Elecwcty 50 |235| 118 043 22
systems |systems
[Electricity 0.3 |Electricity 03 235 111 043 o1
Space
Niaee! 19.0 |Space heating 190
Solar 173
DHW 236 |DHW 238
[Bio pellets 362 Bio w2 014 51 0.04 16
Tank and 56 pellats
circulation losses
Boiler conversion 55
losses
Total d?Sl 587 58,7 414 174 38

212



Paper |l

160 SUSTAINABLE SOLAR HOUSING

Table 8.7.4 A comparison between the high-performance house and the reference house regarding
energy use and CO, equivalent emissions

Building Net energy Total energy use Delivered energy CO, equivalent
(kWh/mZa) (kWh/mZa) (kWh/mZa) emissions (kWh/mZa)
High performance building 476 58.7 4.4 3.8
Reference building 724 81.2 81.2 20.5
100
a0 B Solution 2 E Reference building
80
ol
E 70
=
= B0
k-
1=
E w Source: Helena Gajbert and
& 40 Johan Smeds
“’ . .
5 30 Figure 8.7.3 An overview
35 of the net energy, the total
energy use and the deliv-
10 ered energy for the
oL high-performance building

Total energy use Delivered energy and the reference building

8.7.2 Sensitivity analysis

Since the performance of the solar energy system is strongly affected by the system design parame-
ters (for example, collector area, tank volume, slope and direction of the collectors and collector type
of the solar heating system), some of the most important results from the Polysun simulations shown
during the designing of the system are presented here. If nothing else is mentioned, the parameters
of the simulated systems are the same as for the suggested system. The ‘auxiliary energy’, which is
shown in many of the figures, is the heat output from the auxiliary energy system, thus including heat
for DHW heating, space heating and also heat losses. It does not include the conversion losses from
the heat production (i.e. combustion and heat exchanger losses in a wood pellet furnace).

Collector area

The collector area and tank volume should preferably be considered both individually and as a unit.
The collector area is, however, the more important feature to optimize in order to minimize the auxil-
iary energy use. The collector area was varied in the simulation while keeping a constant storage tank
volume. The aim was to find a collector size that is large enough to almost cover the summer heating
demand (i.e. the DHW demand), while still maintaining a relatively low risk of stagnation in the
collectors.

The solar fraction (SF) is calculated according to Equation 8.1. The parameters Aux and Aux,,
represent the auxiliary energy required with and without the solar system, respectively. In Polysun,
the value of Aux, was obtained by setting the collector area to zero, which resulted in an annual auxil-
iary energy demand of 77,400 kWh per year and 11,600 kWh during the summer months (June, July
and August):

Aux

Aux,

SF=1-— [8.1]
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In Figure 8.7.4 it is shown how the calculated solar fractions for the whole year and also for the
summer months, June, July and August, increase with increasing collector area.

In order to lower the risk of stagnation and overheating, 50 m? seems a suitable collector size.
The pellet boiler can still be turned off during summer, although a small amount of electricity may be
needed during a few colder days. The solar fraction during the three summer months will then be 95
per cent. If a solar fraction of 100 per cent in the summer is to be obtained, the risk of overheating
and stagnation would be large. Even if good control strategies can mitigate these problems, it is still
desirable to avoid the problem completely. Should a heated swimming pool for summer use be
included in the heating system, the problems of overheating and stagnation could be reduced as this
increases the heat load during summer. Figure 8.7.5 shows monthly values of the auxiliary energy
demand during summer for different system dimensions.
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In Figure 8.7.6, the energy saved due to the installation of the collectors is shown for the margin
collector area (i.e. the extra savings made with an increase in collector area by 10 m?). A rough estima-
tion is that the collector area preferably should be between 40 m? and 60 m? to provide a reasonable
amount of energy per margin collector area, thus giving sufficient energy yield in relation to the total
investment costs.
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Figure 8.7.6 The energy
savings per margin collec-
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if 10 m? is added to the
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The resulting non-renewable primary energy demand and CO, equivalent emissions when solar
combi-systems of different dimensions are used can be seen in Figure 8.7.7. The tank volumes were

optimized for each case.
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Figure 8.7.7 The resulting
non-renewable primary
energy demand and CO,
equivalent emissions for
different collector areas

If the solar system had been installed in the reference building (described in section 8.1) instead, the
auxiliary energy demand would be much higher, as can be seen in Figure 8.7.8, where the auxiliary
energy demand of the two buildings is shown for different solar system dimensions. Again, the tank

volumes were optimized for each case.

In Figure 8.7.9 the overview of the energy demands of the high-performance building and for the
reference building are shown, as well as the solar gains of collectors of 30, 50 and 70 m?. Observe that
the heat for DHW, circulation losses and tank losses is valid for a 50 m? collector area. For a larger

collector, the tank losses will be slightly higher.
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Storage tank volume

For economical reasons it is important to consider the storage tank volume. A larger tank is much
more expensive, although the impact on the auxiliary energy use is rather small, as shown in Figure
8.7.10. The tank could preferably be designed based on the daily energy demand due to the limited
storage time capacity. The tank should not be too small due to the risk of overheating and because of
lowered storage capacity. On the other hand, an oversized tank might require higher auxiliary energy
demand in order to heat the tank and also because of the higher heat losses. A high insulation level is
therefore important and it becomes more important the larger the tank is, as shown in Figure 8.7.10.
Simulation results for collector areas between 50 m? and 100 m2, with varying tank volumes, are
shown in Figure 8.7.11. The chosen system is marked with a circle. These results also show that the
collector area has a much larger influence on the auxiliary energy use than the tank volume. Although
the tank size has a relatively low influence on the auxiliary energy use, it is important not to choose
too small a tank since there will be a risk of overheating and as it might be difficult to provide the
required heat for DHW and space heating. For the larger collectors, some energy can be saved by
choosing a larger tank. The suggested system with 50 m? collector area and a storage volume of 4 m?
would neither imply overheating nor excessive tank losses, according to the simulation results.
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Collector tilt

The tilt of the collector determines how large the collector should be in order to cover the summer
demand. In order to maintain a solar fraction of 95 per cent during the summer months, the required
collector size increases as the collector tilt is increased or decreased from 30° to 40°, which is the tilt
where the smallest collector area (50 m?) is needed (see Figure 8.7.12).

When using highly tilted or vertical collectors, the solar gains will be better balanced to the
seasonal heating demand since more of the winter space heating demand will be covered. However,
this requires a larger collector area in order to cover the summer demand. For a very large collector
with a high tilt angle, energy can be saved in total over the year, thus implying a higher annual solar
fraction. A good, yet very expensive, solution would therefore be to use a vertical wall-mounted
collector of very large size. The benefits of this are naturally much higher for combi-systems than for
DHW systems. There are generally no benefits in using a horizontal collector or a collector with a
low tilt.

Looking further at two mounting options for good building integration to either mount the collec-
tors on the 40° tilted roof or vertically on the wall, tilted 90°, it can be seen in Figure 8.7.13 how the
auxiliary energy demand decreases with increasing system size. The 40° tilt implies a lower demand
of auxiliary energy on an annual basis and the difference is more significant in smaller systems.
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Furthermore, the risk of snow cover should be considered if a very low tilt angle is used. The risk of
snow cover is even larger for evacuated tube collectors.

Azimuth angle

If the deviation from south is varied (i.e. the azimuth angle), the auxiliary energy demand and solar
fraction changes according to Figure 8.7.14.

Collector performance

The choice of collector is very important for the system performance. Simulations have been
performed with collectors of different types, from older collector types without a selective surface to
the most advanced evacuated tube collectors available, with characteristics and simulation results
listed in Table 8.7.5. The results are also shown in Figure 8.7.15. In the suggested system, an
advanced flat-plate collector with a selective surface, anti-reflection treated glass and highly efficient
thermal insulation, number 3 in Table 8.7.5, is used. When compared to an older collector type
without selective surface, the chosen collector increases the solar fraction from 21 per cent to 30 per
cent. If an evacuated tube collector is used, the solar fraction increases even more. For this solar
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Table 8.7.5 Collector parameters and corresponding solar fraction and auxiliary energy
e € o KCHI KCH2 Specific Solar | Remaining | Ausiliary
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heating system an evacuated tube collector of 35 m? would be sufficient. Evacuated tube collectors
are very efficient, but are also often very expensive.
Concentrating collectors

By using concentrating reflectors to enhance the irradiance on the absorber, the output from the
collectors can be increased. If the geometry of the collectors excludes irradiation from higher solar
angles, the collector could improve the seasonal balance by increasing the winter performance and
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Table 8.7.6 The auxiliary energy demand
for an evacuated tube collector with and
without reflectors

70°,42m* 90°, 56 m*
Without With Without With
reflector | reflector | reflector | reflector

Total annual auxiliary

53 2297 5,643 1,5
encriy (kWhia) 47,538 422 45,641 40,570

Solar fraction (%) 386 454 41.0 47.6

suppressing the summer performance. It is interesting to apply this strategy to an evacuated tube
collector, which has the potential to deliver energy during lower irradiance levels and which also,
currently, is relatively expensive. An estimation of the effect that this would imply was investigated
for an evacuated tube collector (with collector characteristics according to Table 8.7.5, collector type
1). Polysun simulations were performed assuming a double collector area from October to March and
with the collector tilted 70° and 90°. The area was chosen so as to imply a solar fraction of 95 per cent
during summer. The results, shown in Table 8.7.6, indicate that the reflector implies energy savings
of 11 per cent if it is tilted either 70° or 90°.

Design of the collector loop heat exchanger and flow rate

The design of the storage tank and its connected components is also important for the system
efficiency since different types of heat exchangers work optimally at different flow rates. The flow
rate in the collector loop should not be too low so as not to cause laminar flow, air traps and/or
increased heat losses. Therefore, if the heat from the collectors is transferred to the tank through an
internal heat exchanger, a high flow rate implies lower auxiliary energy demand, as shown in Figure
8.7.16.

The efficiency of the solar heating system is improved if an external heat exchanger is used
instead and even better if a stratifying device is employed. In a smaller tank, the importance of a
stratifying device is more significant. In these cases, a low flow rate is better since the fluid inserted
into the tank otherwise can cause mixing of the stratified water. However, the flow rate should not be
too low. The optimum can be seen in Figure 8.7.16. Lower flow rates also contribute to a lower
electricity use for the pump and the dimensions of the pipes are reduced and less expensive.
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Non-renewable energy use for solar DHW systems and combi-systems

If a solar DHW system would be used instead of the combi-system, the target of non-renewable
primary energy would not be reached if combined with electricity for space heating. If combined
with district heating for space heating, the solar collectors would have to be at least 40 m2 in order to
reach the target of 60 kWh/m?a (living area), as shown in Figure 8.7.17. By looking at Figure 8.7.18,
where the emissions of CO, equivalents are shown, the most environmentally friendly design also
appears to be with a solar combi-system with a pellet boiler and an electrical heater.

B Solar DHW & electricity & Solar DHW & district heating 8 Solar combisystem

2 Source: Helena Gajbert and
[Targst 60 KWhim_a || Johan Smeds

80
80 | Figure 8.7.17 The use of
70 non-renewable primary
60 — energy for three different
= energy system designs: the

40 combi-system in question,
2 | with a pellet boiler and an
20 electrical heater; a solar
10 DHW system combined

5 with district heating; and a

30 40 50 60 70

Non-renewable primary energy
demand per living area (kWh/m?a)
[4.)

Qo

solar DHW system
combined with electrical
Collector area (m?) heating

B Solar DHW & electricity & Solar DHW & district heating B Solar combisystem

Source: Helena Gajbert and

1 16 Johan Smeds
i Figure 8.7.18 The
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8 different energy system
designs: the combi-system
& in question, with a pellet
4 boiler and an electrical
2 heater: a solar DHW
! " system combined with
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of CO: equi
(kg/m*a)

district heating; and a solar
DHW system combined
Collector area (m?) with electrical heating

8.7.3 Design advice

The solution presented in this section fulfils the primary energy target. When comparing the
construction of the building envelope to current building standards, it is clear that today’s apartment
buildings could live up to the targets set if they were built very air tight and with efficient ventilation
heat exchangers.

In cold climates where the heating demand is high, the solar energy from a solar combi-system
can provide a significant part of the total energy demand of a high-performance house. If looking
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specifically at the space heating demand, solar energy can also contribute, to some extent, to the
space heating supply even for a well-insulated building. However, it may be easier to justify a solar
DHW system economically if the energy demand is low enough to warrant a space heating system
based only, for example, on heat recovery and electrical resistance heating of the incoming air.

If a solar combi-system is used, the combined storage tank can give beneficial effects due to the
higher energy withdrawal from the tank, which can lower the temperatures in the collector circuit
and thus increase the collector efficiency somewhat during the heating season. By combining the
tank for space heating and hot water and thus improving the system flexibility, the heat losses might
be reduced in comparison to using two separate tanks for DHW and space heating.

The collector solar system dimensions should preferably be designed so as to cover most of the
energy demand in summer, both for solar combi-systems and solar DHW systems. The highest solar
fraction on an annual basis is achieved with a collector tilt of approximately 30° to 50°. If a larger
collector is affordable, it is beneficial to design a combi-system, over-dimension the collector area
and to place it vertically on the wall since this increases the solar gains during the heating season and
reduces the risk of stagnation in summer.

For the technical facility management of the building, a solar combi-system does, of course, mean
some additional costs in comparison to the district heating system; but since the biomass boiler can
be shut down during summer, service costs should be at a reasonable level.

The solution presented here implies very low use of fossil fuels and low emissions of CO, equiv-
alents to the atmosphere. Therefore, it is a very good solution for a building in rural areas where
district heating is not available, especially as the solar system can cover the energy demand in summer
and the furnace can be switched off.

District heating systems use a large share of renewable fuels in Scandinavia; approximately 80
per cent of the fuel is renewable. If the building is situated in an urban area with such a district
heating system, the district heating is to be preferred to the use of biomass boilers as biomass boilers
give rise to some emissions from the furnaces, something that may be forbidden in certain urban
areas. Today, the purification of the exhaust gases is very good and modern furnaces are often

Table 8.7.7 General assumptions for simulations of the building in DEROB-LTH — construction
according to solution 2, space heating target 20 kWh/m?a

Matesial | Thickness | Conductivity | Percent | Studs | Studs “m”;::” :;"::";; U-valie
{m) A WimK ) (%) AwWimk ) | (%) (M KW ) (MKW ) { Wim K )
wall exterior surtace 0.04
wocden panel 0.045 100% [ |
[air gap 0025 100%
[mineral wool hd 0030 0.030 1005 .00
[mineral wool 0100 0,036 BEw| 0.14] 5% 754
[phastic foil 100%
[minesal wool [} n-ﬁt 0,035 BE| 014 5% 0.58,
[piasier board o013 0220 T00% 0.05)
imterior surface 013
I b2 EXE IR
[Extencr suace I 1 LS
ool feit 0.003] 100%
[mineral wool hd 0015 0.030 T00% 0.50)
[mineral wool 0100 0,036 100% 278
[phastic foil 100% |
concrate [NE] 1700 1005 008,
[nienar surface B0
1 0.263] | 337 351 o028
floor extarior surlaca
[mineral wool 0110 0,035 T00% 3.06]
cancrete 0150 1.700 100% | 0.09
[mienior surface 017
2 T 3 T
EW iﬂm | BTUE S,
ing 0.004 fclear B3 T0%
gas 0015 fair
[pana 0.004 llow emissivity 4%
0.023 K
rame W53 [wood T I AL} LL| ) B
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designed to use optimal oxygen amounts in the combustion process. If a biomass boiler is to be used,
it should be an ‘environmentally approved’ boiler and it should be coupled with a thermal heat storage
tank in order to achieve an effective and controlled combustion process and to minimize the emissions
of volatile organic compounds (VOCs) and particles (Johansson et al, 2003).

Table 8.7.8 Design parameters of the solar combi-system used in the Polysun simulations

Parameter Value
Pellet boiler

Pellet boiler peak power 35 kw
Electrical heater peak power 5kw

The pipes of the solar circuit

Pipe material Copper

@ inside 16 mm

@ outside 18 mm
Length indoors 24 m
Length outdoors 6m
Thermal conductivity, A, of pipe 0.040 W/mK
Thermal insulation thickness 25 mm
Collector circuit

Pump power 210 W
Collector circuit flow 5251/h
Specific throughput 7 1/h,m?
Heat transfer medium Water (50%), glycol (50%)
Power output to heat transfer medium 60%

Heat exchanger in solar circuit

Heat transfer rate k*A for heat exchanger 5000 W/K
Tank

Volume 4m?
Height 4m
Temperature in the tank room 15°C
Thermal insulation of the tank 150 mm
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8.6 Apartment building in the Cold Climate Conservation Strategy
Johan Smeds

Table 8.6.1 Targets for apartment building in the Cold Climate Conservation Strategy

Targets
Space heating 15 kWh/m2a
Non-renewable primary energy:
(space heating + water heating + electricity for mechanical systems) 60 kWh/m2a

This section presents two solutions for the apartment building in the cold climate. As a reference for
the cold climate, the city of Stockholm is considered. The solutions are based on energy conserva-
tion, minimizing the heat losses of the building. A balanced mechanical ventilation system with heat
recovery is used to reduce the ventilation losses.

8.6.1 Solution 1a: Conservation with electric resistance heating and solar DHW
Building envelope

In this solution the envelope and ventilation system were designed so that the peak space heating
load is limited to approximately 10 W/m2. This allows one central heating element for each apart-
ment and heat distribution by the supply air, which is more economical than individual room heaters.
This solution requires a well-insulated and air-tight building envelope.

The apartment building has reinforced concrete structure and wooden frame fagades with
mineral wool. The windows have a frame ratio of 30 per cent, triple glazing, one low-e coating and
they are filled with krypton. The U-values are shown in Table 8.6.2. Construction data are shown in
Table 8.6.6.

Table 8.6.2 The building components

Building component U-value (W/m?K)

Walls 0.13

Roof 0.09

Floor (excluding ground) 0.12

Windows (frame + glass) 0.92
Window frame 1.20
Window glass 0.80

Whole building envelope 0.21
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Mechanical systems

A balanced mechanical ventilation system with heat recovery and a bypass for summer ventilation is
used. The heat exchanger has an efficiency of 80 per cent. The supply air is used for the distribution
of heat. Domestic hot water is supplied by a solar domestic hot water system in combination with an
electric furnace. The solar system consists of 60 m? collectors, a storage tank of 6 m? and an electric
furnace of 8 kW.

Energy performance

Space heating demand and peak load: simulation results from DEROB-LTH show that the space
heating demand is 10,300 kWh/a (6.5 kWh/m2a). The monthly space heating demand of solution 1a in
comparison to the reference case (building code 2001) is shown in Figure 8.6.1.
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Hourly loads of the heating system are calculated from the DEROB-LTH simulation results without
direct solar radiation in order to simulate a totally shaded building. The annual peak load is 16 kW or
10 W/m? and occurs in January.

General assumptions for these simulations were:

e heating set point: 20°C;

*  maximum room temperatures: 23°C during winter, 26°C during summer (assumes use of shading
devices and window ventilation);

¢ ventilation rate: 0.45 ach;

e infiltration rate: 0.05 ach; and

¢ heat recovery: 80 per cent efficiency.

Domestic hot water demand: the net heat demand for DHW is approximately 37,800 kWh/a (23.6
kWh/m?a). Thus, the DHW demand is much larger than the space heating demand.

The system losses consist mainly of losses from the hot water storage tank, but also from pipe
losses in the distribution system. The tank and circulation losses are 1.5 and 4.4 kWh/m?a, respec-
tively. The circulation losses are taken into account as internal gains in the simulations with
DEROB-LTH. The tank losses and losses from the collector loop, on the other hand, cannot be used
as internal gains since the tank and boiler are placed in the basement outside the thermal envelope of
the living area. The conversion losses of the electric boiler are set to zero.

The choices of system solutions are based on simulations of the space heating demand for the
building performed with the programme DEROB-LTH. Simulations of the active solar energy
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systems are performed with Polysun 3.3. A modified version of Polysun, the Polysun-Larsen version,
was used in order to enable the use of the data files of space heating demand from heat load simula-
tions performed in DEROB-LTH.

Household electricity: the use of household electricity for each apartment (two adults and one child)
is 2190 kWh or 21.9 kWh/m?2. The primary energy target does not include household electricity since
this factor can vary considerably depending on the occupants’ behaviour.

Non-renewable primary energy demand and CO, emissions: the total energy use for DHW and space
heating, system losses and mechanical systems is 63,200 kWh/a. After taking the solar contribution
for DHW into account, the delivered energy is 34,200 kWh/a, which is provided by electricity. This
results in a total use of non-renewable primary energy of 80,300 kWh/a (55 kWh/m?a) and CO, equiv-
alent emissions of 10 kg/m?a (see Table 8.6.3).

Table 8.6.3 Total energy demand, non-renewable primary energy demand and
CO, equivalent emissions for the apartment building with electric resistance space heating
and solar DHW system with electrical backup

Non CO, i
Total E Use (kWhim?. i b
et Energy otal Ensray. Use { 8} Delivered primary energy emissions
(kWhimZa) P facto fact
Energy use Energy source | (KWhim®a) AT Whim? ackoy kgim?
rgy ay () | W) o) | (kemTa)
M ] h |
ashanicl soMechanical | o ol cicty | 50|Etecticty | 50| 235 11.8) 0.43 22
syslems systems
Space g.5|3Pace 6.5|Electricity | 65
heating |heating
Electricity | 18.3] 2.35 43.0 0.43 7.9
DHW 23.6|DHW 236 Electricity | 11.8
Tank and
circulation 55
josess - Solar 17.3)
Conversion 0.0
losses '
Total | 3s1 406 406 [ 233 | 54.8 100

8.6.2 Solution 1b: Energy conservation with district heating
Building envelope

Using a district heating system with hot water radiant heating allows a less insulated building
envelope than solution 1a with supply air heating.

The apartment building has reinforced concrete structure and wooden frame facades with
mineral wool. The windows have a frame ratio of 30 per cent, triple glazing, one low-e coating and
are filled with krypton. U-values are shown in Table 8.6.4. Construction data are shown in Table
8.6.7.

Table 8.6.4 U-values of the building components

Building component U-value (W/mZK)

Walls 0.24

Roof 0.25

Floor (excluding ground) 0.30

Windows (frame + glass) 0.92
Window frame 1.20
Window glass 0.80

Whole building envelope 0.34
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Mechanical systems

A balanced mechanical ventilation system with heat recovery and a bypass for summer ventilation is
used. The heat exchanger has an efficiency of 80 per cent. District heating is distributed by a hot
water radiant heating system. A wastewater counter-flow pipe heat exchanger for preheating of water
to the space heating system can be installed; but this is not included in any of the calculations for
energy performance shown below.

Energy performance

Space heating demand: simulation results from DEROB-LTH show that the space heating demand of
the building is 21,500 kWh/a (13.4 kWh/m?a). The monthly space heating demand of the building in
comparison to the reference case is shown in Figure 8.6.2. The heating season for the proposed
solution 1b extends from November to March.

18000

16000 |
W solution 1b Breference case
14000
12000

10000 |

SRR

mng
- 888
reoruary

Space Healing Demand (kWh)

Source: Johan Smeds

May 2]

march MO
April m

June
July

August

Figure 8.6.2 Space heating
demand

Oclobar m

January

november N s

December s

Seplember g

Hourly loads of the heating system are calculated with results from DEROB-LTH simulations
without direct solar radiation in order to simulate a totally shaded building. The annual peak load is
21.2 kW or 13 W/m? and occurs in January.

Domestic hot water demand: the net domestic hot water demand for the 48 inhabitants is 37,800
kWh/a (23.6 kWh/m?a).

System losses: the system losses consist mainly of circulation losses in the distribution system. The
circulation losses are taken into account as internal gains in the simulations with DEROB-LTH. The
conversion losses of the heat exchanger connected to the district heating system are set to zero.

Household electricity: the household electricity use for each apartment is 2190 kWh (21.9 kWh/m?)
for two adults and one child. The primary energy target does not include household electricity.

Non-renewable primary energy demand and CO, emissions: the total energy use for DHW and space
heating, system losses and mechanical systems is 74,240 kWh/a. The use of district heating results in
a non-renewable primary energy demand of 69,760 kWh/a (44 kWh/m?a) and CO, equivalent
emissions of 12 kg/m?a in one year (see Table 8.6.5).
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Table 8.6.5 Total energy demand, non-renewable primary energy demand and
CO, equivalent emissions for the apartment building with district heating

Non CO; equi
2,
Net E YoR| B Yee iR Delivered primary energy emissions
flergy energy
(KWhim?a) factor factor
Energy use Energy source | (kWhim?a) (kWh/m?a) (kg/m?a)
(-) tkgrkwn) | 9
[Mechaical sofMechanical | ¢ oleiecticty | 5.0|Elecricity | 50| 235 11.8} 0.43) 22
Space Space
heating 134 heating 134
DHW 236[DHW 288y, ’
Esiriet 41.4|District 414 a7 319 024 10.0)
Circulation 44 heating heating
losses
Conversion 0.0
losses
Total | 42.0] 46.4 46.4 46.4 436 121

8.6.3 Design advice

Both solutions here fulfil the primary energy target. When comparing the construction of the build-
ing envelope to current building standards, it is clear that today’s apartment buildings could live up

Table 8.6.6 Solution la: Conservation with electric resistance heating
and solar DHW — building envelope construction

= o Resistance Resistance
Material Thickness| Conductivity | Percent Studs Studs without Rei, Ree | with Rsi. Rse U-value
m A { WimK } % AwWimk )| % T KIW ) Tm'KIW ) | (WIm'K |
wall enterior surface 0.04
045 100%|
025 100%)]
wool hd .050 0.030 100%| 1.67)
mineral wool 250 0.036 B5%] 0.14] 15% 484
lastic foil 100%,
mineral wool 0.050 0.036 B5%) 014] 15% 0.97)
piaster board 0.013 0.220/ 100%] 0.08]
interior surface 0.13
0.433] 7.54) 7.71]___0.130]
roof Jexterior surface 0.04
roof felt .003 100%|
mineral wool hd 050 0.030 100%] 1.67]
mineral wool 350 0.036 100%| 9.72]
plastic foi 100%
015 1.700) 100%] 0.08[
interior surface 0.10
0.553] !uﬁ T1.62] 0086
Eluor exterior surface
mineral wool 0.300 0.038 100%] 8.33)
concrete 0.150 1.700 1003 0.09
interior surface 0.17
8.2 859] 019
|window emissivity
pane 5%|reversed
a5
Iga_ne B83.70%|
as
Iﬁ;:e B3.70%)
[ 0.800)
Trame 0.14 0.66] 083 1.20
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to the targets set by IEA Task 28 if they were built very air tight and if they used efficient ventilation
heat exchangers.

If the building is situated in an urban area where district heating systems use large quantities of
renewable fuels (as, for example, in Scandinavia, where 80 per cent of the fuel is renewable), solution
1b is preferable. In rural areas where district heating is not available, solution 1a, with a solar domes-
tic hot water system and electrical auxiliary heating, is a good alternative, especially since the solar
system can cover the energy demand in summer. Of course, the production method of electricity is
an important issue that significantly affects the resulting primary energy demand of a building using
a high share of electricity — for example, as in solution la. An average value for the primary energy
factor for electricity based on 17 European countries is used in all calculations. An environmentally
friendly choice of electricity production would have a great impact on the primary energy use.

Table 8.6.7 Solution 1b: Energy conservation with district heating — building envelope construction

Resistance Resistance

Material Thickness | Conductivity | Per cent Studs | Studs without Rsi, Rse | wilh Rsl, Rse U-value
m A (WimK ) % Aiwimk) [ % (M KW ) (MKW | (Wim K)
[wwall |exterior surface 0.04
'wooden panal 0.045 100%
air gap 0.025 100%
mineral woal hd 0.030 0.030 100% 1.00]
mineral wool 0.100 0.038 86% 0.14| 15% 1.94
plastic foidl 100%
mineral wool 0.050 0.036 5% 0.14] 15% 0.97
| plaster board 0.013 0220 100% 0.06]
intenor surface 0,13
0.263 397 34 0.242]
ool exterior surface 0.04
roof felt 0.003 100%
|m|neﬂa| wool hd 0.030 0.020 100% 1.00|
mineral wool 0100 0.036 100% Z.ﬂ
plastic foil __l 100% __I
concrete 0.15! 1.700 100% 0.09)
interior surlace 0.10]
0.283 387 a0 0.250]
[floor__[exterior surface
mineral wool 0.110 0.036 100% 3 u§|
concrete 0.150] 1.700 100% 0.05]
interior surface 017!
0. 34 331 0302
o lemwsemy
ne 0.004 | low emissivity 5% |reversed
5 0.012|krypton
e 0.004 | clear 83.70%
5 0.012 | krypton
pana 0.004 | clear 83.70%
| 0.036 0.800
frame 0.093|wood D14 0.66] 0.83 7.20]
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Table 8.6.8 Design parameters of the solar DHW system in solution la

Parameter Value
Electrical heater efficiency 8 kw

The pipes of the solar circuit

Pipe material Copper

o inside 16 mm

o outside 18 mm
Length indoors 24 m
Length outdoors 6m
Thermal conductivity, A, of pipe 0.040 W/mK
Thermal insulation thickness 25 mm
Collector circuit

Pump power 210 W
Collector circuit flow 5251/h
Specific throughput 7 I/h,m?
Heat transfer medium Water (50%), glycol (50%)
Power output to heat transfer medium 60%

Heat transfer rate k*A for heat exchanger of 5000 W/K
stratifying device

Tank

Volume 6m?
Height 4m
Temperature in the tank room 15°C
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Abstract

There is a large potential of using cost-effective collectors with low insulation level integrated in
non-insulated roofs in Sweden. The thermal performance and incidence angular dependence of three
collectors for integration into non-insulated roofing material were evaluated by measurements and
simulations. The maximum annual energy output per collector area would be 320 kWh/m’,
330 kWh/m” and 280 kWh/m® respectively for Collector A, B and C at 50°C operation temperature.
The corresponding yield per absorber area is 360, 680 and 1140 kWh/m® respectively. This indicates
that there is a potential for production of cost-effective collectors of this type, Collector B particularly.

Keywords: Solar collector, Building-integration, Concentrating collector, Cost-efficiency, Roofing

material

1. Introduction

1.1 Background

In order to increase the use of solar thermal
collectors, it is important to develop cost-effective
collector designs for building integration. One of the
largest available potential locations for installation
of solar collectors in Sweden is non-insulated roofs
with cold attics underneath. Collectors integrated in
such roofs do not require heavy insulation for the
thermal comfort in the building and therefore they
have an important advantage over standard
integrated collectors, which must often be well-
insulated.

By also using low-concentrating collectors the
absorber material is used more efficiently. As
existing roofing sheet is used for the collector
bottom, no separate collector box is required. This
and the fact that the absorber area is reduced enable
a low production cost of the collector.

There is therefore a potential for development of a
cost-effective, thin concentrating collector with
lower use of insulation material, suitable for easy
integration in non-insulated roofs.

" Corresponding author. Phone: +46-46-2227583,
fax: +46-46-2224719, e-mail: Helena.Gajbert@ebd.lth.se

Since very few collectors have been designed for
non-insulated roofs it is interesting to investigate the
thermal performance of such collector designs.

1.2 Objectives of this work

The objective of this work was to design cost-
effective solar collectors for use on non-insulated
roofs, which could be industrially produced, and to
evaluate their thermal performance. These collectors
was constructed as prototypes and evaluated with
respect to their thermal performance and their
incidence angle dependence.

2. Theory

2.1 Design criteria

In order to create a selling product, it is necessary
to keep the investment costs low. Cost reductions
can be achieved by using building integrated
collectors that replace building material as the
material use and installation time are minimised. By
also using readily available products, the production
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costs can be further reduced, as the expensive start-
up of a construction process is avoided. A desired
feature is the use of low-concentrating reflectors, as
this decreases the required absorber area, and
thereby also the heat losses, without thick
insulation.

Prefabrication and simple mounting are desirable
features for building integrated collectors. In order
to reduce the material use and to simplify the
mounting process, the collector should preferably be
thin and flexible for production in variable lengths.
Maintenance requirements should be minimised by
using durable materials.

2.2 The collector designs

Three similar collectors were designed to be
integrated into commonly used corrugated steel
roofing material that was found to enable the above
mentioned criteria to be met. Since the material used
in this collector box is commonly mass produced
steel, the production costs can be lower than for a
conventional collector with a thick insulated box.
This material also allows flexible use, as collectors
can be produced in flexible lengths for covering
complete roofs. For all the three similar collectors
the absorbers, reflectors and the expanded
polystyrene (EPS) insulation material are placed
directly in the compartments of an existing
corrugated roofing sheet steel. Two of the collectors
are designed with concentrating reflectors and one is
a flat plate reference collector. The different
collector designs are illustrated and described in
Figure 1. All prototypes are covered with a 4 mm
acrylic plate, which in full scale will be replaced by
a glass cover of higher transmittance.

AN 4
Figure la. Collector A - Flat plate reference collector
with standard strip absorbers.

N\ NN A N/

Figure 1b. Collector B - Concentrating collector with
narrow strip absorbers and circular reflectors.

WW

Figure lc. Collector C - Concentrating collector with tube
absorber, selective surface and CPC-reflector.

i
r
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The absorber of the flat plate reference Collector A
is a standard size Sunstrip absorber of 143 mm
width. Underneath is 50 mm insulation of EPS
material. For the other designs the thickness of the
insulation is determined by the reflector geometry.
In the concentrating Collector B, a Sunstrip absorber
of half width, 72 mm, is used in combination with a
circular shaped concentrating reflector, resulting in
a factor of two between the glazed area and single
side absorber area. The geometrical concentration
ratio is 2.0 and the physical concentration is 1.0,
since the absorber is bifacial. The acceptance
interval is from -90° to 90°.

For concentrating collectors, it is important to
consider the effect of different incidence angle
dependences in the longitudinal and transverse
plane. The longitudinal and transverse incidence
angles, 0, and O, are here defined as shown in
Figure 2.

For Collector A and B, which accept irradiation
from all angles, the incidence angle dependences for
beam irradiation in the longitudinal and transverse
plane are both described by Equation 6. For
Collector B however, the circular reflector could
cause slightly larger optical losses. For the
concentrating Collector C, the longitudinal and the
transverse incidence angle dependences differ.

Figure 2. The transverse and longitudinal incidence
angles, 0, and 6, of a concentrating collector.

Collector C has a circular absorber that consists of
an & 18 mm copper pipe with a selective aluminium
foil taped onto it. The absorbance, a, is 0.92 and the
emittance, ¢, is 0.20. The geometrical design of the
reflector is an involute shaped after a & 15 mm
copper pipe [1], combined with a truncated quasi
parabola. The 61 mm width of the aperture, denoted
2L, results in a geometrical concentration ratio
between glazed area and absorber area of 1.1. The
geometry, which can be seen in Figure 3, gives an
acceptance interval of 80°, and the acceptance half-
angle, 0,,, is thus 40°.



Paper IV

P X
</‘/S\emi parabola

Involute

Figure 3. The shape of the truncated reflector used in
Collector C, which is a combination of an involute and a
parabola with an acceptance half-angle, 6, of 40°.

Four copper pipes with reflectors fit into each
compartment of the corrugated steel. A photograph
of the absorber is shown in Figure 4.

Figur 4. A coer Vew of the large prototype of
Collector C, showing the tube absorbers.

2.3 Thermal performance

The thermal performance of the collectors were
evaluated based on Equation 1, which is similar to
the model described by [2] although the piping heat
loss coefficient and the wind and sky temperature
factors are neglected here.

q=1,,"G,+1,,-G, _FYUD‘(T», _Tu)_
dT (@)
t

P T nee)

The heat loss coefficient, F’U is expressed by the
first and second order heat loss coefficients U,
and F’U;, as shown in Equation 2. The mean
collector temperature is calculated from the inlet
and outlet temperatures, as shown in Equation 3.

FU=FU,+FU,-(T, -T,)
(2

Tin + TOM[
oS

For a flat plate collector the incidence angle
dependent optical efficiency for beam irradiance,
Nops 18 described by K., as written in Equation 4.
For angles higher than 60°, 79, diminishes to 0,
proportionally to the angle of incidence. [3]

K, =1-b, ( -1) for 9<60° 4)
cos 6

The over-all collector efficiency at any given time
is calculated from the relation between the power
and the irradiance as written in Equation 5.

n=— )

The absorber areas for the collectors are calculated
as seen from a front view

3. Methodology

Prototypes of the three collectors were constructed
and evaluated with respect to the thermal
performance and the incidence angle dependence.

3.1 Long term measurements for evaluation of the
thermal performance

Long term collector measurements have been
performed in Alvkarleby, Sweden (60.5°N, 17.4°E),
during the period from 2005-04-02 to 2005-05-10.
Collector prototypes of a size of 1.0 x 2.0 m are
mounted directed towards south, tilted 45°, with the
absorbers directed in the east-west plane (see Figure
5). The inlet and outlet temperatures, flow rates,
global and diffuse irradiation are monitored in the
collector plane are monitored in ten minute
intervals.
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= - g Tt i —
Figure 5. The collectors mounted outdoors for long-term
evaluation in Alvkarleby, Sweden.

3.2 Evaluation of incidence angle dependence in the
transverse plane

To measure the transverse incidence angle
dependence of Collector C, an identical but smaller
collector of 0.6 x 1.0 m, has been created and
evaluated by measurements. The collector was
mounted on a south-facing stand, which is
adjustable for variable tilt angles, with the absorbers
mounted vertically in the north-south plane. The
transverse incidence angle at any specific time could
be calculated by Equation 6 [3], since the collector
tilt was adjusted continuously during the
measurement, so that the surface was rotated around
the horizontal east-west axis. That way the collector
was always directed towards the sun’s projection in
the north-south plane. Although not commonly
practiced, this measuring technique was found very
suitable and efficient for the purpose.

cos 6 = (1—cos? §sin> a))”2

(6)

3.3 MLR analysis

The collector parameters describing the thermal
performance were calculated from the long-term
measurements by Multi Linear Regression, MLR,
according to the model described by [2], which is
based on equation 1. The parameters g, G,, Gy, T},
T,, and dT,/dt were monitored and the parameters
noa, F'Uy, F'U,;, (mC), and by, were given by the
MLR results.
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3.4 Calculation of transverse incidence angle
dependence for Collector C

For the concentrating Collector C, the optical
efficiency for beam irradiation for different
transverse incidence angles was calculated from the
MLR results, according to Equation 7. The observed
dependence of the transverse incidence angles was
established from these results and during the
following days the modelled values were compared
to the monitored values of power.

4z,
dt

q —[m,‘,GM - F'U,(T, = T,)= F'U(T, = T,)" =(mC),

Moy = G,

@

3.5 MINSUN simulations of annual energy output

The MINSUN simulation program was used to
calculate the expected annual energy output from
the collectors [4, 5]. The program considers the
characteristic parameters of solar collectors and the
longitudinal and transverse incidence angle
dependence can be included as input data for
simulations of concentrating collectors. The
parameters derived from the MLR analysis were
used as input in MINSUN. Simulations have been
performed for all three collectors and the tilt of the
surface was altered in the simulations in order to
show the effect of installing the collectors on roofs
of different tilt angles.

For Collector A and B, the K, function with the b,
values from the MLR results was used to describe
the incidence angle dependence. For Collector C
simulations were performed with the influence of
both the longitudinal and the transverse incidence
angle dependence. The angular dependence can be
described by a function f{#), as expressed in
Equation 8.

J(O0)=2(0,)-h0r) ®)

The function g(@,) is the incidence angle
dependence in the longitudinal plane, where the
results of b, from MLR was used. The function
h(07), represents the transverse incidence angle
dependence. The established values from the
measurements in Lund were normalised to the MLR
result of the 7, value at normal incidence and used
for n(@7) in the MINSUN simulations. The F’U,
values from the MLR analysis are the most relevant
F’U, values to use, since they are derived from
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periods of normal operation during an extended time
and for larger collectors, which are more similar to
the intended product.

The tilt of the surface was also altered in the
simulations in order to show the effect of installing
the collectors on differently tilted roofs.

3.6 Ray tracing simulations

Ray tracing simulations of Collector C were
performed in ZEMAX in order to show the
theoretical transverse incidence angle dependence.
The reflectance of the reflector was set to 0.85, the
transmittance of the glazing to 0.9 and the
absorbance of the absorber to 0.9. The incidence
angular dependence of the transmittance and the
absorbance were accounted for by a variation from
0.9 at normal incidence to 0.0 at 90° incidence
similar to the K, function.

4. Results

4.1 MLR results

The values in Table 1 were derived from the MLR
analysis from 2005-04-02 to 2005-05-05.

Table 1. The results from the MLR analysis.

Moy | ma | F'U | F'Up | F'U mC, by

[-] [-] [ws [w/ [W/ [ []
mK] | m®K] | mK] | kgK]

A1 0.76 | 0.65 | 5.84 4.90 0.017 | 6834 0.125

B| 0.72 | 0.62 | 493 4.27 0.012 5617 0.134

C| 072 | 0.58 | 5.79 529 0.009 19148 | 0.154

The MLR analysis shows that the concentrating
collectors B and C show lower values of optical
efficiency for beam irradiation at normal incidence,
compared to the reference, Collector A. This is
explained by reflectance losses and deviations from
the ideal optical designs of the reflectors. The pipes
of Collector C are slightly displaced from the centre
of the reflector. The concentrating Collector C
shows a lower optical efficiency for diffuse
irradiation. Collector B shows the lowest first order
heat-loss coefficient, F’U,. The heat loss factors of
the concentrating Collector C and the reference,
Collector A, are comparable.

The very high specific heat parameter, (mC)., of
Collector C is explained by the 4 times higher water

content in Collector C compared to Collector A and
B.

The incidence angular dependence in the
longitudinal plane, given by the b, value, is similar
for all the collectors.

4.2 Model accuracy

In Figure 6, 7 and 8, the monitored data of energy
output for the 6™ of May 2005, a day with varying
weather and low temperature, is compared to the
corresponding values predicted by the model.

0 Power (W/m?)

700
600 -
500 +
400
300
200
100 +

Collector A

—————— Measured

— Sirqulation

0 T
10:00

06:00
050506
Figure 6. Comparison between monitored and simulated
results of energy output for Collector A.

1
14:00

0 Power (W/m2)

T
18:00
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Collector B
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T e
06:00 10:00 14:00

050506

Figure 7. Comparison between monitored and simulated
results of energy output for Collector B.
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0 Power-model(W/m2)
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Fig 8. Comparison between monitored and simulated
results of energy output for Collector C.

Figure 9, 10 and 11 show comparisons between
measurements and simulations of the power from
the collectors from the period 2005-04-02 to 2005-
05-10. The good agreement between simulated and
measured results of energy output from the
collectors (in figures 6 -11) indicates that the
evaluation model works well.

Power-model(W/m2)
800

700 ] il
600 i
500 i
400 ]
300
200 i
100 e

0

+++ Collector A

200 300 400 500 600 700
Power-measured(W/m?)
Figure 9. Correlation between monitored and simulated

thermal effect of Collector A.
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Power-measured(\W/m?)
Figure 10. Correlation between monitored and simulated

thermal effect of Collector B.
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Power-measured(W/m?)
Figure 11. Correlation between monitored and simulated
thermal power of Collector C.

4.3 Monitoring of efficiency curves

Standard efficiency curves were plotted based on
data from periods during the long-term
measurements, when the irradiance was higher than
900 W/m’. Data was taken at near normal incidence
and at stable temperatures. The collector efficiencies
for AT = 0° (see Figure 12) show good agreement
with the results of 7, from the MLR results,
although not entirely comparable.

1
09 t+
08 |
0.7
0.6
0.5
0.4
03 |
0.2 | —Collector B #=0.71-5.3 (T,-T)/G
0.1 | ——Collector C #=0.70-6.0 (T,-T.)/G

0 L L L L L L

0 001 002 003 004 005 006
(Tn-T)N (Km/W)

Figure 12. The efficiency as a function of (T,,-T,)/I for
the three collector prototypes. The slope of the graph
isequal to the F*Up-value.

Efficiency, 7 (-)

0.07

The F'U values from the efficiency graphs at high
irradiances are systematically higher than the
corresponding data from the MLR results. This is
because the data used in the MLR is measured
during all hours of operation. An increase in
absorbed irradiance causes an increase in the
temperature difference between the fin and the heat
carrier fluid, which increases F'U [6]. This effect
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was confirmed by also looking at F'U values from
dark hour measurements. The comparison of F'U
values is shown in Table 2. The dependence of F'U
on the irradiance is strongest for Collector A, which
has a wide absorber and the lowest F-value.

Table 2. Comparison of F'U values from MLR, from the
efficiency curves and from cooling during dark hours.

Collector | F'U F'U F'U
[W/mK] [W/m?K] | [W/mXK]
Efficiency MLR Cooling
6.5 5.84 5.5

B 53 4.93 4.8
6.0 5.79 5.5

4.4 The longitudinal incidence angle dependence

Figure 13 (from 1* of May -05) shows that during
the long-term measurements, the variation of the
transverse incidence angle over the main part of the
day was very small, while the variation of the
longitudinal incidence angle is far more significant.
This means that the b, values obtained from the
MLR analysis practically give information about the
angular dependence in the longitudinal direction for
all the collectors, as they are mounted with the
absorbers in the east-west direction. The reflectors
of Collector B and C thus have a small impact on
the obtained b, values.

Angle of incidence (°)

-40
——————— Longitudinel \
— Transversal \

-80 — T T T
18:00

T T

06:00 10:‘00 14:‘00
Figure 13. Longitudinal and transverse components of the
angle of incidence towards the collector plane in the
middle of the monitored period.

The longitudinal incidence angle dependence of
70» 1s derived directly from collected data from
varying incidence angles at low operating
temperatures during the period from 2005-04-02 to

2005-05-10. The values have been corrected for
contribution of diffuse irradiance and heat losses
and the results, presented in Figure 14, show that the
collectors have similar longitudinal incidence
dependencies.

Nob(-)Beam Efficienc:
1.0 0 Y

0.6 —
04 - %ﬂt
] S>> Collector A L
b ollector *
0.2 4 ++-+ Collector B ;
] X > Collector C
0.0 T T T T T T —
0 10 20 30 40 50 60 70 80 90

Angle of incidence(®)
Figure 14. The longitudinal angular dependence of the derived
beam efficiency, N,

4.5 The transverse incidence angle dependence of
Collector C

The transverse incidence angular dependence is
important for Collector C, since the acceptance
interval is limited in this direction. Measured data of
the optical efficiency for beam irradiance, from
Lund from the whole day of September 1* 2005, a
clear sunny day, was plotted against the transverse
incidence angles, &, as shown in Figure 15.

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Optical beam efficiency, 7, (-)

0.1

0.0

Transverse incidence angle, 6+ (°)
Figure 15. The measurement results of the transverse
incidence angle dependence of the concentrating
Collector C during September 1% 2005. The results from
a.m. and p.m. coincide well.

243



Solar thermal energy systems for building integration

As expected, irradiation from within the
acceptance interval, 0°- 40°, give higher efficiency
than for higher incidence angles. Also, the data from
am. and p.m. correspond well. The optical
efficiency at normal incidence is slightly lower than
the MLR analysis for the larger collector showed,
which is explained by the relatively lower heat
losses of the larger collectors. Over all, the results
appear to be accurate.

From these results, a model of the expected optical
efficiency for different transverse incidence angles
was set-up (see Figure 16).

The model was also adjusted to descend gradually
to 0 at 90° from the abrupt down-fall between 70°
and 80°, which was the result of the sun descending
before reaching 90°, as this was expected also
during the following measurements. The values
were also normalised to the MLR results of 7, at
normal incidence, which are considered the most
accurate due to the larger size and the better
precision during the production of the prototypes.

The model was validated by comparing measured
data of the collector power from another day,
August 18, 2005, with modelled values. As can be
seen in Figure 17, the accuracy is good.

1.0 T T T T T T T T
0.9 [ | -»-Modelled values normalised to MLR
0.8 [ | —* Modelled values

0.7
0.6 |
0.5
0.4
0.3
0.2
0.1
0.0

Optical beam efficiency, 70, (-)

0 10 20 30 40 50 60 70 80 90
Transverse incidence angle, &+ (°)

Figure 16. The model was validated by plotting measured

and modelled data of the collector power over

measurements from another day, the 18th of August
2005.

244

| —— Measured data
| - #- Modelled data

Power (W/m2)

L S

07:12  09:36  12:00 14:24  16:48  19:12

Time of day, August 18, 2005
Figure 17. The model was validated by plotting measured
and modelled data of the collector power over another
day, the 18th of August 2005.

4.6 Ray tracing results

Figure 18 shows graphs of the transverse incidence
angle dependence, both the modelled values and ray
tracing results, which correspond relatively well.

1.0

E —o—Ray tracing
09 [ results
0.8 F - - Model,
f o000, normalised to
0.7 E 2 MLR
o oo 0o —o— Modelled
0.6 F-- e N expected values
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0.3

Optical beam efficiency, 7, (-)

02
01 F

0.0 Booiei o N
10 20 30 40 50 60 70 80 90
Transverse incidence angle, 9+ (°)

S

Figure 18. Results of incidence angle dependence of
Collector C, both from ray-tracing results and from the
model set up based on measurements.

The ray tracing results also gave the irradiance
patterns and figures of distribution across the
tubular absorber for different transverse incidence
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angles (see Figures 19-22). The x-axis shows the
pixels (used in simulations) along the absorber
surface from the top and clockwise around. The left
side of the absorber tube is thus represented by the
higher values on the X-axis.

7
o

Figure 19. The irradiance patterns from 6= 20°.
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Figure 20. Light distribution on the absorber. 6= 20°.

0.004
0.004
= 0.003
=
s 0.003
% .
g 0002
=
£ 0.002
"g A
E
= 0.001
0.001
0.000

126 51 76 101 126 151 176

Figure 22. Light distribution on the absorber. 6= 60°.

4.7 Thermal inertia of the collectors.

The effect of the greater thermal inertia of Collector
C, shown by its high (mC), value, can be observed
in Figure 23, 24 and 25, showing the temperature
difference between the collector and the ambient air,
AT, and the measured and modelled power of the
collectors during a sudden temperature decrease on
the 25™ of April 2005. Figure 25 shows that the
power of Collector C exhibits a strong peak, while
the other collectors show a smaller effect of the
temperature decrease. Also here, the model follows
the measurements well.

Powe r(W/nv?) °C
0 34
Collector A —— Simulation
6504 << Measured [ 30
5504 F26
450 L22
350 [18
2504 —— Tcoll-Tamb L 14
150 T T T 10
08:00 10:00 12:00 14:00 16:00

Figure 23. The measured and modelled power and AT for
Collector A during a temperature peak.
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Figure 24. The relative collector temperature and the
measured and modelled power of Collector B during a
temperature peak.
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Figure 25. The relative collector temperature and the
measured and modelled power of Collector C during a
temperature peak.

4.8 MINSUN simulation results

The MINSUN simulation results show that the
maximum annual energy output per glazed collector
area would be 320 kWh/m?, 330 kWh/m” and 280
kWh/m? respectively for collector A, B and C at an
operation temperature of 50°C and with a collector
tilt of 45°, which proved to be the optimum roof tilt
angle. If calculated per absorber area, the
corresponding yield would be 360, 680 and 1140
kWh/m? absorber respectively for collector A, B and
C. (The absorber area of collector C is based on the
pipe diameter). The simulation results of annual
energy output per collector area for varying roof tilt
angles are shown in figure 26.

While collector A and B show higher performance
per glazed area than collector C, both collector B
and C show high energy output per absorber area.
Considering the economical potential of cost
reductions for the pipe absorber of collector C, both
collector B and C seem to have a good potential to

246

become a cost effective product. The optimal tilt
angle of the roof is 45° and for tilt angles between
35° and 50° the annual output is not reduced by
more than 2%.
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Figure 26. MINSUN simulation results showing the
annual energy output for the collector tilts.

5. Discussion

The detailed analyses of the thermal performance
of the collectors shows that the flat plate collector,
Collector A, and the concentrating tube collector,
Collector C, have high heat losses. Collector B, with
the narrow strip absorber, shows lower heat losses.
The F'U value increase with increasing intensity.
The F’ value is temperature dependent and should
increase  slightly ~ with  increased  operation
temperature, as shown by [6].

The measurements performed in Lund on Collector
C show a slightly higher F’U value, which is natural
considering the smaller prototypes used, which have
a higher area-to-volume ratio.

It is required that the heat losses are further
suppressed. This can be done by decreasing the
acceptance angle and increasing the concentration
ratio. For a previously evaluated non-insulated low-
concentrating east-west collector, with a bifacial
narrow absorber and a factor 3 between glazed area
and single side absorber area, an acceptance interval
of 45° has been shown to be sufficient. This
collector, a roof-MaReCo, has a F'U, value of
around 3.5-4.0 W/m?K [7]. However, a reflector in
the north-south plane requires an acceptance interval
of around 80°, as the Collector C, in order to be
operated at least 5 hours in the middle of the day in
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Sweden. The unexpectedly high U, value of the
concentrating Collector C should be further
analysed.

The analysis of transverse incidence angle
dependence of Collector C show results similar to
the theoretical values achieved by ray tracing
simulations. As expected, the optical efficiency is as
highest and almost constant within the acceptance
interval from -40° to +40°, and thereafter is
diminished. However the deviations shown can be
explained by imperfections of the reflector or by a
slightly dislocated absorber pipe, which can result in
slightly higher optical losses for certain incidence
angles.

A cost analysis should preferably also be
performed in future work to assure the low cost of
the final product.

Considering the very low production costs
expected for these collector types, the potential of
producing a cost-effective collector are estimated as
high, although there are improvements to be made.

6. Conclusions

The thermal performance and incidence angular
dependence of two low concentrating and one flat
plate reference collector, constructed for direct
integration  into  non-insulated roof, where
investigated in detail by outdoor and indoor
measurements.

The good correspondence of the measured and the
simulated collector performances and temperature
variations for the long term measurements leads to
the conclusion that the model works well and that
the results are accurate.

The simulations show that the maximum annual
energy output would be 320 kWh/m?, 330 kWh/m*
and 280 kWh/m® per glazed collector area,
respectively, or 360 kWh/m*, 680 kWh/m? and 1140
KWh/m?, per absorber respectively for collector A,
B and C at an operation temperature of 50°C and
with 45° tilt angle. As there is a potential to further
decrease the heat loss coefficients, i.e. by decreasing
the acceptance angle and increasing the
concentration ratio, there is a high potential of these
collectors to be developed into cost-effective
products.

Judging from the collectors with their present
design, the collector B is the most promising, with
low heat losses and little use of absorber material.
Collector C is the collector that would be the

cheapest to produce, but the heat losses could be too
high to make it profitable.

These solar collectors combined in a ready-to-use
roofing material should preferably be mounted as
entire roofs of cold spaces, which could give a
significant contribution to the heat supply.

List of symbols
by Incidence angle modifier coefficient (-)

dT/dt  Momentary mean collector temperature
increase (K/s)

FU Heat loss coefficient (W/m’K)

F’'U, First order heat loss coefficient (W/m’K)

F'U; Second order heat loss coefficient
(W/m’K?)

G Global irradiance (W/m?)

Gy Beam irradiance (W/mz)

Gy Diffuse irradiance (W/m?)

K Incidence angle modifier (-)

(mC),  Collector specific heat capacity (J/m’K)

T, Ambient temperature (°C)

Tn Mean collector temperature (°C)

Tin Inlet temperature (°C)

Tour Outlet temperature (°C)

T Time (s)

q Collector power (W/m?)

J Declination (°)

Top Optical efficiency, beam irradiance (-)

oa Optical efficiency, diffuse irradiance (-)

% Angle of incidence (°)

6, Longitudinal angle of incidence (°)

Or Transverse angle of incidence (°)

%) Acceptance half-angle (°)

w Angle of time (°)
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Measurement of concentrating solar collectors using a
solar simulator with parallel light

Helena Gajbert, Energy and Building Design, Lund University, Sweden
Héakan Hakansson, Energy and Building Design, Lund University, Sweden
Bjérn Karlsson, Energy and Building Design, Lund University, Sweden

By indoor measurements with steady surrounding conditions evaluations of
concentrating solar collectors could be facilitated and made more systematic. In
this article, a method is described of how indoor measurements of incidence
angular dependence of concentrating collectors can be performed by using a large
solar simulator providing nearly parallel light. The problem of spatial non-uniform
irradiation from the described simulator is taken into account and compensated for
by measurements of the total irradiation by several photodiodes placed in front of
the test area.

Background

Concentrating solar collectors have a potential to be cost efficient in comparison to flat plate
collectors due to lower investment costs (Adsten, 2002). The ability of evaluating solar
collectors indoors provides independence of unwanted climate changes and facilitates the
repetitiveness of the experiments. In order to enable indoor evaluation of concentrating solar
collectors, a light source with parallel light is required. These kinds of light sources are not
common, hence indoor evaluations are rare. A solar simulator providing nearly parallel light,
and adjustable for solar angles is in use at Energy and Building Design at Lund Institute of
Technology. The distribution of irradiated light from the simulator is however rather uneven.
Hence, some results from previously performed evaluations of concentrating solar collectors
have been somewhat difficult to interpret. (Gajbert et al., 2003)

The objective of this work is to develop a method to compensate for the non-uniform light
distribution and the movements of the light pattern while using the solar simulator. The aim
is to improve evaluations of incidence angle dependence of concentrating solar collectors
using the simulator.

A method that serves this purpose has been developed and is presented in this article.
The idea is to estimate the total irradiance on the test area, based on continuous
measurements with a number of photodiodes placed on the glazed surface of the solar
collectors. By using this method, two different types of concentrating collectors with limited
acceptance angles have been evaluated with respect to incidence angle dependence of
the zero-loss efficiency and the results are presented and discussed in this article. Another
method which assumes that the irradiance on the collector is proportional to the cosine of
the angle of incidence is also tested. The results of these two methods are presented and
discussed here.

The solar simulator

The large indoor solar simulator used for some of the measurements in this work, is shown
in figure 1. The simulator is further described in Hakansson (2003 a, b) and Hakansson
(2001). Seven large parabolic reflectors are used to render the light nearly parallel, which
is a rare quality for solar simulators. The simulator was originally designed for simulation of
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daylight for evaluations of solar shadings. However, the parallel light is an important
characteristic also for evaluation of the incidence angle dependence of concentrating
collectors and it is desirable to be able to adequately perform this kind of evaluations. In
order to achieve correct registered values of the irradiation on the collector surface during
measurements, it is important that the total irradiation is known throughout the
measurement, hence also when shifting solar altitude, i.e. lifting the simulator.

Figure 1. The solar simulator horizontally and lifted to the maximum elevation of 70°.

The good parallel light quality of the simulator has been achieved, to some extent, at the
expense of a uniform area distribution. Fewer larger lamps generating nearly parallel light
are used instead of smaller, but more numerous lamps generating more diverging but
more evenly distributed light. The light intensity has been measured at several locations
over a central test area, perpendicularly to the simulator, and the resulting intensity
distribution diagram is shown in figure 2 (Hakansson, 2003 a, b).

Figure 2. Light intensity distribution pattern from the solar simulator over a test area
perpendicular to the simulator.

The light intensity peaks emanates the rim of the reflectors surrounding the lamps
(Hakansson, 2003 a). When the simulator is lifted to simulate different incidence angles,
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the light intensity pattern tend to move over the test area, thus possibly changing the total
irradiation on the object. As the irradiation normally is measured by a single pyranometer,
the results could be misleading. Earlier results from evaluations of incidence angle
dependence of concentrating collectors were initially found to be poorly corresponding to
similar outdoors measurements, thus indicating that the effect of the lifted simulator and
the consequently moving light intensity pattern significantly altered these results. (Gajbert
et al., 2003)

Compensation method for non-uniform illumination

In order to compensate for the moving light pattern an array consisting of six photodiodes
connected in parallel, has been created and placed on the glazed surface of the collectors
at the time of the measurement. The placement of the photodiodes divides the front area
of the solar collector into smaller areas of approximately equal size with one photodiode
placed in the centre of each area. With this arrangement, the total current from the
photodiode array should be a rather good representation of the total irradiance on the
collector surface.

The non-uniform irradiance makes it difficult to get absolute values of optical efficiency, no,
from indoor measurements. Therefore, the calculated optical efficiencies from indoor
measurements were adjusted to match the value of no from outdoor measurements.

Designs of the evaluated concentrating solar collectors

The roof MaReCo, previously described by Adsten (2002), is 2D, concentrating solar
collector intended to be placed on a tilted roof, see figure 3. It has a reflector designed as
a parabola combined with a circular section and an absorber that absorbs irradiation on
the back side from an acceptance interval between 0° and 60° solar altitude angle, when
placed on a roof with 30° slope. The absorber also receives direct irradiation on the
absorber. A prototype of this design was evaluated by indoor and outdoor measurements
of thermal performance at varying incidence angles. The glazing of the prototype was
replaced by a Teflon film.

Reflector 30'6'- ~—

Figure 3. Design of MaReCo for tilted roofs (figure from Adsten, 2002).

The other concentrating solar collector evaluated here is a hybrid solar window, which
basically consists of a parabolic reflector and a hybrid absorber, designed with a
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concentration ratio of 2.45. The function of the reflector is both to concentrate the irradiance
onto the absorber and to be used as solar shading, as the reflectors may be rotated
backwards, as shown in figure 4. The hybrid absorbers consist of thermal absorbers with
photovoltaic cells laminated on the surface. The wall element is further described by Fieber
et al. (2004). The efficiency of the thermal absorbers in a prototype of this design was
evaluated by indoor and outdoor measurements at varying incidence angles. The glazing of
the prototype consists of two anti-reflex coated glass panes.

wiker DA,
madatEn

PVIT b
absorber

Figure 4. The hybrid solar window.

Incidence angle dependence of the concentrating collectors

For these types of 2D concentrating collectors, the incidence angle dependence of the
optical efficiency is composed by the angular dependence of both the transversal and the
longitudinal plane, as illustrated in figure 5.

Figure 5. The longitudinal incidence angle, 0., and the transversal incidence angle, 0r, of a
2D concentrating collector.

A propsed biaxial model, based on separate measurements of the effect on the optical
efficiency of the reflector and the glazing, is shown in equation (1).
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K(guer):RT(gr)fL(gi) (1

Here, f, (6) gives the influence of the glazing and is obtained by measuring the angular
optical efficiency in the longitudinal plane at a given 6; when the reflector gives a constant
contribution. Ry (6r) gives the influence of the reflector and is obtained by measuring the
angular optical efficiency of the collector in the transversal plane when 6. = 0. If glazing is
used, the function K(6.= 0, 0r) gets contribution from both the glazing and the reflector
according to equation (1). Then Ry(6;) will be obtained from equation (2) according to
equation (3).

K(6:=0, 6r)= Rr (60" (1) @
K(0,6;)
RT 0T =77\
€)= ©

This means that the ratio between the measured dependency in the ér and . directions
gives the influence of the reflector only.

The following complete expression for the angular dependency is obtained from equation
(4).
Klol (gL :0’ 67)

o - 0rer) @)

K/a/(HL»HT):./.L(e)

In the longitudinal plane, the angular dependence consists only of the dependence of the
glazing, f(4). This means K, in the longitudinal plane can be described as flat plate
collector by equation (5), where by is an incidence angle modifier coefficient, characteristic
for the glazing (Duffie and Beckman, 1991).

1
K, =1 —b{m > —1) (5)

Measurements of incidence angle dependence of the concentrating
collectors

The two previously described prototypes of concentrating reflectors have been evaluated
for incidence angle dependence by indoor and outdoor measurements. During indoor
measurements, the collectors where placed at the pivot point of the simulator and the
photo diode array was placed on collector surfaces. The irradiance to the collectors where
also measured with a pyranometer. The incidence angles were simulated by raising the
simulator or by rotating the collectors when placed vertically in front of the simulator.

K(0, 6r) was derived from the measured values and divided by f,(6.), in order to get Rr(6).
A single outdoor measurement was performed at ¢r=30° for the roof MaReCo and 6r=20°
for the solar hybrid window. The relations between the current from the photodiode array
and the irradiation at corresponding incidence angles at outdoor measurements were
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calculated. A compensation of the cosine dependence of the incidence angles was also
performed, assuming that the total irradiation from the simulator is constant throughout the
measurement and that the irradiance on the collector is dependent on cos 6r.

The calorimetric measurements were performed with the temperature difference, AT,
between the water in the collector and the ambient air maintained close to zero. The flow
for the calorimetric measurements is recorded with an inductive flow meter and the
temperature difference between in- and outlet is measured with a thermopile consisting of
five thermocouple pairs. The thermal performance was registered continuously during the
measurements.

A comparison has been made to corresponding outdoor measurements of both f,(¢r) and
K(0,6r) of the roof MaReCo, that were previously performed on a larger prototype with
identical geometrical features.

Results from indoor and outdoor measurements

The results of the evaluations of the roof MaReCo are shown in figure 6. These values are
thus the angular dependence of the reflector exclusively, since the influence from the
Teflon and the glazing are deducted, as earlier described. The measurements show good
agreement for both methods for low angles of incidence. For high angle of incidence, when
the irradiance is low, the cosine dependence shows better agreement with outdoor
measurements than diode compensated data.

Optical efficiency (-)

F-= +— Outdoor measurments

L--| —=—Photo diode compensation |- _go L - ____________

-~ % -~ Cosine compensation _ 941

60 -50 -40 -30 -20 -10 0 10 20 30

Incidence angle,6; (°)

Figure 6. The incidence angular dependence of the roof MaReCo from indoor and outdoor
measurements are shown here. The interval of incidence angles corresponds to the
interval when placed at a 30° tilted roof. Then -60° means 6r=0° and 30° means 6r=90.

An equal relation between the indoor and outdoor measurements of the solar hybrid
window was found for the roof MaReCo. This result gives another indication of that the
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method is working satisfactory and that the simulator can be used for characterisation of
concentrating collectors. However, at higher incidence angles, the agreement is not as
good as for lower angles, suggesting that the method still needs further improvements.

Discussion

The results of incidence angular dependence from outdoor and indoor measurements
show that the agreement is good at lower incidence angles. At higher incidence angles,
the correspondence is less accurate. There are possibilities to improve the method further.
By adding more photodiodes to the array, the accuracy of the measured total irradiance
would be better. Improvements of the reflectors of the solar simulator, to obtain a more
even light field, are also possible. An explanation for the lower correspondence at higher
incidence angles could be that the active test area is smaller and that the power involved
is lower.
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Astract - A reliable and robust control system is crucial for an optimally working solar thermal system.
Improvements of system solutions are required in order to facilitate and widen the use of solar thermal
systems. A large facade-integrated, highly automated solar thermal system is connected to the outgoing
side of the district heating system in Malmo, Sweden, and has been operated and monitored since June
2002 without interruptions. The aim of this work is to investigate and describe the function of this
innovative system. Simulations of energy output from the collectors and parametrical studies of
temperatures and tilt angles have been performed. The flows of the five collectors, directed towards east,
south and west, tilted in 90° and 73°, are coordinated to minimize the operating temperatures of the
collectors, thus lowering the heat losses and resulting in a well-balanced heat production over the day.
The system has an overheat protection system based on partial evaporation, where a compressor-
connected expansion system is used for automatic refilling after boiling. From 2002-07-01 to 2003-10-30,
the collectors delivered 180 kWh/m?a to the district heating system, with a peak power of 0.3 MW, which
is as expected from a system with non-optimally oriented collectors. According to simulations performed
with WINSUN, the average annual energy output should be 174 kWh/nm?a, i.e. a divergence of 3% from
the measured output. The simulations performed show relatively good agreement with measured energy
output and the parametrical studies performed give an indication of the influence of the separated

collectors on the total energy output.

1. INTRODUCTION

1.1 Background

A reliable and robust control system is crucia for an
optimally working solar thermal system. Improvements
of system solutions are important in order to facilitate and
widen the use of solar therma systems. By connecting
solar thermal collectors to the district heating system,
problems with stagnation in the collectors can easily be
avoided due to the constantly large heating demand.
Since no heat storage is needed, the heat losses otherwise
caused by a storage tank are avoided.

This paper describes some interesting design features
and experiences from one of the largest fagade-integrated
solar thermal systems in Europe, which also is connected
to the loca district heating system and has severa
relatively new control solutions.

The 1050 m? collectors are oriented in different
directions, towards east, west and south, on the wall of a
sports centre in Malmd, Sweden. It is integrated in the
facade, and the energy output is delivered to the district
heating system. The system, which is highly automated
and remote-controlled, has been operated successfully
and monitored since June 2002 without stagnations
problems or interruptions. The system is one of 10 solar
heat-producing subsystems connected to the forward side
of the district heating system, thus serving as small power
pl 2ants. The total collector area of the ten systems is 2030
m°.

1.2 Objectives of this work

This study is concentrated on evauating the
performance and system design of this highly automated
solar thermal system, with the aim to describe some
important design features of the system, as it may be
beneficial to apply these features elsewhere.

Parametrical simulation studies have been performed in
order to show the importance of potential improvements
that could be the result of changes of some of the design
features such as the orientation of the collectors and the
operation temperature.

2. SYSTEM DESCRIPTION

2.1 General system design

The 1050 m? large flat plate collectors from Aquasol
with antireflection treated and frosted glass are modified
for attractive fagade integration. The five collectors are
divided into three subsystems, which are integrated in the
fagades in directions close to east, south and west and
tilted in 90° and 73°. The areas, azimuth angles and tilt
angles of the collectors are shown in table 1.
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Table 1. The size and orientations of the collectors.

Direction | Azimuth | Collector | Collector
angle, a. | tilt, B area (m?)
East -08° 90° 181,6
South -8° 90° 3712
South -8° 73° 2216
West 82 90° 1124
West 82 73° 163,4

In figure 1, an overview of the system design with the
measured temperatures marked out is shown.

g ) Tsolc Tons, ¢
va

PsoL V3 PDHS R
Figure 1. An overview of the system design.

The collectors are marked with S, W and E for the
orientations towards south, west and east, and with the tilt
angles. The temperatures from the outlets of the collector
towards south, (Ts), west (Tw) and east (Te) are shown as
wells as the hot and cold temperatures on the solar circuit
side (Teyp) and (Tse) and the corresponding
temperatures on the district heating system side (Tpus, n)
and (Tpws, o). The expansion vessel (Ex), the flow sensor
(FS), the forward (F) and the return (R) pipes of the
district heating system, thesolar circuit pump (PsoL), the
pump on the district heating side (Pons) and the three-
way valves (V1, V2, V3 and V4) are marked as well.

The control system alows cooperation of the five
collectors.

Heat is delivered at minimum 65°C to the forward side
of the district heating system by a plate heat exchanger.

2.2 The system design process

Before the system was built, the system design had first
been tested with severa different operation modes in
simulations with the software Dymola and a pilot plant
had been erected where measurements had been
performed, al in order to find the most efficient solar
thermal system. As most of the components used in the
solar thermal systems are of the same type as those used
in the conventional part of the district heating system, the
repair timeis reduced.
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2.3 The flows in the collector circuits

The flow in the solar circuit is divided into three main
circuits, as the heat transfer medium, Tyfocor (1,2-
propylene glycol, 42-45 %), in the collectors with the
same azimuth angle are mixed by static control valves
(figure 1).

The flows through the three main collector circuits vary
continuously. Two PID regulators seek to modify the
positions of two motorized three-port control valves, V;
and V,, which mix the flows in a way that minimises the
temperature differences between the outflows from the
three circuits. The flows from the eastern and the western
collector circuit are mixed in V4, so that T,, and T, are
balanced. The vave V, mixes the flow from the
collectors towards east/west with the flow from the
southern collectors so that the highest temperature of T,
and T, is balanced to T, This results in a higher flow
through the circuit of the most illuminated collector.
Therefore, the operation temperatures, and thus the heat
losses, in the most illuminated collectors are minimised,
resulting in an optimised energy output.

As the valve positions are atered and the flows in the
sub circuits change, the total flow rate in the main solar
circuit is changed as well, athough the pump power is
constant during the time the system delivers energy to the
district heating system.

These are dtrategies to create a well-balanced
temperature and flow variation between the collector
circuits over the day.

2.4 Start up and shut down control of the solar circuit

The start up and shut down of the solar circulation
pump, Pso, is controlled by a timer, which is
programmed with start and stop hours, based on the time
of sunrise and sunset, varying from month to month. The
timer starts the pump running at 25% of the power
required to obtain the dimensioned flow rate. The pump
is operating like this for two minutes, or aslong as any of
the three measured outlet temperatures, Te, Tsand T, are
higher than 40°C. Meanwhile, the temperature of the
Tyfocor at the solar inlet to the heat exchanger, Tey,n, iS
measured. In this way, overheating and loss of available
energy is avoided.

When the temperature T, 1 rises above 67°C, the
district heating pump, Poys, is started and the solar circuit
pump activity is thereafter increased to 100%, which
corresponds to the dimensioned flow in the solar circuit.

The bypass valve, V3, protects the heat exchanger
against freezing. It is kept open to the heat exchanger as
long as Ty, n is higher than 5°C. When the temperature is
lower than that, V3 shuts and the liquid is shunted outside
the heat exchanger.

If the temperatures Te, Tsand T,, are lower than 40°C,
the solar circulation pump is shut off but new attempts to
start up again are performed every 30 minutes until the
timer shuts off the system for the day. The fact that the
temperature sensor Ty, Which controls the start of the
pump Poys, is placed in the basement of the building,
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gives a more robust system compared to if the
temperature sensors on the roof would have been
controlling the start of the system. The energy lost by
running the pump on 25% is during short periods is very
low.

A plate heat exchanger which works with equal flow
rates on both sides, allows the temperature in the
collector circuit, and thus also the heat losses, to be kept
aslow as possible.

2.5 The control of the district heating circuit

It is very important that the water going out to the
district heating system has reached the minimum
temperature of 65°C in order to secure the therma
comfort for the customers.

In the heat exchanger, the return flow from the district
heating system is heated from approximately 45°C to the
temperature required for the outgoing flow, which is
65°C minimum (and approximately 85°C maximum).

The three-way valve, V4, is used to control the flow
through the heat exchanger on the district heating system
side, adjusting the temperature of the outgoing water. The
valve is open enough to secure that the temperature
coming out from the heat exchanger, Tpusp, is 65°C or
higher. If Tpusp, is too low, the water is re-circulated
through the heat exchanger.

The pump in the district heating circuit, Pous, is a
distribution pump that increases the pressure from 4 bar
on the return side to approximately 7 bar on the outgoing
side, which is arather electricity demanding process. The
highest pressure in the district heating system is 12 bar.
The pump is active as long as Ty, n is 65°C or higher.
The pump power is then adjusted with the aim to generate
equal flow rates on the both sides of the heat exchanger.

The flow sensor (FL in figure 1) registers the actual
flow rate in the district heating system circuit by
measuring the pressure difference over a measuring
flange. Flow disturbances from the district heating system
and from the heat exchanger can thereby be adjusted.

The optimal pump power is calculated based on the
position of the control valves and the flows in the solar
sub circuits. This regulates the set point for the power of
the pump on the district heating side.

When Ppuw is operating the solar pump Py, is set to
operation mode (100%), providing the dimensioned flow
in the solar circuit.

If the valve V4 on the district heating side has been
closed for ten minutes, the district heating pump is shut
off and the solar circuit pump is set to its mode of 25%
rotation speed, waiting for the temperature to rise before
astart-up can beinitiated once again.

In case of activated freezing alarm, the three-way valve
of the district heating system circuit is opened just
enough to keep the outgoing water above 15°C.

By having double control functions for the pump, on
both the temperature and the flow of the circuit, the
system becomes more robust.

2.6 Overheat protection by partial evaporation

One important design criterion has been not to let the
heat transfer medium out of the system unless it is
absolutely necessary. The system is protected from
overheating by control features allowing partia
evaporation of the heat transfer medium. The system is
equipped with a compressor-fed expansion vessel that is
automatically refilled after boiling. The large expansion
vessel of 1000 | is designed to handle the entire collector
volume of the system. In case of boiling and stagnation,
the pressure will rise to a certain limit before air is let out
of the expansion vessel through a solenoid valve,
maintaining this dlightly higher pressure. The solar
circulation pump is then stopped, in order to prevent as
much of the liquid as possible from boiling and to protect
the collectors from hammering as the hot steam
condenses when meeting the cold liquid. The heat
transfer medium is thereby pressed backwards into the
expansion vessel. As the weight of the expansion vessel
increases over a critical level, a pressure sensor triggers
an alarm to the control centre.

When the collectors have been cooled down and the
Tyfocor condensates, the pressure in the solar circuit
decreases and the medium in the expansion vessel is
pressed back into the system, due to the higher pressure
in the expansion vessel. The compressor refills the
expansion vessel with air to a certain pressure and the
solar circuit is then ready for operation again.

If electricity is unavailable the solenoid valve can not
open and decrease the pressure. To handle this scenario a
mechanical safety valve on the airside of the expansion
vessel opens. If this also fails each of the five collector
subsystems are equipped with a mechanical safety valve.
The Tyfocor released from these valves are collected in a
large container. From this container the system can be
refilled manually with an electric pressure pump.

The risk of implosion, which may arise due to too low
pressure when the heat transfer media is running back
into the system and the compressor is not in operation, is
prevented by another valve that opens if the pressure is
below a certain limit, letting air into the system. The
system has never been exposed to boiling but the pilot
plant was in stagnation several times during the design
faze, both with and without electricity, and the overheat
control strategy was proven successful.

2.7 The system as a part of the district heating system

The system works as any other conventional production
unit in the district heating net, with the exception that the
production can not be predicted and the production unit is
installed at a customer. It is therefore extremely important
that the solar thermal system is robust and provides a
high availability, in order for the system not to cause
disturbances, like low-temperature water going out on the
district heating net. This could cause discomfort for the
customers and create a demand for adjusting the problem,
which would probably have been done by using
electricity peak power.
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Figure 2. The large fa(:ade—in?egrated collectors.

The knowledge about the district heating system and the
nearby consumers are utilized to optimise the operation
circumstances of the solar collector system. The solar
system is situated in the outer parts of the district heating
system but still very close to alarger group of consumers.
The buildings in this area are built with consideration to
the fact that they need to keep thermal comfort at the
minimum temperature of 65°C from the district heating
system. Because of the closeness and the low temperature
required the heat losses can be kept very low.

Another important characteristic of the system is that
the pipe from the heat exchanger to the main forward
pipe of the district heating system is designed as short as
possible, in order to avoid low-temperature water going
out to the customers.

2.8 Measurements and monitoring

Hourly values of temperatures, flow rates, valve
positions, pump activity etc. from the system are
measured continuously and collected in a data base at the
control centre of the district heating network. From there
the system control parameters can be changed and the
operation controlled. A new control system is used and it
has access to every measuring point in the solar system.
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It has its own data collection agorithm that uses the
deviations between the sampling points to decide if a new
data point should be stored or not. The total energy
output is measured on the district heating circuit by an
energy meter. The temperatures in and out of the heat
exchanger are measured, which makes it possible to
monitor the performance of the heat exchanger.

2.9 Architectural aspects of the building integration

The installation of the collectors was carried out as a
replacement of the old fagade and they have been given
an interesting and appealing design, well integrated in the
building. The frosted glazing makes the collectors more
appealing but lowers the energy output and hides the
absorber fins.

The bold design of the collectors occupying a very large
part of the facade (see figure 2), accentuates the solar
panels and emphasises the concept of renewable energy
use and sustainable solutions.

2.10 Economical aspects

Economical support from the government for local
investment programs have been received for the
installations of the collectors, belonging to the sports
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centre. For the energy company Sydkraft (that owns the
delivered energy and the system components except the
collectors) the alternative to installing this solar thermal
system was to increase the heat production elsewhere in
the district heating system. The possibility of installing a
large field of collectors outside the city and connecting it
to the district heating system was never a redlistic option
since the long piping required and the high cost of ground
area would have made the project far too expensive. In
comparison to that option, the placement of the collectors
on the fagade provides an economically advantageous
solution.

3. EVALUATION METHODS

3.1 The WINSUN program

The TRNSY S based simulation program WINSUN was
used for the simulations of solar gains from the different
collectors. The program caculates the theoretical
monthly energy output from the solar collectors using
climatic data from Meteonorm as input data. The program
also uses the monthly operation temperatures of the
collectors, parameters of the collector performances and
orientations, climatic data and certain other surrounding
conditions. It returns the monthly energy output for the
period.

3.1 Data analysis and simulations

Measured data from the solar thermal system from the
period 2002-07-01 to 2003-06-30 have been analysed and
used for simulations. Each collector was simulated
separately. The performance parameters of the collectors
from Aquasol that was used as input to WINSUN are
shown in table 2. The parameters are the results of
collector test performed by SP, the Swedish National
Testing and Research Ingtitute. The parameter ¢, is 0.83
for the collector in its origina design, but was for this
case estimated lower, due to the frosted glazing.

Table 2. The collector performance parameters of the
Agquasol collectors used in WINSUN. The parameter c, is
normally 0.83 but was estimated lower due to the frosted
glazing.

Co Cy €2 by
(WimeK) | (WimeK) | (Winek?) | )
0.81(0.83) | 2.7 0.03 0.10

Solar radiation data from site of the collectors were not
available. Therefore a detailed analysis of the
performance of the system was not possible. Instead
simulations were performed with the WINSUN program.
Monthly mean flow weighted operation temperatures in
the collectors were derived from measurements and used
asinput in the simulation program. The average operation
temperature over the year was calculated to 63°C.

WINSUN used climatic data from Meteonorm for a
typical year in Lund, close to Mamd. This means that
WINSUN predicts the annual performance of the
collectors for a normal year in Lund. The Meteonorm
data were then compared with solar radiation data from
the Technica University of Denmark, Copenhagen,
registered during the measured period.

4. RESULTS

4.1 The over all energy yield from the system

During the investigated period from 2002-07-01 to
2003-06-30, the system delivered 189000 kWh to the
district heating system, i.e. 180 kWh/m2 collector area,
with a peak power of 0.3 MW. The COP, the Coefficient
Of Performance, i.e. the thermal energy produced per unit
(kWh) electricity used for the system operation, eg.
pumps etc. was 24, according to the measurements.

The results from the simulations show an expected
energy output of 183000 kWh/a, i.e. 174 KWh/m?a, which
isadivergence of only 3% from the measured output.

The results of annual energy output are as high as can
be expected from a system with collectors in non-optimal
directions.

4.2 Correspondence of measured and simulated energy
output and irradiation

Monthly values of simulated energy output from the
solar collectors during an average year and measured
monthly values of total energy output on the district
heating system during the investigated period are shown
in figure 3. The simulated values show a similar
dispersion over the year as the measured values, although
there are obvious deviations, largest in March and
September. When the measured output is lower than the
simulations, the deviation could possibly be explained by
the fact that the district heating pump does not start until
67°C isobtained at theinlet to the heat exchanger.
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Figure 3. Measured and simulated results of the total
monthly energy output from the solar thermal system.

The divergence can aso be explained by the natura
climate changes from year to year. The solar irradiation
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varies considerably from year to year and the collector
output also varies accordingly with £ 20% around the
average value, according to an investigation of data from
a16 year period presented by Adsten (2002).

Figure 4 shows that data used in WINSUN (originally
from Meteonorm) of globa irradiation on horizontal,
which represent an average year, correspond rather well
with the measured data from Copenhagen. Data is shown
for the year 2002 and the first six months of 2003.

From the measured data from Copenhagen from 2003
there were some data points missing. Therefore the mean
values of the measured values each month have been used
instead for 2003.
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Figure 4. Monthly values of global irradiation on
horizontal from Copenhagen and the corresponding
reference year values used in WINSUN.

However, the direct beam irradiation also plays an
important role for the energy production from the solar
collector. Figure 5 shows the variation in measured
values of direct beam irradiation, normal to the sun, from
Copenhagen. The difference between these values is very
large during the year and is very large in March and
September. This variation in beam irradiation from year
to year could explain the deviation of energy output

shown in figure 3.
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Figure 5. Monthly values of beam irradiation from

Copenhagen and the corresponding values used in the
climate data in WINSUN.
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The result show that the measured beam irradiation,
diverge significantly from the reference year used in
WINSUN. This, together with the fact that the model is
rather rough, can probably explain the difference between
simulated and measured energy output from the
collectors. The simulations can thus be accepted as giving
interesting indications of the actual output.

4.3 The cooperation of the collectors

Figure 6 shows the positions of the motorized three-way
valves, V1 and V2 in figure 1, which alter the flows of
the main collector sub circuits. The data is from the 20"
of July 2003, a sunny clear day when the solar pump was
working at 100% speed during the whole day.
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Figure 6. The positions of the motorized three-way
valves, V1 and V2, controlling the flows of the collector

circuits, measured during a clear summer day, the 20" of
July 2003.

In figure 7, data of the outlet temperatures from the
different collectors, Te, Ts and Ty, (from the same day)
are shown as well as the temperatures going in to the heat
exchanger on the solar side, Tsypn, and out of the heat
exchanger on the district heating side, Tpush.

Figure 7 shows that the temperatures in and out of the
heat exchanger, Tey, h ad Tpus, n, are stable from 07:00 to
20:00. As the temperature Ty is decreasing below 67°
in the evening, the district heating pump is stopped and
no more energy is delivered to the district heating system.
This can be seen in figure 8, showing the total energy
delivered to the system during the day.
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Figure 7. The outlet temperatures from the three main
collector circuits, T,, T, T,, and the temperatures at the
inlet to the heat exchanger on the solar circuit side, Ty,
and the outlet from the heat exchanger, Tpysy in the
district heating circuit. Data from the 20™ of July 2003.
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Figure 8. The total delivered energy to the district
heating system the 20™ of July 2003.

The figures 6, 7 and 8 show that the flows are well
controlled and result in a constant output temperature.
The higher output during the afternoon is explained by
the larger areas towards west than towards east.

4.4 Parametrical studies

It isinteresting to see how much energy could be gained
by decreasing the operating temperatures and how much
is gained by keeping the operation temperature as low as
possible.

The results from WINSUN, shown in figure 9, show
how the theoretical energy output for the different
collectors and the area weighted mean energy output of
the whole system would change if the mean operation
temperature in the collectors would change. At present
the average mean operation temperature is 63°C. The
collector facing south and tilted 73° give the highest
annual output, followed by the 73° tilted collector
directed towards west, which give amost the same results
as the area weighted system average. The collector facing
east and tilted 90° is the collector with the lowest output.

Should the operation temperatures instead be 40°C or
50°C, the output would have been 60-130 kWh/m?a
higher. A 10°C increase in temperature decrease the
mean annual energy output by around 50 KWh/m2.
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Figure 9. The theoretical energy output of the different
collectors for different mean operation temperatures in
the collectors and the mean values of the system.

The simulation results in figure 10 show the monthly
distribution of the energy output from the five collectors.
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Figure 10. The simulated energy output for the different
collectors shown as monthly values over the year.

The west- and south-facing collectors, tilted 73° give
the highest peaks in summer, while the south-facing
vertical collector gives a more balanced output over the
year. Both south-facing collectors provide some energy
output during winter, when the eastern and western
collectors hardly deliver any energy at all.

In figure 11, the monthly values of mean area weighted
energy output of the system are shown, as well as results
of the energy output from a system where the collector
are placed horizontally or towards south, tilted 40°. The
values of annual results are shown in table 3.

267



Solar thermal energy systems for building integration

80

—e—South 40°
70

60 - u- Horisontal

50

—+—Mean
energy
output

40

30

(kWh/m2,month)

20
10

Energy output from the different collectors

c 2 5 5 » £ 35 © a g z 9
< [ g -3 ] = E] F1 [y 2 ° o
S o = < 3 5 7 I 0 O z a4

Figure 11. Simulation results of the mean area weighted
energy output and the theoretical output for horizontal or
south-facing 40° tilted collectors.

During the winter, the mean energy output of the system
is higher compared to if the collectors were to be placed
horizontally but not more than if they were to be directed
towards south tilted 40°.

Table 3. The simulated annual energy output of the
differently tilted collectors and of a horizontal and south-

Jfacing collector tilted 40°.
Colector direction | East| South [ South|West|West| The

South| Hori-
total

and tilt 90° | 90° 73° | 90° | 73°
Annual energy

system | 40 ° |zontally

90 | 167 | 263 [ 137|190 | 174 | 343 | 234

output (kWh/m?2a)

It can be concluded that the high tilt of the south-facing
collectors gives balance to the energy distribution over
the year whereas the vertical east- and west-facing
collectors give less energy during the cold season.

The global irradiation from Meteonorm is shown in
figure 12 in order to verify the resultsin figure 10.
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Figure 12. Data of global irradiation for differently tilted
surfaces, derived from Meteonorm.

If the collectors were tilted differently, the energy output
would change according to figure 13. It the tilt was 45°
the would give the maximum annual output of 340
kWh/m?a, compared to the 180 kWh/m?athey give today.
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5. DISCUSSION

The simulation results, without access to irradiation
data, give a relatively rough prediction of the system
performance.

The agreement between measurement and simulations
based on Meteonorm data is satisfying. The simulations
and parametrical studies give indications of the possible
improvements that different orientations or operation
temperatures could give.

The control of the flows through the collectors is very
important. The chosen control strategy evens out the
temperature differences between the different collectors
and resultsin a balanced flow over adaily bases, with the
highest flow rate in the most illuminated collectors. The
output temperature is shown to be rather constant over the
day.
If the collector all had been mounted in the optimal
direction, towards south tilted 45°, the energy output
would have been increased by a factor of 2. But since the
collectors were replacing wall materials they were
installed in all directions.

The system is a well-functioning heat producing plant,
which have worked during three years without
unexpected interruptions.

A solar therma system that produces heat to the
forward side of the district heating system, with a
constantly high heat load, can of course be designed very
differently compared to a system that requires a storage
tank, but there are many interesting design features
applied in this system that would be interesting to
consider also for other solar thermal systems, as e.g. the
use of robust components.

The design method to both test the system by
simulations and by a building a pilot plant is a very
promising strategy, yet seldom possible within the budget
frames. Hopefully, the good ideas and design features
applied in this system can also be successfully applied
elsewhere.
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6. CONCLUSIONS

A large facade-integrated, highly automated solar
thermal system is connected to the outgoing side of the
district heating system in Mamg, Sweden and has been
operated and monitored since June 2002 without
interruptions. From 2002-07-01 to 2003-10-30, the
collectors delivered 180 kWh/m?a to the district heating
system, with a peak power of 0.3 MW, which is as
expected from a system with non-optimally oriented
collectors. According to simulations performed with
WINSUN, the average annual energy output should be
174 KWh/m?a, i.e. a difference of 3% from the measured
output.

Collector parameters from standard testing and climatic
data based on Meteonorm data for a normal year were
used as an input for the simulations. This also means that
the procedure for using Meteonorm, when measured
irradiation data is missing, seems to work satisfactory.
The monthly values from simulations and measurements
show larger differences, which are explained by the
climatic changes from year to year.

The system consists of five different sub-systems in
different directions connected to the district heating net
via an advanced control system and heat exchanger. The
analysis shows that the control system, which is designed
to deliver heat at temperature of at least 67° to the heat
exchanger, is working satisfactory. The temperature
going into the heat exchanger and the temperature going
out to the district heating system are relatively constant
during the time heat is delivered.

The system has an overheat protection system based on
partial  evaporation, where a compressor-connected
expansion system is used for automatic refilling after
boiling. This system was never tested during first years of
operation, since the system never reached stagnation.
However, the pilot plant was in stagnation severa times
and the control strategy was then proven successful.

The parametrical studies show that the collectors tilted
in 73° south give the highest energy output. The vertical
collectors in east and west give the lowest output. If al
collectors were installed in south direction and tilted 40°
the annual performance should increase by a factor of 2.
This was not an option in this case though, as the
collectors were replacing the fagade.

The south-facing collectors with a high tilt give higher
output during spring and fall and the east and west
collectors contribute to a uniform energy distribution over
the day.

Theideawith the collectors connected to district heating
grid close to buildings which are designed to sustain
thermal comfort at low temperatures is that it alows the
collectors to operate at a relatively low temperature. The
over all evaluation show that the advanced system design
for start up, stagnation and control has resulted in a well
working solar collector system with high accessibility.
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Abstract

The high cost of photovoltaic modules motivates the use of reflectors to increase the electricity production. The system geometry of
static low-concentrating PV systems for building-integration with parabolic aluminium reflectors was optimised for maximum annual
electricity production. The optical efficiency of systems with different geometries was calculated from short-circuit current measurements
on thin film modules and the annual electricity production was simulated. An inclination of the reflectors’ optical axis of 357, resulting in
a concentration ratio of 4.65, showed the highest electricity yield per cell area, 120 kWh/m? cell area, 72% higher than for a vertical

module without reflector.
(© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Background

Building integration is a rapidly increasing market for
photovoltaic systems [1]. By integration of the photovoltaic
systems in the building envelope already during construc-
tion, building material is saved and redundant work is
avoided, which results in cost reductions for the combina-
tion of new building and electricity system. Still, grid-
connected solar electricity is not cost-competitive on the
electricity market due to the high cost of photovoltaic
modules. This high cost motivates the use of relatively
cheap, highly reflecting mirrors for increasing the irra-
diance on the modules and thus the electricity production.

A previously designed static, concentrating photovoltaic
system for integration in a south-facing fagade is shown in

*Corresponding author. Tel.: +46462227583; fax: +46462224719.
E-mail addresses: helena.gajbert@edb.lth.se (H. Gajbert),
maria.hall @energimyndigheten.se (M. Hall),
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0927-0248/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.s0lmat.2007.06.007

Fig. 1 [2]. The collector has a PV/thermal hybrid absorber
and the system includes parabolic aluminium reflectors and
photovoltaic string modules, as well as expanded poly-
styrene (EPS) insulation. Due to the insulation material,
which is attached directly to the back of the reflector sheet
metal, the fagade element can serve as an integrated part of
the building envelope.

Similar asymmetric concentrating collector systems for
fagade integration have been evaluated by measurements
[3-5] and found to increase the performance by 62% for a
geometrical concentration ratio of 2.0.

The geometry of the CPC:s presented in this work is
highly asymmetric and includes only one, upper reflector.
This simple design facilitates the production of the
collector, which leads to cost reductions.

The transversal incidence angles are here defined as
angles in the north-south-vertical plane and the long-
itudinal incidence angles are defined as those in the
east-west plane. This is illustrated in Fig. 2.

The thin film photovoltaic CIGS (copper—indium—
gallium—diselenide) module used in this work is suitable
to use in combination with reflectors if the long narrow
cells are aligned normal to the reflectors. Unlike the
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crystalline silicon cells used by Refs. [3-5], which have to be
connected in a single string if equal irradiance on all cells
should be obtained, the CIGS cells offer higher flexibility in
production to suitable sizes and are less sensitive to shading
from the horizon. Therefore, this design has a high
potential to be applicable also for large-scale installations,
which in turn gives it potential to be developed into a cost-
efficient component.

* Reflector

i . - Glazing

Material EPS !

R
Fig. 1. Cross-section of a static, two-dimensional concentrating photo-
voltaic system intended for fagade integration. The system has a
concentration ratio of 3 and includes photovoltaic string modules and
parabolic aluminium reflectors, as well as EPS insulation.

Longitudinal direction

1.2. Objectives of this work

The objective of this work was to optimise the geometry
of a wall-integrated concentrating solar collector [6] for
operation in regions of latitudes around 60° so that
maximum annual electricity production is achieved. The
tilt angle of the photovoltaic module and the inclination of
the parabolic reflector’s optical axis has been evaluated and
optimised by measurements and simulations. Both the
influence of the lower acceptance angle and the tilt of the
module plane have been investigated.

2. System design
2.1. Angular distribution of annual irradiation

A static concentrating collector requires a low-concen-
tration ratio in order to benefit from solar irradiation also
at low solar angles. A suitable collector geometry is
estimated from data of irradiation in Stockholm, Sweden.
Here, the greatest amount of irradiation on a south-facing
vertical surface is received from south projected incidence
angles, ans = 50-55°, as shown in Fig. 3, which represents
data collected in Stockholm during the period 1983-1991
[7]. This figure indicates that a static, fagade-integrated
concentrator for all year operation should accept radiation
between 10° and 60°. The irradiation is considerably
reduced during the winter due to cloudy climate and
absorption of the radiation in the atmosphere [8]. This
explains the low irradiation at ong between 0° and 5°.
Shadow effects from the surrounding can further decrease
the irradiation for low altitudes.

An ideal asymmetric vertical concentrator with reflectors
that accepts solar irradiation from incidence angles
Ommin = 10° to Opax = 60° gives a concentration ratio, C,
of maximum 2.89, as calculated by Eq. (1) [9]. If the
acceptance interval is 25-60°, Cynax is 4.51. These geome-
tries require a vedge formed absorber and two reflectors.
With a single reflector that accepts irradiation in the
interval 25-90°, Cyax is 3.46:

2
7 sin Opax — Sin Opip

O

Transverse direction

Fig. 2. Definition of the longitudinal angle ; and the transverse projected angle 6.
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Fig. 3. Angular distribution of annual direct and diffuse irradiation (mean values for 1983-1991) on a south-facing vertical surface in Stockholm, Sweden.

2.2. System geometry

The reflectors used for the system designs are 2D
parabolic mirrors extended in the east-west direction, a
design feature often used in solar energy applications [10].
This system is primarily intended to be unglazed and
passively cooled. However a glazed surface could be placed
vertically in front of the whole fagade element in order to
protect and prolong the lifetime of the reflector material.
Glazing is here described in order to better illustrate the
geometry.

The system geometry, illustrated in Fig. 4, is based on a
2D parabolic graph. The inclination of the optical axis to
the horizontal is denoted v and % is the height of the
glazing. As all irradiation incoming parallel to the optical
axis or from higher solar altitude angles will fall between
the focal point, F, and the reflector, it is suitable to place an
absorber here. The angle f denotes the tilt angle of the
absorber plane and « denotes the width of the module
plane. The angle ¢ is the angle between the vertical glazing
and the optical axis of the reflector. The transversal
incidence angle, 01, on the vertical glazing is equal to the
solar altitude angle projected in the north-south vertical
plane, ons.

The mathematical description for the parabola is shown
in Eq. (2). The focal length, p, is the distance between the
origin of the parabola and the focal point along the optical
axis. r is a vector from the focal point to a point on the
curve, at angle ¢:

_ P
"= oo

The geometrical concentration ratio, C, of the concentrat-
ing system is defined as the ratio between / and @, which
both can be expressed by r. For r =h, ¢ is v+90 and for

@)

%ys|
h
Optical axis Module
3 " /
v B
Horizontal ¥
F

Fig. 4. Illustration of the collector with the parabolic reflector. All
symbols are described in the text.

r=a, ¢ is v+f. C can be calculated from

_h_ cos 2w+ p/2) 3

a cos X((v+90)/2)"

Two different geometries, illustrated in Fig. 5, were
analysed in detail in order to investigate the difference
between system designs of different concentration ratios. In
both geometries, the angle v, between the optical axis
and the horizontal, is 25° and the distance p is 158 mm.
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g

Fig. 5. Geometrics A and B. The angle £ is 20° in Geometry A and —15° in Geometry B.

In Geometry A, the module tilt angle, f, is 20°, which
results in a geometrical concentration ratio C of 2.96. For
Geometry B, ffis —15° and C is 3.44. The positive module
tilt gives the system a better performance at low solar
altitudes as direct irradiation can fall on the absorber. The
negative module tilt of Geometry B was chosen because it
gives the system a higher geometrical concentration ratio.
The different absorber tilt angles also means that the
absorber width « is slightly higher for Geometry A than for
Geometry B.

2.3. Reflector material

The mirrors are based on anodised sheet aluminium,
which offers good mechanical properties. The total and the
specular reflectance were calculated to 83% and 82%,
respectively, from measurements at near normal incidence
at wavelengths of A = 200-2550 nm, for which a Perkim-
Elmer 2-900 spectrophotometer equipped with an integrat-
ing sphere was used. The results are shown in Fig. 6. The
reflectance increases very slowly with increasing angle of
incidence [I11]. The weighted total solar reflectance for
wavelengths shorter than 1100 nm is 81%.

3. Experimental methods
3.1. Electrical measurements

In this work, measurements of the short-circuit current
of photovoltaic CIGS string modules placed on the
absorber plane of a system prototype were performed.
Measurements were performed using a system prototype
with a fixed angle v of 25° and with a module plane that can
be tilted at different angles f§ (see Fig. 7). Measurements
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Fig. 6. Total specular, and diffuse reflectance of anodised aluminium at
near normal angle of incidence.

were performed for Geometry A (v=25°, f=20°,
Geometry B (v=25°, P=—15° and for a vertically
placed reference module without reflector.

The measurements were performed indoors, using a large
indoor solar simulator with parallel light [12]. The solar
simulator is built up of parabolic collimators that render
the light almost parallel, which means that only beam
irradiance is used during the measurements. The light bulbs
used in the simulator contain a metal halide gas, which
gives the light spectral characteristics similar to sunlight.
The simulator can be lifted to simulate different solar
altitudes, between 0° and 73.5°, and measurements were
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Fig. 7. The system prototype with parabolic reflector and an adjustable
module plane.

performed for every 10th solar altitude angle from 0° to
70°, which for the vertical collector facing the simulator is
equal to the transversal incidence angles, 0. No glazing
was used during the measurements.

As the absorber tilt, 8, was altered from —15° to +20°,
the module width, a, was varied accordingly. The accurate
active module sizes were obtained by shielding the CIGS
cells (including the vertical reference cells) with aluminium
foil, as illustrated in Fig. 8. The aperture opening / is
constant.

The CIGS module was suitable for this purpose, as the
module is built up by narrow rectangular cells extended
perpendicular to the length of the east-west oriented
concentrator. This means that all series-connected cells get
equal irradiance.

3.2. Calculation of optical efficiency

The measured optical efficiency for beam irradiation,
o, was determined for each measurement. It was
calculated from the results of short-circuit current mea-
surements from the cells in the concentrating system
Isc(conc)» and from the measurements of the vertical
reference, Isc(rer,) USing

_ Iscieone)
M0b = Clyeer” S

Fig. 8. A thin film CIGS module with the cells extended perpendicular to
the reflector, shielded with aluminium foil.

The calculated optical efficiency for beam irradiation,
here referred to as Ry(6t) of this system, was calculated by

icos(90° —p—0r)

Rr(0r) = ol cos(00) . Or<uv, )
Re(6y) = k(h cos(Br) — a cos(90° — B — b1)) + a cos(90° — p — 1)
() = Iicos(0r)
1 ) —p—0
—k+(1- k)Eiws(ggoswf 5 D s ©)

Eq. (5) is based on the cosine dependence of the intensity
on the modules for O angles lower than v, when a fraction
of the irradiation reaches the module at an angle of
incidence of 90°—f—0r and the rest is reflected back out
from the collector. The direct irradiation on the module is
divided by the direct irradiation on the glazing and the
concentration ratio. For 01 angles higher than v, a fraction
of the beam radiation reaches the module directly and the
remaining fraction is reflected onto the module. These
fractions are included in Eq. (6), where it is assumed that
the rays that reach the reflector are reflected only once
before they hit the module. An effective reflectance,
k =0.69, was introduced in the equation to get a good fit
to measurement data in Fig. 16. In an ideal system without
resistive losses in the photovoltaic cell, there is no angular
dependence of the absorption of the cells, and with a
perfect geometry, the value of this constant would be close
to the value of the reflectance of the reflector as the average
number of reflections is close to unity. The graphs in Fig. 9
show the calculated optical efficiency for Geometries A and
B for varying incidence angles and the effect of the reflector
is shown by the difference in optical efficiency at low
incidence angles, when the rays are not reflected, and for
incidence angles higher than the optical axis, 25°, where the
reflector is useful. For incidence angles higher than 70°, the
irradiation falls directly on the absorber without reflections
and the optical efficiency reaches unity.
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Fig. 9. The calculated optical efficiency Ry(fy) for the two geometries.
The current is significantly higher for incidence angles higher than the
angle of the optical axis (257) as it implies that the irradiance is
concentrated.

The relatively low value of the effective reflectance, k, is
explained by multiple reflections and optical imperfections.
The cell with the lowest irradiance limits the performance.

3.3. Long-term outdoor measurements

An unglazed system of Geometry A and a vertical
reference system was long-term monitored in Alvkarleby,
Sweden (60.6°N, 17.4°E) during July-October 2003 by
monitoring the short-circuit current from the reference and
the concentrator module and also the global and diffuse
irradiance. The stored data was averaged during 10 min
periods. The set-up is shown in Fig. 10.

3.4. The MINSUN simulation program and the biaxial
incidence angle dependence model

The MINSUN program was originally developed for
simulations of energy yield from thermal collectors. It is
specially developed for simulating solar collectors with a
complicated angular dependence [13]. The program can be
modified for simulations of electricity yield from photo-
voltaic modules of known nominal power, since it
calculates the annual irradiation on a specified surface.
Basically, it means that it simulates the energy yield of a
solar collector with a defined optical angular dependence
and no thermal losses.

MINSUN uses hourly climate data of direct and diffuse
irradiation to calculate the total annual irradiation on a
specified surface. The total absorbed irradiance, S, is
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Fig. 10. Photograph of a ST5 photovoltaic module from Siemens in a
concentrating reflector system of Geometry A, where the tilt of the optical
axis, v, is 25 and the absorber tilt, f, is 20°. An identical reference module
was mounted in the vertical plane of the aperture.

obtained by multiplying the incoming radiation by
incidence angle modifiers for beam, K, diffuse, Ky, and
ground reflected irradiance, K,. The direct (beam) irra-
diance, 1y, is also multiplied by C as shown in Eq. (7). Iy is
the diffuse irradiance and I, is the ground irradiance [14]:

S = CKo(O)y + Kalg + Kol )

Asymmetric collectors have to be modelled by a biaxial
model that accounts for the different optical efficiency in
different planes of incidence. A commonly used model is
shown in Eq. (8), where 0 is the longitudinal angle and 0,
is the transverse projected angle of incidence, as defined in
Fig. 2:

K(0r, 0r) = K (00, 0)K1(0, Or). ®)

This model was presented by Ronnelid. [15] and
estimates the optical efficiency K by measurements of the
optical efficiency in the perpendicular longitudinal and
transverse directions. This model is difficult to use for the
geometries evaluated in this work, since the angles for
Or = 0° is outside the acceptance interval. Furthermore, it
does not model the angular dependence of the glazing in a
correct way.

An alternative model has recently been proposed [16]
that separates the influence of the glazing and of the
concentrator. The optical efficiency of this type of
symmetric two-dimensional concentrators, like troughs,
depends on the components of the rays in the transversal
plane. The angle of incidence in this plane is 01 and the
reflector trough will be modelled as a function of this angle.
The transmittance of the glazing depends on the true angle
of incidence on this surface, here denoted 0;. Eq. (9) defines
the proposed model. Here, Ry models the effect of the
concentrator and f;. models the effect of the glazing.

Ky(0L, 01) = Ry(01)f . (0)). [©)]
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MINSUN calculates the total incidence angle modifier as
a product of the functions of Ry(0r) and f{0;). The functions
are given in MINSUN numerically in intervals of 5°.

In the simulations, the ground reflected radiation, Ky, was
assumed to be 0. The incidence angle modifier for diffuse
irradiance, Ky, is given as a constant value or obtained by
integrating Ry(01)/1.(0;) over an isotropic sky. This means
that Eq. (10) gives the useful irradiance S on the cell:

S(0r.01) = CRr(01)f L(0)]s + Kala. (10)

The function Ry is obtained from measurements of the
optical efficiency in the transversal plane with 0 = 0. The
/1. function is obtained from measurements of the optical
efficiency in a plane where 0y is constant. This means that
/i conveniently can be modelled as a conventional by
function according to Eq. (11) [14]:

1
Af,,(@:)l—b()(m—l). an

Principally, Rt(6r) represents the angular dependence of
the reflector and fi(6;) represents the angular dependence
of the glazing. A typical reference year of the Stockholm
climate from 1983 to 1992 by the Swedish Meteorological
and Hydrological Institute Stockholm (SMHI) is included
in the model for the simulations.

3.5. MINSUN simulations of the annual energy yield for
systems with various geometries

The MINSUN simulation program was used to calculate
the expected annual energy output from the solar cells with

reflectors by multiplying the useful irradiance from Eq. (10)
by the efficiency of the solar cell (13%). Simulations were
initially performed for Geometries A and B (shown in Fig.
5), with the tilt of the absorber plane, f, 20° and —15°,
respectively. The values of optical efficiency that were
established from the measurement results were used as
input data for Ry(0r) for every fifth incidence angle from 0°
to 90°.

In order to theoretically investigate a number of
variations of the system geometry, MINSUN simulations
were also performed for geometries based on both
Geometries A and B. The input data of optical efficiency,
R1(0y), of the two systems were shifted in the MINSUN
input file in a way that imply that the collectors (both the
reflector and the absorber) theoretically were rotated
around the focal point, F. In a simulation when the
reflector is tilted forward 10° (v is rotated from 25° to 15°),
the values of Ry (0r) are shifted 10° towards lower angles.
When the reflector is tilted backwards 10° v is rotated from
25° to 35° the values of Ry(Ot) are shifted 10° towards
higher incidence angles and extrapolated. This means that
the optical axis tilt angle, v, varies between —5° and +55°
in steps of 5°. This also changes the solar acceptance
intervals and implies a change of the concentration ratio as
the height, &, of the vertical glazing has to be altered to
match the new geometries. The absorber tilt angle from the
horizontal, f3, will then also be altered while the angle
between the optical axis and the module plane is constant.
If the system is rotated backwards, as v is increased, the
concentration ratio will increase, because the height, &,
relative to the module width, a, is increased. The aperture

v=15° Vv=25°
c<C, Cy

v=35°
C>Cyy

Fig. 11. Different tilt angles, v, of the optical axes of the systems simulated in MINSUN. The system in the middle is Geometry A, where v is 25” and the
module tilt, f is 20°. The left- and right-hand geometries were simulated in MINSUN after rotation.
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opening of the concentrator will always be in the vertical
plane. During forward rotation, the reflector is truncated
and during backwards rotation the reflector is extended.
An illustration of the system geometry is shown in Fig. 11.

4. Results
4.1. Results of short-circuit current measurements

The short-circuit current was recorded as a function of
the transversal incidence angle and the measurement results
with varied f tilt angles are presented in Fig. 12. The
measurements show that below the cut-off incidence angle
of the concentrator (25°), the current is relatively low, as
only some direct irradiance reaches the module with a high
incidence angle. Above the cut-off angle the current is
relatively independent of the f angle, since all irradiated
light reach the module directly or after reflection. However,
the average number of reflections is increasing with
decreasing f§ angles, which means that the current slightly
decreases.

The corresponding current densities of the reference and
concentrator modules are presented in Fig. 13. The figure
shows that the output per module area increases with
decreasing module tilt, the f angle, since the module area
decreases and the concentration factor increases with
decreasing tilt angle. The maximum average current
density increases from 30 to 70mA/cm? by concentration.

If it is assumed that both the flat reference module and
the concentrator are modelled by Eq. (10) with the function
CR1(01) = I for the reference module (without concentrat-
ing reflector) and a negligible diffuse fraction, then Isc(conc.)
of the concentrator module is related to Iscer) of the
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Transversal incidence angle, 0,.(°)

Fig. 12. The results of short-circuit current from the CIGS cell in the
concentrating system for Geometries A and B, shown for different solar
altitudes, i.e. transversal incidence angles.
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reference cell according to Eq. (12):
Isceone)(01) = Isce)Rr(0r)C. (12)

This further implies that the angular dependence of 0, at
constant O for the concentrator and reference module are
identical. It is important to point out that the reference is
situated in the plane of the entrance aperture of the
concentrator.

The measured and the ideal Isc of the concentrators of
Geometries A and B are compared in Figs. 14 and 15. The
ideal values of Isc should be obtained from a concentrator
with a reflector of reflectance 1. The values of the ideal Isc in
the figures were derived from the monitored Iscqer)
according to Eq. (12), with Rp(0r) derived from Egs. (5)
and (6) and with the effective reflectance parameter k equal
to 1. The current of the reference cell is lower in Fig. 15 than
in Fig. 14, since the absorber area is larger in Geometry A.

4.2. The optical efficiency

The measured values of optical efficiency, of the systems
of Geometries A and B was thereafter determined from
measured data by Eq. (4). This equation is identical to the
ratio between the monitored Isc(cone.) and the Iscigean for
Or>v. The theoretical optical efficiency was also calculated
from Egs. (5) and (6) with k = 0.69. The measured and the
theoretical optical efficiency agree well up to 40°. For higher
Or, the measurements are unreliable due to the limitations of
the solar simulator at large angles of incidence.

In order to set up an accurate model of optical efficiency
to use in simulations, data of optical efficiency is taken
from measurements, for 0r<40°, and from calculations,
for 01+<40°. This resulting model is shown in Fig. 16.
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Fig. 13. The results of short-circuit current per cell area from the CIGS
cell in the concentrating system, for Geometries A and B, shown for
different solar altitudes, i.e. transversal incidence angles. The current of
the vertical reference cell is also shown.
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Fig. 14. Short-circuit current, Isc, as function of the transversal incidence
angle for the reference module, a concentrator module with Geometry
A(f = +25) and the calculated /sc for a module in an ideal concentrator,
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Fig. 15. Short-circuit current, I5c, as function of the transversal incidence
angle for the reference module, a concentrator module with Geometry
B(§ = —15%) and the calculated Is- for a module in an ideal concentrator,
k=1

For angles 01 below v, the concentrator is not used and
no light is reflected, yet some irradiation reaches the
module directly. The fraction of radiation that is reflected
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Fig. 17. Comparison of the Isc of the reference and the concentrator
module from 10a.m. to 2 p.m. daily from July 10 to September 12 in 2003.

before it reaches the module is increased with increasing 0.
For 01 over 70°, all irradiation reaches the module directly
without reflections, which means that the optical efficiency
is equal to 1.

4.3. Analysis of long-term outdoor measurements

The results of the long-term outdoor measurements, thus
including diffuse and direct irradiation, are illustrated in
Fig. 17 and 18. Fig. 17 shows that the Isc(cone.) is a factor of
two higher than Isc(rer). This means that the geometrical
concentration factor of 2.96 in combination with the
optical losses results in a real concentration factor of
approximately 2.
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1.0 The performance is further analysed by plotting the
measured optical efficiency # as a function of the
transversal incidence angles fy. The results presented in
Fig. 18 show a large scattering but also a relatively good
overall agreement with model shown in Fig. 16. The data
from times when the irradiance was very low are discarded
by selecting only data points when Isc(er) was higher
than 0.3 A.

For Ot of 40°, the outdoor measurements show that the
optical efficiency 7 is 0.60-0.72, while the estimated value
of 5oy is 0.78. This difference is explained by the influence
04 * . of the diffuse irradiation scattering and by aged and

unclean reflectors.

Optical efficiency, 11, (-)

0.3
4.4. MINSUN results of annual electricity production

0.2 *

The results of the simulated annual electricity production
of CIGS modules (with 13% conversion efficiency) in the
concentrating systems of Geometries A and B are shown in

30 35 40 45 50 55 60 65 70 75 Fig. 19. The varying tilt angles of the optical axis, v, are
Transversal incidence angle, 0, shown on the x-axis and both the yield per cell area and the

yield per glazed area are shown in the figure. The

Fig. 18. The optical efficiency 1o as a function of the transversal incidence  horizontal lines across the figure show the calculated yield
angles 01 from long-term outdoor measurements, from 12a.m. to 5p.m. per cell area from the vertical flat reference module and
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Fig. 19. Simulated annual electricity production per glazed vertical area and per module area as a function of the tilt angle, v, of the reflector’s optical axis.

The annual output of the vertical reference module is also shown for comparison, with and without shading up to 0 = 12°.
daily from July 10 to September 12 in 2003.
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also for a reference module that is shaded up to 12°, as this
is a probable situation for vertically placed collectors. The
concentrator module is insensitive to shadowing up to the
incidence angle equal to the optical axis.

Fig. 19 shows how the annual electricity yield per
absorber area increases with higher v angles (30-50°), as the
concentration ratio C increases, until the tilt of the optical
axis is too high to accept irradiation from solar altitudes of
45° and higher. The greatest part of the annual irradiation
in Sweden occurs at projected solar altitude angles, ons, of
50-55° (see Fig. 3). Fig. 19 also shows how the energy yield
per glazed area decreases with increasing v angles.

It can also be seen that the similar graphs of Geometries
A and B are slightly displaced from one another and that
Geometry B gives a higher yield per absorber area than
Geometry A at v angles up to 45°, due to the higher
concentration ratio. Geometry A, on the other hand, gives
higher yield per glazed area, as the reflection losses are
lower for this geometry.

The highest annual energy yield per cell area is
120 kWh/m?a, achieved by Geometry B at a v angle of
35° (Geometry A gives almost as high yield at this point.)
The resulting geometrical concentration ratio, C, is 4.65.
The simulations show that the reference cell would
give 70 kWh/m?a and if shaded for Or from 0° to 13°,
60kWh/m?a. The calculated electricity production for this
concentrating system is thus 72% higher than that of the
unshaded vertical reference module, and 100% higher than
a shaded module.

The measured systems, where v = 25°, show slightly
lower values of the estimated annual yield, 112 and
118 kWh/m?a for Geometries A and B, respectively.
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Fig. 20. Annual distribution of the electricity yield per module area from
the CIGS cells in the concentrator and for the vertical reference cell. The
higher the tilt angle of the optical axis, v, the higher is the summer
production and the lower is the winter production and vice versa.

It is important to also consider that a higher inclination
of the optical axis means that the acceptance of irradiation
from low solar altitude angles is more limited. This results
in a higher summertime production on the expense of a
lower wintertime production. This effect can be observed in
Fig. 20, which shows the annual distribution of the
electricity yield per module area for varying v angles
(0°, 25° and 45°) and for the vertical reference cell.

Although a lowered absorber tilt angle, f, results in
higher yield per cell area, it also impedes the wintertime
production, as it excludes the irradiation from low solar
altitudes. Therefore, depending on the pattern of the
energy demand, a tilt of the optical axis of 25-35° and a
positive absorber tilt angle # would be suitable. It can also
be concluded that the original design is very good for the
application. The system with a v angle of 25° gives about
twice as high yield as the reference cell, which is in
agreement with the outdoors measurements.

5. Discussion

The focus of this investigation is to reduce the cost of the
collector by replacing expensive solar cell material by
reflector material. The most interesting of the shown results
is therefore the annual energy output per module area and
its relation to the output of the vertical reference cell, which
shows the potential savings.

The results have shown that the annual energy yield per
module area will increase with a higher tilted optical axis
up to where the tilt of the optical axis, v, is 35° and 45°,
respectively, for Geometries A and B. The backwards-tilted
parabolic reflector implies a larger vertical area compared
to the module area and thus a higher geometrical
concentration ratio. This means that the cost-efficiency of
the whole concentrating system also may be improved by
increasing the tilt of the optical axis.

However, a highly tilted optical axis gives a high-energy
generation in summer at the expense of a lower generation
in winter. Which design is the more suitable, must therefore
be estimated from considerations of the patterns of energy
demand. Of course, if the system is grid connected, the
immense energy demand makes this aspect unimportant.

A third important aspect is the cost of the facade. The
building element consists of glazing, insulation and wires,
and the cost of these materials, as well as the modules,
should preferably be covered by the energy savings per
glazed area of the building element, or at least be kept at a
reasonable level. However, considering that it is not
uncommon that fagades are allowed high expenses, this
design may be a very price worthy solution. Also, the
collector could very well give an aesthetically appealing
fagade.

The optical measurements show that anodised alumi-
nium offers a good solar reflectance. However, there are
several booster reflector materials available on the market,
which exhibit considerably higher solar cell reflectance than
anodised aluminium. For example, Miro sheets from
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Alanod have a solar reflectance of 90% at normal incidence
[11]. Using these materials should therefore increase system
performance by almost 10%, but at a higher cost. Further
research of the cost-efficiency per glazed area of the whole
building envelope is therefore required before a final
statement can be made about which geometry and
materials to choose in order to minimise electricity
production costs.

In a line-focusing concentrating system, such as the
parabolic reflector system optimised in this work, the
concentration of solar radiation may result in high cell
temperatures. Due to the negative temperature coefficient
of all photovoltaic cells, high cell temperatures will
decrease the efficiency of the system. One way of
eliminating, or at least significantly reduce, this problem
is to cool the photovoltaic modules. There are several
different cooling methods available, but work by Refs.
[8,17] indicates that active water cooling is the most cost-
effective method for low-concentrating line-focussing
systems. In addition to increasing the electric power by
reducing the cell temperature, if operated at medium
temperatures (about 30-55°C depending on cell type),
active water cooling makes it possible to utilise the warm
water produced for heating or pre-heating of domestic hot
water or space heating. If a hybrid absorber is considered,
the demand of thermal energy and the pattern of the
heating demand should preferably also be considered in the
geometrical design of the collector.

6. Conclusions

The maximum annual electricity production in the
evaluated concentrating systems, if installed in Stockholm,
Sweden, was calculated to 120 kWh/m? per solar cell area,
using the MINSUN simulation program and measurement
data. This result was obtained for a system with
concentration ratio, C =4.65 a module tilt angle, f, of
—15° and a tilt of the optical axis, v, of 35°. The calculated
annual electricity production is 72% higher than that of
the vertical reference module, which would produce
70kWh/m? cell area. Compared to a reference module
that is shaded for Or from 0° to 13° the yield is 100%
higher.

For the system of Geometry A, where v is 25° and f is
20°, the electricity yield is 112kWh/m? per solar cell area,
according to simulation results.

For this geometry, an effective concentration of
approximately 2.0 has been observed from outdoor
measurements. Considering the geometrical concentration,
which is 2.96, this results in an optical efficiency of
approximately 0.7, which is similar to the results achieved
by Refs. [3-5].

The conclusion is that the use of photovoltaic modules
and parabolic aluminium reflectors in static, low-concen-
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trating systems designed for building integration has a
potential to significantly increase the annual electricity
production per cell area, compared to a planar vertical
module with the same cell type. Given the low cost of the
highly reflective anodised aluminium mirrors and the
insulation material in combination with a simple manu-
facturing process, the kind of systems evaluated in this
work have a potential to reduce the cost of photovoltaic
electricity.

Acknowledgements

This work was supported by Elforsk AB Sweden in co-
operation with the Energy Systems Program, which is
financed by the Swedish Foundation for Strategic Re-
search, the Swedish National Energy Agency and Swedish
industry. H. Hakansson at Lund University and J. Jonsson
at Uppsala University are acknowledged for assistance
during the measurements.

References

[1] O. Lundberg, L. Stolt, Trends in photovoltaic applications in selected
IEA countries between 1992 and 2001, Report IEA-PVPS TI-
11:2002, 2002.

[2] M. Brogren, J. Wennerberg, R. Kapper, B. Karlsson, Sol. Energy
Mater. Sol. Cells 75 (2003).

[3] T.K. Mallick, P.C. Eames, T.J. Hyde, B. Norton, Sol. Energy 77
(2004) 319.

[4] T.K. Mallick, P.C. Eames, B. Norton, Sol. Energy 80 (2006) 834.

[5] A. Zacharopoulos, P.C. Eames, D. McLarnon, B. Norton, Sol.
Energy 68 (2000) 439.

[6] M. Brogren, Low-concentrating photovoltaic systems with parabolic
reflectors, Licentiate Thesis, Division of Solid State Physics, Uppsala
University, Sweden, 2001, ISSN 03 46-8887.

[7] M. Rénnelid, Optical design of stationary solar concentrators for
high latitudes, Ph.D. Thesis, Department of Materials Science,
Uppsala University, Sweden, 1998.

[8] M. Ronnelid, B. Perers, B. Karlsson, P. Krohn, Cooling of PV
modules equipped with low-concentrating CPC  reflectors, in:
Proceedings of the ISES Solar World Congress, Jerusalem, 1999.

[9] D.R. Mills, J.E. Giutronich, Sol. Energy 23 (1979) 85.

[10] R. Winston, Solar concentrators, in: J. Gordon (Ed.), Solar Energy
The State of the Art, James & James, London, 2001, pp. 357-436.

[11] M. Brogren, P. Nostell, B. Karlsson, Sol. Energy 69 (2000) 173.

[12] H. Hakansson, A parallel beam solar simulator for testing of solar
components, in: ISES Solar World Congress, Gothemburg, Sweden,
2003.

[13] V.G. Chant, R. Hikansson, The MINSUN Simulation and
Optimisation Program, Application and Users Guide, IEA SH&C
Task VII, Ottawa, 1985.

[14] J.A. Duffie, W.A. Beckman, Solar Engineering of Thermal Processes,
Wiley-Interscience. New York, 1991.

[15] W.R. Mclntire, Sol. Energy 29 (1982) 315.

[16] J. Nilsson, M. Brogren, A. Helgesson, A. Roos, B. Karlsson, Sol.
Energy 80 (2006) 1199.

[17] M.W. Edenburn, Active, passive cooling for concentrating photo-
voltaic arrays, in: Fourteenth IEEE Photovoltaic Specialists Con-
ference, San Diego, 1980.




Paper VIII



286



Paper VIl

Design, Building Integration and Performance of a
Hybrid Solar Wall Element

Andreas Fieber, Division of Energy and Building Design,
Department of Construction and Architecture, Lund University
P.O. Box 118, 221 00 Lund, Sweden andreas.fieber@ebd.lth.se
Phone +46-46-2227347 fax +46-46-2224719
Helena Gajbert, Division of Energy and Building Design, Lund University
Hakan Héakansson, Division of Energy and Building Design, Lund University
Johan Nilsson, Division of Energy and Building Design, Lund University
Tobias Rosencrantz, Division of Energy and Building Design, Lund University
Bjérn Karlsson, Division of Energy and Building Design, Lund University

The building industry and the solar energy industry calls for innovative and
attractive building integrated active solar thermal and PV systems, in order to
widen the acceptance and use of solar energy. As an answer to a widened
understanding of building integration, a multifunctional wall element has been
developed.

A PV/T component on the inside of an antireflective insulation window with
concentrating mobile reflector screens makes the system fully integrated into
the building, even its interior. The Solar Window provides PV electricity and
warm water, besides passive space heating and day lighting. Simultaneously,
the reflector screens act as sunshades and added internal insulation for the
window. The reflectors have an optical concentration factor of 2.45, which
decreases the required, cost-intensive PV cell and heat absorber area. The
hybrid technology has synergetic effects such as cooling the PV cells for
increased performance, and making use of heat generated in the cell. The
climate protected system is a visible element in the exterior and particularly in
the interior, and its performance is directly connected to the user behaviour,
due to the operation of the reflectors, which can be switched between a closed,
concentrating mode or an open, transparent mode.

Performance of a 1 m? prototype of the system, regarding its sun shading
and U-value properties and its photovoltaic and active thermal output, has
been momitored. For a two-pane anti-reflective window, the U value is reduced
from 2.8 to 1.2 W/ m?K with the reflectors closed. The annual transmittance
through the window is estimated to 609 kWh/ m?, of which approximately 10%
is expected to be delivered by the PV modules. About 20 % will be delivered as
active solar heat and 30% as net passive space heating. The distribution is
highly dependent on the daily operation of the reflectors, which to some extent
could be automated.

1 The design of the Solar Window

As an answer to the search for truly building integrated solar energy systems, an
experimental design was proposed, which combines all useable forms of solar
energy into one system; active and passive heating, PV electricity and daylight. The
concept also aims at visually exposing the system in a novel and attractive way. The
key for this challenge was simply to use a window as the glazing for a solar collector.
By using hybrid absorbers and pivoted reflectors behind the window, a multifunctional
and responding building skin is achieved. The basic concept of building integration is
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hence changed from the notion of the solar energy system being part of the building
envelope, to the idea of the building envelope being part of the solar energy system.
The system consists of three main components: the window, the hybrid absorber
and the reflector, see figure 1. The combination is intended to give synergy effects by
ascribing the components multiple functions
The hybrid absorber is fixed in an angle of 20° to the horizontal plane. A 2 mm
thick aluminium absorber has PV cells laminated on the upper side. The thickness
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Figure 1: Description of the Solar Figure 2: Concentrating geometry

Window in open and closed mode

reduces movements due to temperature differences, which otherwise puts the PV
cells at risk of cracking. Water pipes are attached to the bottom for distributing active
solar gains and for cooling the PV cells and the cavity between the window surface
and the reflectors. Building integrated, they also serve as supporting structure for the
absorbers and the reflectors, and as the pivot for the reflectors. EPS insulation
around the pipes also makes endings for the rotation of the reflectors, and connects
the insulation of the reflectors into a continuous convection shield.

The reflector screens are primarily intended for concentrating the solar radiation
onto the hybrid absorber. Thus, the need for expensive absorber and PV cell area is
reduced, as it is largely replaced by substantially cheaper reflecting material. The
resulting distance between the fixed absorbers thus makes it possible to achieve
transparency between them when the reflectors are of little use. Hence, daylight may
filter through the structure, which also gives passive thermal gains. For passive solar
house designs with use of large south facing window areas, risks of overheating and
thermal losses are common. The reflectors are intended to reduce these problems,
by serving as internal sunshades during daytime and as internal insulation during
night time. The reflecting geometry is a two-dimensional parabolic curve, with the
optical axis tilted by 15° from the horizontal plane, see figure 2. It has a geometrical
concentration factor, i.e. the ratio between the glazed opening and the absorber area,
of 2.45. The curve is extruded horizontally as a trough, and the reflector is
constructed as a sandwich composition with a 35 mm EPS core between the
reflective film on the concave side and a birch veneer on the convex side.

The window serves as the climate shield and as the solar radiation transmitter for
the system. After the solar radiation is transmitted through the window, it is
distributed as daylight, passive or active heating, or as PV electricity, in proportions
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depending on the handling between the closed or open modes. For maximal input for
the PV/T absorber through a vertical surface, the transmittance through the window
needs to be maximized. Therefore, a highly transparent glass with anti-reflective
coating is used. Due to the over-heating precautions by the solar shading and the
cooling effect of the absorber, a higher transmittance of the glazing can be tolerated.

2 Building integration

The presence of the hybrid PV/T system inside a window makes it highly visible from
the exterior as well as the interior. One of the basic ideas behind the design was to
express the building integrated solar energy system architecturally in an attractive,
maximally exposed way. Conceptually, the window is the traditional solar collector,
hence an interesting starting point for integrating other solar technologies.

Other aesthetical considerations are mainly due to the reflectors. The curved
concentrating geometry is decorative and expresses the capturing nature of a solar
energy system. The backside facing the interior could be covered with any surface
material suitable for the interior context. The modular nature of the reflectors, with no
connection to the energy distribution, makes it possible to exchange them for
alternative surface, thickness or reflecting geometry. The concave front facing the
window will be highly visible from
the exterior, and the mirror like
surface might be the most critical
aesthetical property for a wider
acceptance. However, the curved
mirror can generate interesting
optical expressions in the facade.
The extruded picture of the PV/T
absorber is visible when the
spectator is within the optical
acceptance angle range, which
means that the impression of the
individual modules will differ much
in height on a short distance. The
overall impression of the facade
will hence change when
approaching it. The mobility of the
reflectors also contributes to a dynamic fagade expression.

The system is initially intended for experimental integration into a low energy,
single family house, designed simultaneously with the concept for the solar window,
see figure 2. This house has an 18 m? south facing window structure prepared for the
integration of the Solar Window system. The house is constructed with an EPS
module system with integrated load-bearing wooden beams, with no thermal bridges.
A central brick wall and a ceramic clad concrete floor absorb passive gains. The solar
heating system is complemented by a pellet burner, and the PV system is grid-
connected while also carrying a local DC circuit for reducing magnetic fields and
eliminating losses in battery eliminators, used for DC powered devices.

Figure 3: lllustration of the initial design of the
Solar Window building integrated

3 Window properties

The Solar Window is evaluated for its properties as a building component. From this
perspective, it can be regarded as a normal window with added features, such as
solar shading and internal insulation by the reflector screens. The window consists of
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a double-pane insulating glass unit (IGU). The panes are proposed to have anti-
reflective coatings in order to increase the active thermal and PV performance for a
vertically oriented element. The insulating and sun-shading properties of the
reflectors and the anti-reflective coatings are objects for evaluation.

A 1 m? prototype of the solar window has been constructed for evaluation of the
thermal properties. Five hybrid absorbers with reflectors were mounted in a wooden
frame with a double pane IGU attached in the front. The U value of the window
together with the closed reflectors has been calculated from measurements in a
guarded hot-box, according to ISO 8990 (Johansson 2004, ISO8990 1994). The
Solar Window was placed in a square shaped hole between a cold and a hot space
of 21.6 m® each. The hot space contained a guarded measuring box, covering the
hole and the heating device. The U value was calculated according to Eq. (1):

-9 [Eq. (1)]
A-AT,

U is the U-value of the construction (W/m?K), Q is the power input for heating the
guarded measuring box, A is the area of the window, and AT, is the environmental
temperature difference between the hot and cold space.

Tests were made for the window separately and with the solar window
components attached with the reflectors in six different positions, with four
intermediate opening angles between the fixed open or closed modes. The window
separately represents a U value of 2.80 W/m?K. The U value of the whole Solar
Window differs between 2.42 in the fully open mode, to 1.33 for the fully closed
mode, see figure 4.

The effect on the U

value with the reflectors Q% %J

opened derives from the %ﬁ %a N
reduced convection due to

interruption of cold %I! % AN
downdraught. Hence, the

effect of the open reflectors &t;q %q %;q Q-
could be regarded as an

added internal surface Q@ k;g %q % Ay
resistance, which varies by

opening angle. %ﬁ;’ kt;;, %3 % Q-

The prototype

. a 0° 37° 47° 56° 66° 95°
construction was not made U: 1,33 1,73 1,86 2,07 2,25 243
sufficiently airtight, why
some compensation was Figure 4: U values for different opening angles, a

made for this by sealing the

gaps in its closed position. One measurement was made with the reflectors closed
and sealed towards the absorber insulation, and another one also with added sealing
between absorber insulation and window, in order to reduce the channel of cold
downdraught to one individual module. These two steps made the U value drop from
1.33 to 1.22 and 1.17 W/m?K respectively. Air tightness is hence an important
criterion for further design studies.

The visual shading effect of the reflectors as sunshades in a closed position is total,
which means that effective solar shading, visible shading and effective insulation is
obtained simultaneously. However, the shading effect of the reflectors in an open
position needs to be evaluated. Especially the risk of glare due to the concentration
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of daylight from the reflectors needs to be observed and reduced to a minimum. A
two-dimensional ray-tracing analysis, made by hand in a CAD program (see figure 5),
shows that most of the radiation reflected will be distributed upwards to the next
element above and then spread again. For solar angles at 20° and lower, there is a
small risk of glare from the concentrated daylight. This problem is likely solved by
reducing the rotation angle from 95° (which was set for minimizing the horizontal
obstruction of view) to 90°.

Figure 5: Ray-tracing illustrating the distribution of direct radiation with the reflectors
opened at a solar height of 30° (left) and 20° (right).

4 User strategies

The final distribution between the different forms of solar gains, and the thermal
losses through the structure, are dependent on how the system is regulated between
the two reflector modes. The complexity also increases due to more subjective
response from the users due to thermal comfort and wish for daylight and view.

The system was initially designed for integration into a single family house, where
most bright hours during weekdays are characterised by the absence of the
inhabitants. A rough operating schedule is outlined: during morning hours, with low
solar flux and high user activity, the reflectors can be opened to allow for daylight,
view and direct passive heat gain. During solar peak hours, with family members
being at work or at school, the reflectors can stand closed for maximal active
performance. Late afternoons and evenings have similar characteristics like the
mornings, thus the reflectors are likely to be opened. For avoiding view inside (i.e.
allow for privacy) and thermal losses during dark hours, the reflectors should be
mainly closed until the next morning. When integrated into larger areas, zoning of the
system allows for combinations of closed and open modules during this cycle.

Another operating strategy could be automating the movement for the reflectors on
response to the radiation intensity and the outdoor temperature. It could be
programmed for closure at radiation levels too high for thermal or visual comfort, or at
levels too low for any practical use, e.g. at night time. In combination with other
“intelligent house” technologies, such as sensors indicating occupant absence,
obvious opportunities for keeping the reflectors totally closed can be maximally used.
For calculations on passive gains in Stockholm, Sweden (lat 59.31), the reflectors
were considered closed at transmitted irradiance levels below 50 W/m? and above
300 W/m?, and opened at intermediate levels, from March to October. Concerns have
been taken to the solar shading effect of the reflectors by using the computer tool
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Parasol. For November to February, the system was operated as a window with no
thermal and power production and the reflectors were considered closed or opened,
depending on the most beneficial thermal energy balance, for every hour. The energy
balance was calculated for every hour of the year, according to Eq. (2):

W=i—U-AT [Eq (2)]
W is the net energy gain through the window, | is the transmitted irradiation, U is the heat transfer
coefficient of the and AT is the temperature difference between indoors and outdoors.

The calculations indicates an annual positive net energy balance of 10 kWh/m? for
the winter season. For the warmer season, there is a loss of 14 kWh/m? for the dark
period with irradiance levels below 50 W/m?, and a passive gain of 214 kWh/m? for
the ozpened mode, at levels between 50 W/m? and 300 W/m?. At levels above 300
W/m?, 245 kWh/m? are available for the PV/T absorber.

5 Photovoltaic properties
For monitoring the photovoltaic performance of the system, a separate prototype with
a hybrid absorber with polycrystalline silicon cells and a reflector was constructed.
The optical efficiency n(a) is defined as the ratio between the performance of the
concentrating module and a vertical module of the same area as the concentrating
aperture. It was determined through outdoor measurements. The short circuit current
Isc of the concentrator module was monitored as a function of the angle of incidence 8
in the meridian plane. The optical efficiency (figure 6), was then derived according to

1,, 1000 [Eq. (3)]
Lo - C, - G-cos(3)
where l1gog is the short circuit current of the bare module at an irradiance of
1000 W/m? at normal incidence, Cy is the geometrical concentration of the
concentrator system, f3 is the angle of incidence of beam irradiance, and G is the
global intensity perpendicular to the sun.
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Figure 6: Optical efficiency Rr(0r) of the Solar Window and the transmittance of the
glazing f.(6y).
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The measurements were performed during high irradiance and with a diffuse fraction
of around 10%. The concentrator accepts all irradiance for solar altitudes exceeding
15° in the meridian plane, which means that the diffuse optical performance of the
concentrator will be similar to that of a module tilted 20° with a correction for
reflectance losses. This further means that the optical acceptance of diffuse
irradiance will be around 70% of the beam efficiency. For this reason, the global
intensity can be used in Eq (3) without significantly increasing the error of the model.

The optical efficiencies are functions of the projected angle of incidence in the
transversal plane and the transmission of the glazing is given as a function of the
conventional angle of incidence. Ray tracing represents the theoretical optical
efficiency of the system at 85% reflectance. The graph labeled Optical efficiency - Isc
in figure 6 contains contributions from measurements with corrections from ray
tracing. The difference between measured values and ray tracing at 15°<61<60° is
due to resistive losses in the cells when the reflector is effective. The cells on the
prototype absorber did not cover the whole width of the absorber, which meant that
for angles above 40° the reflected beam partly missed the cell. The angulars above
40° are instead generated by ray tracing. The transmission of the glazing has also
been included in the graph as it was used in the calculations of the annual output.

A simulation software, MINSUN (Chant and Hakansson 1985), estimated the
annual output of electricity using the optical efficiencies at different angles of
incidence. The model used to describe the incidence angle dependence of the
system in MINSUN is defined by Eq. (4)

Nopt =Ry @r)f1(6) [Eq- (4)]

Rr describes the behaviour of the reflector as dependent of 6 and f; the
transmission of the window glass as dependent of 6;. 6+ is the projected angle of
incidence in the transversal plane and 6; is the conventional angle of incidence
relative to the glass normal.

This model has previously been shown to describe the optical performance of an
asymmetric compound parabolic reflector system such as this one well (Brogren et
al, 2004).

The simulations show a 93% increase in electrical output for the concentrator
module relative to the vertical reference module, which means that one square meter
of this window annually would deliver 79 kWh of electric energy. The annual
performance is 43% higher than that of an identical module tilted 20°.

The active area of the tested measured prototype covers only 87% of the total
glazed area, which this has to be taken into consideration when an economical
comparison is made with other systems. It is however possible to increase the active
area of the window in a future full scale installation.

6 Solar thermal properties

The active thermal absorbers for water carried heat serves three purposes; delivering
heat for domestic hot water and possibly also for space heating, reducing the heat
load in the interior during summer and cooling the photovoltaic cells in order to
increase the electrical efficiency. The full scale window prototype was used in indoor
and outdoor measurements for determination of the incidence angle dependency and
the U value of the thermal collectors. Based on these results the annual energy yield
has been derived.
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To estimate a U value for the prototype of the solar wall operating as a solar
collector, measurements of the heat loss from the collector have been performed in a
dark surrounding at different temperatures of the inlet water. The values of Uy and U4
were estimated to 4.0 W/m?K and 0.046 W/m?-K? and the resulting collector U value
as a function of AT is shown in figure 7.

8

~

U=4,0+0,046 * AT

Uo = 4,0 W/im?, K

U vlaue of the thermal collector [W/m?,K]
S

0 10 20 30 40 50 60 70
AT [K]

Figure 7. The U value of the thermal collector as a function of AT.

At AT = 30 K, the U value is 5.4 W/m?-K per glazed wall area. During the
measurements, the prototype was surrounded on both sides with the same
temperature. In a building, however, the back side of the window will usually be
surrounded with air of room temperature, which will suppress the heat losses.
Approximately 10 % of the total heat losses, are estimated as border losses.

The indoor measurements have been performed by using a large solar simulator
providing nearly parallel light and adjustable for solar altitude angles (Hakansson H.
(2003 a and b). As described in Hakansson (2003 c) and Gajbert et al. (2004), the
simulator provides relatively good parallel quality of light, though this has been
achieved somewhat at the expense of the light distribution over the area. As different
solar altitudes are simulated, there is a tendency of varying irradiation over the test
area as the uneven light pattern moves. To continuously measure the variation of the
total irradiation on the test area, a number of parallel connected photodiodes were
evenly spread out over the front glass of the prototype, giving a current
corresponding to the received total irradiation (Gajbert et al, 2004).

By indoor measurements of the thermal efficiency, i.e. the zero-loss efficiency, the
incidence angle dependency was derived. The prototype of the solar wall was placed
perpendicular to the solar simulator and the simulator was raised in order to simulate
every tenth degree of solar altitude angle, i.e. the incidence angle on the glazing
projected in the north south vertical plane, 6. The optical efficiency of the prototype
was monitored for different solar altitude angles, giving the incidence angle
dependency in the meridian plane, nr (67). The result was normalized by an outdoor
measurement where the absolute value of the optical efficiency, i.e. the zero-loss
efficiency at 30° incidence angle was registered.

The measured zero-loss efficiency has been divided by £, (6,), the transmission of
the glazing, as described in equation [3], resulting in a graph angular dependence of
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the reflector only, R(67 ). These functions , R(67) and f( 6.), shown in figure y, were
used in MINSUN to simulate the annual thermal energy yield. The measured values
of optical efficiency at high incidence angles are less reliable, due to the non-uniform
light distribution on the small projected area. Therefore, for angles higher than 50°,
the same theoretical values as were used for the electricity calculations, shown in
figure 6, have been used. The difference between the theoretical graph of optical
efficiency, calculated by ray tracing, and the calculated values is due to the
reflections on the absorber, the collector efficiency, the multiple reflexes on the
reflector at higher incidence angles, and on the unevenness of the reflector. Since
the photovoltaic cell situated in front of the thermal absorber has an efficiency of
15%, only 85% of the in MINSUN simulated irradiation falling onto the absorber is
taken into count for thermal energy yield.

The result of the simulations shows that the annual thermal energy provided by the
Solar Window is 103 kWh/m? glazed surface, calculated at an operating temperature
of 50°C. For operating temperatures of 40°C and 25°C the yield would be 155 and
250 kWh/a,m? respectively. However, as previously discussed, the real heat losses
would probably be lower, because of the higher indoor temperature, thus implying
higher yields.

7 Discussion and conclusion

A proper model for the regulating strategy of the system is needed to predict the
distribution of gains and losses via the Solar Window. The complexity and
interrelations between the different functions is a challenge for the modelling, which
needs to integrate the spatial surrounding. A detailed model could be of much use for
a regulation of an automated system for best performance and comfort.

The level of automation for the system is object for further studies. A range of
products with different standard, from fully manual to fully automatic, is a likely
development. It is however of importance that the control-function can be overridden
manually at all times due to direct response from the user.

Performance of the system has been analysed separately for passive gains, active
thermal gains and PV electricity yield. According to the proposed regulating schedule,
passive gains are estimated to 210 kWh/m? annually. However, it is not examined
how much of this is usable. The performance of the fully concentrated PV/T absorber
is estimated to 79 kWh/m? of electricity, and at least 155 kWh/m? of heat for domestic
hot water. Following the proposed regulating schedule, these figures might be
reduced. For a more accurate and integrated analysis, long-term outside
measurements will be made for the full window prototype with PV/T absorbers.

Cost estimations are dependent on where the system border is drawn, since the
system also is the building envelope. For comparison with conventional solar energy
systems, it might be fair to withdraw the window and sunshade cost if the same is
done for the building material the conventional collector replaces. Production cost for
the Solar Window excluding the glazing is estimated to approximately €250/m?, but
more thorough calculations need to be made.
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Abstract — This paper describes the ongoing research project “Competitive solar heating systems for
residentia buildings’. The aim of the project is to develop competitive solar combisystems which are
attractive to buyers. The solar combisystems must be attractive compared to traditional energy systems,
both from an economical and architectural point of view.

The project includes education, research, development and demonstration. The project started in 2003 and
will be finished by the end of 2006. The participants of the project, which is financed by Nordic Energy
Research and the participants themselves, are the universities: Technical University of Denmark, Dalarna
University, University of Oslo, Riga Technical University and Lund Institute of Technology, as well as
the companies: Metro Therm A/S (Denmark), Velux A/S (Denmark), Solentek AB (Sweden) and
SolarNor (Norway). The project consists of a number of Ph.D. studies in Denmark, Sweden and Latvia,
and a post-doc. study in Norway. Close cooperation between the researchers and the industry partners
ensures that the results of the project can be utilized. By the end of the project the industry partners will
be able to bring the developed systems onto the market.

In Denmark and Norway the focus is on solar heating/natural gas systems, and in Sweden and Latvia the
focus is on solar heating/pellet systems. Additionally, Lund Institute of Technology and University of
Oslo are studying solar collectors of various types being integrated into the roof and facade of the
building.

Department of Construction and Architecture, Division of Energy and Building Design, Lund Institute of Technology,

1. INTRODUCTION

Today only a smal pat of the worlds energy
consumption is covered by renewable energy systems.
Figures 1 and 2 show the world's installed capacity and
yearly energy production of different renewable energy
systems. A comparison between the different energy
systems based on the figures is not completely fair, since
some of the energy systems are producing electricity
while others, such as solar heating systems, are “only”
producing heat. It is however obvious that worldwide
solar energy utilization by means of solar heating systems
is one of the most important ways to utilize renewable
energy sources today.
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Figure 1. Installed capacity worldwide for different
renewable energy systems, (Weiss, 2004).
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Figure 2. Energy produced worldwide by different
renewable energy systems, (Weiss, 2004).

Today the solar heating market worldwide is growing by
about 30% per year (Weiss, 2004), and this growth is
expected to continue. In not atoo far future, our energy
supply must come from renewable energy systems. Solar
heating systems can, if the energy costs from the systems
arelow enough, play an important role in this connection.

In Denmark, Sweden, Norway and Latvia respectively
25%, 23%, 27% and 35% of the country’ s total yearly
energy consumption is used for heating of buildings,
while the yearly solar radiation on the horizontal surface
of the country is respectively 180, 1030, 1200 and 3130
times greater than the country’ s total yearly energy
consumption. Certainly, the potential for solar heating
systemsislarge, even at Northern latitudes.

Further, from the start of 2006 the EU directive
2002/9V/EC on Energy Performance of Buildings must be
implemented in all 25 EU countries. New and renovated
buildings must have alow total energy consumption. This
is expected to further accelerate the growth of the number
of installed solar heating systemsin Europe.

In the last 10 years the market for solar heating systems
in the Northern European countries has not been as good
asin the central European countries, like Austria and
Germany, where major companies are now activein the
market.

In Scandinavia the number of yearly installed solar
heating systems has not increased in the same way, with
significant differences between the countries. Significant
factors here are the on-off subsidy conditions over recent
years, lack of major players on the market, and the fact
that the cost of solar heating is perceived to be relatively
high compared to the price of heating produced by
burning fossil fuel or electricity. Electricity is acommon
energy form for heating houses in Norway, Sweden and
Finland due to the abundance of hydropower. Increasing
electricity use combined with two dry years with reduced
hydropower production, currently make alternative
sources for heating much more interesting. In addition,
the increased deregulation of electricity production in
Europe will probably lead to higher consumer pricesin
Scandinavia.
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There are two ways to reduce the energy costs of solar
heating systems. One is based on rationalisation effects
due to large scale production. Thisway is only possible if
there is a continuous sufficient demand for solar heating
systems. The adternative is to improve the
performance/cost ratio of the solar heating systems by
means of development of improved systems.

Recent studies within Task 26 of the International
Energy Agency’s Solar Heating and Cooling Programme
have shown that significant improvements can be made to
solar heating systems, and a few German and Austrian
companies have aready optimised their systems (Weiss,
2003). These optimised systems are complete systems
including boiler as well as solar collectors, and are often
installed in new buildings or when an existing boiler is
being replaced. However, these systems are not readily
available in the Nordic countries. Therefore it has been
decided to use the knowledge gained from this previous
international  collaboration in  connection  with
development of solar heating systems for North European
countries.

2. RESEARCH PROJECT: COMPETITIVE SOLAR
HEATING SYSTEMS FOR RESIDENTIAL
BUILDINGS

During the period 2003-2006, the research project
“Competitive solar heating systems for residential
buildings” will be carried out in cooperation between
leading research institutes and companies in the solar
heating field in the Nordic and Baltic countries. The aim
of the project is to develop solar heating systems which
are attractive to buyers. Up to 50% of the energy
consumption in the building will be covered by solar
energy; the remaining energy consumption will be
covered by conventional energy resources. Solar heating
for new buildings as well as for retrofits will be
addressed.

The project includes education, research, development
and demonstration. The participants of the project, which
is financed by Nordic Energy Research and the
participants themselves, are the universities: Technical
University of Denmark, Dalarna University, University of
Oslo, Riga Technica University and Lund Institute of
Technology as well as the companies Metro Therm A/S
and Velux A/S from Denmark, Solentek AB from
Sweden and SolarNor from Norway.

The project consists of a number of Ph.D. studies in
Denmark, Sweden and Latvia and a post-doc. study in
Norway. Close cooperation between the researchers and
the industry partners ensures that the results of the project
can be utilized. By the end of the project the industry
partners will be able to bring the developed systems onto
the market.

In Denmark and Norway the focus is on solar
heating/natural gas systems, and in Sweden and Latvia
the focusis on solar heating/pellet systems. Further, Lund
Institute of Technology and University of Oslo are
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studying building integrated solar collectors of various
types.

3. EDUCATION ACTIVITIES

During the first part of the Ph.D. projects, two Ph.D.
courses on solar energy have been organized at Technical
University of Denmark and Riga Technical University,
with participants from all around the world. During the
courses, which included lectures by experienced
researchers, visits to manufacturers and solar heating
systems as well as socia arrangements, the students
worked on different topics within the solar energy field
with the aim to prepare state of the art reports. The
students presented their findings and their Ph.D. projects
to the other participants of the courses. Valuable
networks among the Ph.D. students and the teachers were
established. A third specialized Ph.D. course focusing on
thermal stratification in solar storage tanks will be
organized at Technical University of Denmark in
September-October 2005.

The Ph.D. students of the project have carried out/will
carry out study stays at one of the other participating
universities for a period of about 6 months. In this way
good cooperation between the participating universitiesis
ensured.

At SERC the ESES education, European Solar
Engineering School education, a one-year Master degree
on solar energy with new students from all around the
world every year, is carried out. Lectures for the ESES
students have been given by teachers from the
participating universities of the project. Further, ESES
students have carried out their Master Thesis projects in
connection with the research project at the participating
universities.

Further, the students following the normal solar heating
courses at the participating universities have been
informed about the activities of the research project.
Several Master Thesis projects and special courses have
been carried out in connection with the research project.
Consequently, the project contributes to capacity building
in the solar heating field.

Finally, national workshops for the solar heating
industry and solar heating seminars for al interested have
been arranged. In this way not only the participating
industries will benefit from the research project.

4. RESEARCH ACTIVITIES

Research is carried out with focus on:

Building integrated solar collectors

New materials

Heat storage

Good interplay between solar collectors and
auxiliary energy supply system

e Advanced control strategy

e Low temperature heating systems

In total 5 Ph.D. students and 1 post-doc. are working on
the project. Two Ph.D. studies on solar combisystems
are carried out at Technical University of Denmark by
Alexander Thir and Elsa Andersen. Alexander Thr is
working on development of solar heating/natural gas
systems in cooperation with Metro Therm A/S, while
Elsa Andersen is working on differently designed solar
combisystems. At SERC Frank Fiedler is working on a
Ph.D. study with the aim to develop a solar/pellet
heating system in cooperation with Solentak AB and
Metro Therm A/S. At Riga Technica University,
Claudio Rochas is working on a Ph.D. project with the
aim to develop a solar/pellet heating system. At Lund
Institute of Technology, Helena Gajbert is working on a
Ph.D. project on concentrating solar collectors for
building integration. At University of Oslo, Michaela
Meir is carrying out a post-doc. study concerning new
facade and roof integrated solar collectors and solar
heating/natural gas systems with high solar fractions.
Sheisworking in close cooperation with SolarNor.

5. DEVELOPMENT OF SOLAR HEATING
SYSTEMS

The research groups at SERC and Technical University
of Denmark work together with the industry partners
Metro Therm A/S and Solentek AB with the aim to
develop attractive natural gas/solar heating systems and
pellet/solar heating systems.

The concept for both systems is the same: The system
consists of a highly prefabricated technical unit with all
the equipment of the systems including the natural
gas/pellet boiler and one or more units with the heat
storage. The units are built into 60x60 cm cabinets, see
Figure 3. Prototypes of the units will be tested in
laboratory test facilities during the summer of 2005 and
demonstration systems will be installed during the
autumn of 2005. The integration allows faster installation
and reliable systems. Although the system is highly
prefabricated, there is significant flexibility: choice of gas
or pellet boiler; choice of system size, with larger systems
either having multiple 60 x 60 cm cabinet stores, or single
larger stores.

The goal is, by the end of the project, to have natural
gas/solar heating system units and pellet/solar heating
systems installed in several houses for field tests by
Metro Therm A/S and by Solentek AB, respectively.
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Teshnial Link

Danish/Swedish solar combisystems.

At Riga Technical University work, with the aim to
develop solar pellet heating systems using the same
principles as used in the Danish/Swedish concept is
carried out.

Lund Ingtitute of Technology is focusing on the
development of concentrating integrated solar collectors
in cooperation with NCC AB.

At University of Oslo, a low temperature drain back
solar heating/natural gas system based on plastic
collectors, a large solar store and a floor heating system
with a high solar fraction has been developed in
cooperation with SolarNor. Further, facade integrated
solar collectors have been developed. Figure 4 shows an
example of a fagade integrated solar collector in a one
family house.

Figure 4. SolarNor’s fagade integrated solar collectors in
aone family house, (source: SolarNor).

6. DEMONSTRATION SYSTEMS

A number of solar combisystems based on the

developed solar heating systems and components will be
built in one family houses in the autumn of 2005. The
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systems will be monitored in such away that the thermal
performance and energy savings of the systems can be
determined.

For instance, the Danish solar heating will be installed
in a one family house with an existing natural gas boiler.
The energy demand as well as the natural gas
consumption has been measured since August 2004. It is
therefore possible to determine the energy savings of the
solar heating system based on measurements from the
house without and with the solar heating system installed.

The measurement periods for the demonstration systems
will be about 1 year.

7. FUTURE WORK

Prototypes of the developed solar heating systems and
components will be tested in laboratory test facilities
during the summer of 2005. Based on the test results, the
designs of the systems/components might be improved
before the demonstration systems will be built in one
family houses in the autumn of 2005. Measurements from
the demonstration systems will be carried out until the
end of the project by the end of 2006.

Theoretical investigations based on detailed computer
simulations and cost estimates concerning optimization of
the design of the systems will be carried out in parallel
with the tests of the prototypes and the measurements
from practice. The investigations will, among other
things, elucidate how to design the systems in order to
achieve solar heating systems with high solar fractions.

The results of the project will be available in a number
of Ph.D. reports, a report finaizing the post-doc. study
and in a number of scientific papers. Further, the results
of the project will be presented at international solar
heating conferences and at national solar heating
seminars and workshops. The results will also, along with
genera information on the project, be available on the
project homepage: http://energi.fysikk.uio.no/rebus.

Preliminary results from the project are found in the
following papers and reports: (Fiedler, 2003), (Bostrém,
Waéckelgérd and Karlsson, 2003), (Gajbert and Fiedler,
2003), (Meir and Rekstad, 2003), (Fiedler, 2004), (Thr,
Furbo and Shah, 2004), (Meir, Rekstad and Svésand,
2004), (Meir, Fiedler, Rekstad, van Wieringen and
Kristoffersen, 2004), (Furbo, Andersen, Thir, Shah and
Andersen, 2004), (Fiedler, Nordlander, Bales and
Persson, 2004), (Andersen, Jordan, Shah and Furbo,
2004), (Kahlen, Wallner, Meir and Rekstad, 2005),
(Gajbert, Réberg, Lovehed and Karlsson, 2005),
(Schakenda, Spikkeland, Meir, Olivares and Rekstad,
2005), (Gajbert and Karlsson, 2005), (Meir, Fiedler, Gao,
Kahlen, Mathisen, Olivares, Rekstad and Schakenda,
2005), (Thir and Furbo, 2005), (Rochas and Blumberga,
2005), (Meir, Rekstad, Fiedler, Kristoffersen, Olivares,
Schakenda, van Wieringen, 2005), (Fiedler, Bales, Thir,
and Furbo, 2005), (Andersen, Furbo and Fan, 2005) and
(Andersen and Furbo, 2005).
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8. CONCLUSIONS

The project “Competitive solar heating systems for
residential buildings’ has increased the educational and
research cooperation within the solar heating field
between the Nordic and Baltic universities. Further, the
project has resulted in an increased number of young
expertsin the solar heating field.

It is expected that the attractive solar combisystems
developed in the project will be brought to the market by
the industry partners of the project from 2007.

Finally, the basis for development of improved solar
heating systems in the Nordic and Baltic countries for the
future has been improved. Consequently, the project will
contribute to increased use of solar heating systems in the
future.
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