1 Solar energy use in buildings

1.1 Energy consumption of buildings

Buildings account today for about 40% of the final energy consumption of the European
Union, with a large energy saving potential of 22% in the short term (up to 2010). Under
the Kyoto protocol, the European Union has committed itself to reducing the emission of
greenhouse gases by 8% in 2012 compared to the level in 1990, and buildings have to play
a major role in achieving this goal. The European Directive for Energy Performance of
buildings adopted in 2002 (to be implemented by 2005) is an attempt to unify the diverse
national regulations, to define minimum common standards on buildings’ energy per-
formance and to provide certification and inspection rules for heating and cooling plants.
While there are already extensive standards on limiting heating energy consumption
(EN832 and prEN 13790), cooling requirements and daylighting of buildings are not yet set
by any European standard. The reduction of energy consumption in buildings is of high
socio-economic relevance, with the construction sector as Europe’s largest industrial
employer representing an annual investment of 868 x 10” € (2001) corresponding to 10% of
gross domestic product. Almost two million companies, 97% of them small and medium
enterprises, employ more than 8 million people (European Commission, 1997).
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Figure 1.1: Distribution of end energy consumption within the European Union with a total value of
10" MWh per year (Deschamps, 2001).

The distribution of energy use varies with climatic conditions. In Germany, where 44%
of primary energy is consumed in buildings, 32% is needed for space heating, 5% for water
heating, 2% for lighting and about 5% for other electricity consumption in residential
buildings (Diekmann, 1997). The dominance of heat-consumption, almost 80% of the
primary energy consumption of households, is caused by low thermal insulation standards
in existing buildings, in which today 90% and even in 2050 60% of residential space will
be located (Ministry for Transport and Buildings, Germany, 2000).

Since the 1970s oil crisis the heating energy requirement, particularly of new buildings,
has been continuously reduced by gradually intensified energy legislation. With high heat
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insulation standards and the ventilation concept of passive houses, a low limit of heat
consumption has meanwhile been achieved, which is around 20 times lower than today’s
values. A crucial factor for low consumption of passive buildings is the development of
new glazing and window technologies, which enable the window to be a passive solar
element and at the same time cause only low transmission heat losses. In new buildings
with low heating requirements other energy consumption in the form of electricity for
lighting, power and air conditioning, as well as in the form of warm water in residential
buildings, is becoming more and more dominant. Electricity consumption within the
European Union is estimated to rise by 50% by 2020. In this area renewable sources of
energy can make an important contribution to the supply of electricity and heat.

1.1.1  Residential buildings

Due to the wide geographical extent of the European Union of nearly 35° geographical
latitude difference (36° in Greece, 70° in northern Scandinavia), a wide range of climatic
boundary conditions are covered. In Helsinki (60.3° northern latitude), average exterior air
temperatures reach —6°C in January, when southern cities such as Athens at 40° latitude
still have averages of +10°C. Consequently the building standards vary widely: whereas
average heat transfer coefficients (U-values) for detached houses are 1 W/m2K in Italy, they
are only 0.4 W/m2K in Finland. The heating energy demand determined using the European
standard EN 832 is comparable in both cases at about 50 kWh/m?a.

If existing building standards are improved to the so-called passive building standard,
heating energy consumption can be lowered to less than 20 kWh/m2a. The required U-
values for the building shell are listed below for both current practice buildings and passive
buildings.

Table 1.1: U-values in residential buildings according to national building standards and the
requirements of passive buildings construction (Truschel, 2002).

Rome Helsinki Stockholm

U-values Current Passive Current Passive Current Passive

standard building standard building standard building

[W/m2K] [W/m2K] [W/m2K] [W/m2K] [W/m2K] [W/m2K]
Wall 0.7 0.13 0.28 0.08 0.3 0.08
Window 5 1.4 2.0 0.7 1.7 0.7
Roof 0.6 0.13 0.22 0.08 0.28 0.08
Ground 0.7 0.23 0.36 0.08 0.21 0.1
Mean 1.0 0.33 0.43 0.16 0.36 0.17
U-value

The resulting heating energy requirement for current building practice varies between
55 kWh/m?a in Stockholm/Sweden and 93 kWh/m?a in Helsinki/Finland. These values can
be lowered by nearly 80% when applying better insulation to the external surfaces and
reducing ventilation losses.

Independent of the standard of insulation, water heating is always necessary in
residential buildings, and this lies between about 220 (low requirement) and 1750 kWh per
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person per year (high requirement), depending on the pattern of consumption. For the
middle requirement range of 30-60 litres per person and day, with a warm-water
temperature of 45°C, the result is an annual consumption of 440-880 kWh per person, i.e.
1760-3520 kWh for an average four-person household. Related to a square metre of heated
residential space, an average value of 25 kWh/m?a is often taken as a base.
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Figure 1.2: Heating energy demand for residential buildings in three European climates with current
practice constructions (high values) and passive building standards (low values).

The average electricity consumption of private households, around 3600 kWh per
household per year, is of a similar order of magnitude. Related to a square metre of heated
residential space, an average value of 31 kWh/m?a is the result. An electricity-saving
household needs only around 2000 kWh/a. In a passive building project in Darmstadt
(Germany), consumptions of between 1400 and 2200 kWh per household per year were
measured, which corresponds to an average value of 11.6 kWh/m2a. Low energy buildings
today have heat requirements of between 30 and 70 kWh/m?a.
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Figure 1.3: End energy consumption in residential buildings per square metre of heated floor space in
Germany.
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1.1.2  Office and administrative buildings

Existing office and administrative buildings have approximately the same consumption of
heat as residential buildings and most have a higher electricity consumption. According to a
survey of the energy consumption of public buildings in the state of Baden-Wuerttemberg
in Germany the average consumption of heat is 217 kWh/m?2a, with an average electricity
consumption of 54 kWh/m?a. The specific energy consumption of naturally ventilated
office buildings in Great Britain is in a similar range of 200-220 kWh/m?2a for heating and
48-85 kWh/m?2a for electricity consumption (Zimmermann, Andersson, 1998). If the final
energy consumption for heat and electricity is converted to primary energy consumption,
comparable orders of magnitude of both energy proportions result. Still more important are
the slightly higher costs of electricity.
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Figure 1.4: Annual energy consumption and operating costs of public buildings in Baden-
Weuerttemberg (an area of 4.4 million square metres).

Both heat and electricity consumption depend strongly on the building’s use. In terms of
the specific costs, electricity almost always dominates.
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Figure 1.5: Final energy consumption by building type in Baden-Wuerttemberg.
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If one compares the energy costs of commercial buildings with the remaining current
monthly operating costs, the relevance of a cost-saving energy concept is also apparent
here: more than half of the running costs are accounted for by energy and maintenance. A
large part of the energy costs is due to ventilation and air conditioning.
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Figure 1.6: Percentage distribution of operating costs of office buildings per square metre of net
surface area.

Heat consumption in administrative buildings can be reduced without difficulty, by
improved thermal insulation, to under 100 kWh/m?a, and even to a few kWh per square
metres and year in a passive building. Related to average consumption in the stock, a
reduction to 5-10% 1is possible. Electricity consumption dominates total energy
consumption where the building shell is energy-optimised and can be reduced by 50% at
most. Even in an optimised passive energy office building in southern Germany, the
electricity consumption remained at about 33 kWh/m2a, mainly due to the consumption of
energy by office equipment such as computers.
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Figure 1.7: Measured consumption of electricity, heat and water heating in the first operational year
of an office building with a passive house standard in Weilheim/Teck, Germany (Seeberger, 2002).
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While the measured values for heat consumption correspond well with the planned
values, the measured total electricity consumption exceeds the planned value of 23.5
kWh/m2a by 42%.

A survey of good practice in office buildings in Britain showed that the electricity
consumption in naturally ventilated offices is 36 kWh/m?2a for a cellular office type, rising
to 61 kWh/m?2a for an open plan office and up to 132 kWh/m?a for an air-conditioned office
(Zimmermann, 1999).

1.1.3  Air conditioning

In Europe energy consumption for air conditioning is rising rapidly. This is due to
increased internal loads through electrical office appliances, but also to increased demand
for comfort in summer. Summer overheating in highly glazed buildings is often an issue in
modern office buildings, even in northern European climates. This unwanted and often
unforeseen summer overheating leads to the curious fact that air conditioned buildings in
northern Europe sometimes consume more cooling energy than those in Southern Europe
that have a more obvious architectural emphasis on summer comfort. According to an
analysis of a range of office buildings, an average of 40 kWh/m2a was obtained for southern
climates, whereas 65 kWh/m?a were measured in northern European building projects (Mat
Santamouris, University of Athens, private communication, 2002).

The largest European air conditioning manufacturer and consumer is Italy, accounting
for nearly half of all European production (Adnot, 1999). Sixty-nine per cent of all room air
conditioner sales are split units, with total annual sales of about 2 million units. In 1996 the
total number of air conditioning units installed in Europe was about 7 500 000 units.
Between 1990 and 1996 the electricity consumption for air conditioning in the European
Union has risen from about 1400 GWh/year to 11 000 GWh/year and further increases up
to 28 000 GWh/year are predicted by Adnot for the year 2010. Without any policy
intervention or technological change for solar or waste heat-driven cooling machines, the
associated CO, emissions will rise from 0.6 million tons in 1990 to 12 million tons in 2010.
The average coefficients of performance for all cooling technologies is currently about 2.7
(cooling power to electricity input), with a target of about 3.0 for 2015.

Cooling energy is often required in commercial buildings, with the highest consumption
world-wide in the USA. In Europe the cooling energy demand for such buildings varies
between 3 and 30 MWh/year. Very little data is available for area-related cooling energy
demand. Breembroek and Laziro (1999) quote values between 20 kWh/m2a for Sweden,
40-50 kWh/m?a for China and 61 kWh/m?a for Canada.
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Figure 1.8: Cooling energy demand for new commercial buildings (Breembroek and Lazéro, 1999).

Under German climatic conditions, demand for air conditioning exists only in
administrative buildings with high internal loads, provided of course that external loads
transmitted via windows are reduced effectively by sun-protection devices. In such
buildings, the average summer electricity consumption for the operation of compression
refrigerant plants is about 50 kWh/m?2a, i.e. the primary energy requirement for air-
conditioning is 150 kWh/m?2a, higher than the heating energy consumption of new buildings
(Franzke, 1995).

In Southern Europe, the installed cooling capacity is often dominated by the residential
market. Although in Spain less than 10% of homes have air conditioning systems, 71% of
the installed cooling capacity is in the residential sector (Granados, 1997).

About 50% of internal loads are caused by office equipment such as PC’s (typically 150
W including the monitor), printers (190 W for laser printers, 20 W for inkjets),
photocopiers (1100 W) etc., which leads to an area-related load of about 10-15 W/m?2.
Modern office lighting has a typical connected load of 10-20 W/m? at an illuminance of
300-500 Ix. The heat given off by people, around 5 W/m? in an enclosed office or 7 W/m?
in an open-plan one, is also not negligible. Typical mid-range internal loads are around 30
W/m?2 or a daily cooling energy of 200 Wh/m2d, in the high range between 40—-50 W/m?2 and
300 Wh/m2d (Zimmermann, 1999).

Table 1.2: Approximate values for nominal flux of light, and specific connected loads of energy-
saving lighting concepts (Steinemann et al., 1992).

Room type Required illuminance levels [1x] Specific electrical power requirement
[W/m?]
Side rooms 100 3-5
Restaurants 200 5-8
Offices 300 6-8
Large offices 500 10-15
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External loads depend greatly on the surface proportion of the glazing as well as the
sun-protection concept. On a south-facing facade, a maximum irradiation of 600 W/m?
occurs on a sunny summer day. The best external sun-protection reduces this irradiation by
80%. Together with the total energy transmission factor (g-value) of sun-protection glazing
of typically 0.65, the transmitted external loads are about 78 W per square metre of glazing
surface. In the case of a 3 m? glazing surface of an enclosed office, the result is a load of
234 W, which creates an external load of just about 20 W/m2 based on an average surface
of 12 m2. This situation is illustrated in the Figure 1.9 for south, east and west-facing
facades in the summer:

800
700 -
600 -
500 -
400 east

300
200 - south
100 - transmitted

0 T T L T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
hours [h]

+ west

irradiance [W/m?]

Figure 1.9: Diurnal variation of irradiance on different facade orientations and transmitted irradiance
by a sun-protected south facade on a day in August (Stuttgart).

The reducing coefficients of sun-protection devices depend particularly on the
arrangement of the sun protection: external sun protection can reduce the energy
transmission of solar radiation by 80%, whereas with sun protection on the inside a
reduction of at most 60% is possible.

Table 1.3: Energy reduction coefficients of internal and external sun protection (Zimmermann,
1999).

Sun shading system Colour Energy reduction coefficient [-]
External sun shades Bright 0.13-0.2

External sun shades Dark 0.2-03

Internal sun shades Bright 0.45-0.55
Reflection glazings - 0.2-0.55

The total external and internal loads leads to an average cooling load in administrative
buildings of around 50 W/m?2.
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Figure 1.10: Occurrence of typical loads of administrative buildings in Germany.

With a cooling load of 50 W/m? the loads are typically distributed as shown in
Figure 1.11.
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Figure 1.11: A typical breakdown of the cooling load at a total load of 50 W/m?.

1.2 Meeting requirements by active and passive solar energy use

1.2.1  Active solar energy use for electricity, heating and cooling

Active solar-energy use in buildings today contributes primarily to meeting electricity
requirements by photovoltaics, and to warm water heating by solar thermal collectors.
Meeting the space heating requirement by solar thermal systems is recommended if
conventional heat insulation potential is fully exhausted or if special demands such as
monument protection or facade retention do not permit external insulation. Support heating
with thermal collectors, with small contributions of approximately 10-30%, is always
possible without significant surface-specific losses. Outside-air pre-heating with thermal air
collectors can also make a significant contribution to reducing ventilation heat losses.

In air-conditioned buildings, thermal cooling processes such as open and closed sorption
processes can be powered by active solar components.

When considering the potential solar contribution to the different energy requirements
in buildings (heating, cooling, electricity), it is necessary to analyse the solar irradiance, the
transformation efficiency of the solar technology in question and the available surface
potential in buildings as well as the economically usable potential.
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For a first design of a solar energy system, it is usually sufficient to consider the annual
solar energy supply on the receiver surface. The maximum annual irradiance is achieved in
the northern hemisphere on south-facing surfaces inclined at an angle of the geographical
latitude minus about 10°. In Stuttgart the maximum irradiation on a 38° inclined south-
facing surface is 1200 kWh/m?a. A deviation from south orientation of + or — 50° leads to
an annual irradiation reduction of 10%. A south-facing facade receives about 72% of the
maximum possible irradiation G,,,, (defined in Figure 1.12 as 100%).
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Figure 1.12: Annual irradiation depending on surface azimuth and angle of inclination in Stuttgart
(Staif, 1996).

An azimuth of 0° corresponds here to south-orientation. From surface orientation and
system efficiency of the selected solar technique, the annual system yield can be estimated.
Thus for example a photovoltaic solar system with an efficiency 717py of 10% on a south-
facing surface inclined at 40° from the horizontal, at an annual irradiation G of 1200
kWh/m?2a, produces an annual system yield of

Opy =MNp, G= 0.1x1200m = 120@

m?a m?a

and accordingly a thermal solar plant for water heating with 35% solar thermal efficiency
N, produces about

kWh — 420 kWh

m3a m2a

0, =n,, G=0.35x1200

For an economical electricity consumer with a yearly consumption of 2000 kWh, a



Solar energy use in buildings 11

17 m2 PV system would be sufficient to meet annual requirements (this corresponds to an
installed performance of about 2 kW). Accordingly, in administrative buildings with an
electricity requirement of between 25 and 50 kWh/m?a, a PV system with 20-40% of the
effective area would have to be used to fully cover requirements.

On this calculation basis, for a medium-range warm water requirement of 2500 kWh per
year, a surface of 6 m? would be sufficient for 100% cover.
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Figure 1.13: Average annual system efficiencies of active solar technologies.

However, because of low irradiance levels in winter, the annual requirements with this
surface are covered to 60—70% at most. With heating-supporting systems it is assumed that
all-year use of the thermal collectors is possible through warm water heating in the
summer. Due to the oversizing of the collector surface in the summer, however, the specific
yield drops.

For more specific uses of solar technology for heating only (for example, air collectors
for fresh air pre-heating) or cooling, the irradiance must be divided into at least the two
periods of summer and winter, in order to make possible a rough estimation of yield.
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Figure 1.14: Monthly irradiation of differently inclined surfaces in Stuttgart.

If, for example, an air collector system, displaying a high efficiency of 50% with small
rises in temperature and no heat exchange losses, is used on a south-facing facade for fresh
air pre-heating, then an energy yield of 200 kWh/m? can be obtained during a heating
season irradiation (October—April) of 400 kWh/m?.
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With solar thermal applications for air-conditioning, the system efficiency is calculated
as the product of the solar yield 1, and the performance figure of the cooling machine.
With open or closed sorption systems with low-temperature heat drive, the performance
figures are, for instance, 0.7-0.9. If, for example, the summer irradiation (June—September)
on a south-facing roof area is 575 kWh/m?2, and the thermal efficiency 7, of the solar plant
is on average 40%, a surface-related energy quantity for air-conditioning of

Orooling =My GXCOP = 0.4OX575M><0.8 = 184M
’ m? m?

Thus in the case of an average cooling power requirement of 125 kWh per square metre
of effective area, the result is an area requirement of 0.7 m? collector surface per square
metre of effective area. Although irradiation and cooling requirements clearly correlate
better in summer than in winter, a possible phase shift between supply and requirement
cannot be considered in the rough estimation. For this, dynamic system simulations based
on the physical models described in the following chapters are necessary.

1.2.2  Meeting heating energy requirements by passive solar energy use

The most important component of passive solar energy use is the window with which short-
wave irradiation can be very efficiently converted into space heating, and daylight made
available. The total energy transmission factor of the glazing corresponds to efficiencies of
active solar components, about 65% with today’s double glazed coated low-emissivity
windows. Thus an energy quantity of 260 kWh/m? per square metre of window area can be
obtained on a south-facing facade in the heating season, as long as no space overheating
occurs in the transition period due to over-large window areas.

kWh — 960 kWh

2 2
m m

th’ating period = gG = 065)( 400

For a net energy balance, transmission heat losses must be deducted from solar gains,
which for a thermally insulated glazing with a heat transfer coefficient (U-value) of 1.1
W/m?K are about 90 kWh/m2. The result is a net maximum energy gain of some 170
kWh/m?.

A further element in passive solar energy use is transparent thermal insulation of solid
external walls. With similar values as good thermally insulated glazing (U-values around 1
W/m?K and g-values between 0.6-0.8, depending upon thickness and structure), similar
energy savings to windows can be made with transparent thermal insulation. Here, too,
overheating problems are crucial in the spring and autumn transition period for the total
yield, which in practice lies between 50 and 150 kWh/m2.





