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1 The world’s energy supply 
 
The increase in greenhouse gasses in the atmosphere and the potential global warming 
and climatic change associated with it, represent one of the greatest environmental 
dangers of our time. The anthropogenic reasons of this impending change in the climate can for 
the greater part be put down to the use of energy and the combustion of fossil primary sources 
of energy and the emission of CO2 associated with this. 
Today, the world’s energy supply is based on the non-renewable sources of energy: oil, coal, 
natural gas and uranium, which together cover about 82% of the global primary energy 
requirements. The remaining 18% divide approximately 2/3 into biomass and 1/3 into hydro 
power.  
The effective protection of the climate for future generations will, according to many experts, 
demand at least a 50% reduction in the world-wide anthropogenic emission of greenhouse 
gases in the next 50 to 100 years. With due consideration to common population growth 
scenarios and assuming a simultaneity criterion for CO2 emissions from fossil fuels, one arrives 
at the demand for an average per-capita reduction in the yield in industrial countries of 
approximately 90%. This means 1/10 of the current per-capita yield of CO2. 
 
 

 
 

Figure 1: Per-capita emissions of carbon into the atmosphere required to meet climate 
stabilisation agreements with a doubling of population levels. 

 
A reduction of CO2 emissions on the scale shown in Figure 1 will require the conversion to a 
sustained supply of energy that is based on the use of renewable energy with a high share of 
direct solar energy use. 
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2 SOLAR HEAT WORLDWIDE 
2.1 Main Markets 
 
Since the beginning of the 1990s, the solar thermal market has undergone a favorable 
development. According to the IEA report “Solar Heat Worldwide”1 The solar thermal collector 
capacity in operation worldwide equaled 279.7 million square meters of collector area, 
corresponding to an installed capacity 195.8 GWth was in operation in the 55 countries recorded 
in this report. These 55 countries represent 4.2 billion people, which is 61% of the world’s 
population. The installed capacity in these countries represents more than 95% of the solar 
thermal market worldwide. 
Of the installed capacity, 173 GWth were accounted for by flat-plate and evacuated tube 
collectors and 21.5 GWth for unglazed plastic collectors. Air collector capacity was installed to an 
extent of 1.3 GWth. 
 

 
 

Figure 2: Distribution of the worldwide capacity in operation by collector type in 2010 

 
 
The main markets are in China (117.6 GWth), Europe (36.0 GWth), and the USA and Canada  
(16.0 GWth) which together account for 78.5% of the total installations. The rest of the market is 
shared between Asia excluding China (9.4 GWth), Australia and New Zealand (6.0 GWth), 
Central and South America (5.5 GWth), the MENA2 countries Israel, Jordan, Lebanon, Marocco 
and Tunisia (4.4 GWth), as well as between some Sub-Saharan African countries (0.8 GWth), 
namely Namibia, South Africa and Zimbabwe. 

                                                 
1 Weiss, W., Mauthner, F.: Solar Heat Worldwide, IEA Solar Heating and Cooling Programme, 2012 
 
2 Middle East and North Africa 



SOLAR THERMAL SYSTEMS AND COMPONENTS 
 

AEE - Institute for Sustainable Technologies 
 

 

 

9

Compared with other forms of renewable energy, solar heating’s contribution meeting global 
energy demand is second only to wind power, and much bigger than photovoltaics’ contribution. 
This fact is often underestimated. 
 
 

 
Figure 3: Total capacity in operation [GW el], [GW th] 2011 and annually energy generated  

[TWh el], [TWh th]. Sources: EPIA, EGEC, Earth Policy Institute, IEA SHC 2011WWEA 
 
 

 

 
 

Figure 4: Total installed capacity of water collectors in the 10 leading countries by the end of 
2010 
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Country 

Water Collectors*  Air Collectors* 
TOTAL [MWth] 

unglazed  FPC  ETC  unglazed  glazed 

Albania     54,0 0,4    54,4
Australia  3.780,0  1.964,1 76,8    5.820,9
Austria  419,6  2.724,6 46,5 0,5    3.191,3
Barbados     92,2    92,2
Belgium  32,8  198,7 22,9    254,5
Brazil  894,0  3.384,0    4.278,0
Bulgaria     32,3 0,5    32,7
Canada  459,5  33,4 12,9 214,6 3,2  723,7
Chile     19,7    19,7
China     9.448,3 108.151,7    117.600,0
Cyprus  2,4  626,9 6,9    636,1
Czech Republic  105,0  174,8 40,8    320,6
Denmark  14,4  365,3 5,7 2,3 12,6  400,2
Estonia     1,4 0,6    2,0
Finland  8,2  21,1 3,0    32,4
France  62,4  1.490,9 44,7    1.598,0
Germany  445,9  8.233,2 925,0 23,5  9.627,6
Greece     2.849,5 11,4    2.860,9
Hungary  5,7  83,8 21,1 0,6 0,2  111,3
India     2.413,2 365,8 11,4  2.790,4
Ireland  0,3  71,8 34,0    106,1
Israel  20,9  2.896,5 0,3    2.917,8
Italy  30,6  1.562,5 220,8    1.813,9
Japan     3.645,5 65,2 339,0  4.049,6
Jordan  4,2  538,3 153,0    695,5
Korea, South     1.096,4    1.096,4
Latvia     4,9 0,2    5,1
Lebanon     243,8    243,8
Lithuania     3,0 0,2    3,2
Luxembourg     19,6 2,0    21,6
Macedonia     17,5 0,5 0,003  18,0
Malta     22,5 7,9    30,4
Mexico  463,5  500,1 108,8 5,6  1.078,0
Morocco     238,9    238,9
Namibia     14,5 0,9    15,4
Netherlands  277,5  283,4 7,0    567,9
New Zealand  4,9  100,1 6,8    111,8
Norway  1,4  10,1 0,7 0,7  13,0
Poland     356,9 102,2    459,1
Portugal  1,7  512,2 13,8    527,7
Romania     65,8 11,2    77,0
Slovakia     84,5 10,5    95,0
Slovenia     105,5 9,1    114,6
South Africa  562,6  231,7 20,1    814,4
Spain  85,4  1.540,4 96,3    1.722,0
Sweden  98,0  171,5 39,9    309,4
Switzerland  149,0  521,6 35,1 606,9    1.312,6
Taiwan  0,1  1.379,2 52,8    1.432,1
Thailand     64,0    64,0
Tunisia     319,3 23,5    342,8
Turkey     9.323,1    9.323,1
United Kingdom     307,8 87,5    395,3
United States  13.552,8  1.647,5 64,9 51,5  15.316,7
Uruguay     8,5    8,5
Zimbabwe     12,6 0,2    12,7

TOTAL  21.482,7  62.132,6 110.911,7 825,2 447,8  195.800,0

* If no data is given: no reliable database for this collector type is available 

Table 1: Total capacity in operation by the end of 2010 [MWth]   
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Cumulative installed capacity 

 
 

Figure 5: Total capacity of glazed flat plate and evacuated tube collectors in operation by 
economic region at the end of 2010 

Asia excl. China:  India Japan, Korea South, Taiwan, Thailand 
Central / South America: Barbados, Brazil, Chile, Mexico, Uruguay 
Europe: Albania, EU 27, Macedonia, Norway, Switzerland, Turkey 
MENA Region:  Israel, Jordan, Lebanon, Marocco, Tunisia 
Sub-Saharan Africa: Namibia, South Africa, Zimbabwe 
 
 
 

 
Figure 6: Total capacity of glazed flat-plate and evacuated tube collectors in operation by 

economic region and in kWth per 1,000 inhabitants by the end of 2010 
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2.2 Market development 2000 to 2010 
 
Glazed water collectors  
 
The worldwide market development of glazed water collectors is characterized by a 
steady growth over the past decade. Between 2000 and 2010 the average growth rate 
worldwide was about 21%. 
 
Between 2000 and 2010 the annual installed glazed water collector area worldwide increased 6-
fold, and compared to the year 2009 the worldwide market grew by 13.8%.  
 

 
 

Sub-Saharan Africa: Namibia, South Africa, Zimbabwe 

Asia: India, Japan, Korea South, Taiwan 

Latin America: Brazil, Chile, Mexico 

Europe: Albania, EU 27,  Norway, Switzerland, Turkey 

MENA Region: Israel, Jordan, Morocco, Tunisia 

 

Figure 7: Annual installed capacity of flat plate and evacuated tube collectors from 2000 to 2010 

 
 
In the year 2000, the installed capacity per capita was similar in Australia, China and Europe and 
some MENA countries, most notably Israel and Jordan, peaked at a high level at this time. Since 
2000 the Chinese and Australian markets have grown steadily while the European market has 
experienced average growth with some fluctuations. By 2009/2010, the European market 
decreased along with the Australian market in 2010 while in China the upwards trend has 
remained unbroken. 
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Figure 8: Annual installed capacity of flat-plate and evacuated tube collectors in kWth per 1,000 

inhabitants from 2000 to 2010 

 
Unglazed water collectors 
 
The worldwide market of unglazed collectors recorded a significant increase in 2001 and 
remained steady between 2001 and 2003. After a slight increase from 2004 to 2006, the 
installed capacity rate decreased again in 2007, mainly due to the major market decline in the 
United States and Canada. 
 
From 2007 to 2010 the market fluctuated primarily due to changing markets in the United States 
and in South America, most notably in Brazil.  The large US market remained stable between 
2007 and 2008 before a significant decrease in 2009 and then a market recovery in 2010. In 
contrast, the Australian market for unglazed water collectors remained quite stable at a high 
level between 2007 and 2010 and the Brazilian market experienced very high growth rates 
during the same period.  
 
In total, new installations of unglazed water collectors increased by 13.6% in 2010 compared to 
2009, accounting for 1.73 GWth respectively 2.47 millions of square meters. 
 

2.3 Distribution by application 
 
If one observes the use of solar thermal energy, it becomes clear that it greatly varies in the 
different countries. In China, Europe and Japan systems with flat-plate and evacuated tube 
collectors are mainly used to prepare hot water and to provide space heating while in North 
America (United States and Canada) swimming pool heating is the dominant application. 
 
Another distinction can be made between pumped systems and thermosiphon systems. In the 
United States, Europe and Australia mainly pumped systems are installed, whereas in Japan, 
Brazil and China thermosiphon systems are predominant. 
 
 



SOLAR THERMAL SYSTEMS AND COMPONENTS 
 

AEE - Institute for Sustainable Technologies 
 

 

 

14 

 
 

Asia excl. China:  India, Japan, Korea South, Taiwan 
Europe:   Albania, EU 21, Norway, Turkey 
Latin America:  Brazil 
MENA Region:  Jordan, Israel, Tunisia 
Sub-Saharan Africa: Namibia 

 

Figure 9: Weighted distribution by type of system for the newly installed water collector capacity 
in 2010 

 
The following figure shows the distribution of different applications for newly installed systems for 
the 8 leading countries worldwide in 2010. 
 

 

 
 

Figure 10: Distribution of different applications of the newly installed capacity of glazed water 
collectors for the 8 leading countries worldwide in 2010 
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2.4 Contribution of solar collectors to the supply of energy 
 
The annual collector yield of all water-based solar thermal systems in operation by the 
end of 2010 in the 55 recorded countries is 162,125 GWth (= 583,649 TJ). This corresponds to 
energy savings equivalent to 17.3 million tons of oil and 53.1 million tons of CO2. The calculated 
number of different types of solar thermal systems in operation exceeds 53 million by the end of 
2010. 
 

2.5 Employment 
 
Based on data collected from detailed country reports, the number of jobs in the fields of 
production, installation and maintenance of solar thermal systems is estimated to be 375,000 
worldwide.  
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3 APPLICATIONS OF SOLAR THERMAL SYSTEMS 
 
The basic elements in solar water heaters can be arranged in several system configurations.  

3.1 Swimming pool heating 
 

The chlorinated pool water is pumped directly through the absorbers by a circulation pump and 
no heat exchanger is needed. 
 
If a filter pump already exists it can be used for the solar circuit, too. In this case, an adequate 
dimensioning of the pump is most important.  
Flat-plate collectors can be used for heating of a swimming pool in a sensible way, if besides the 
pool heating an additional consumer (e.g. domestic hot water, space heating during the cold 
season) can be supplied. 
The energy demand of an outdoor pool is mostly influenced by the water temperature. The 
largest losses are the surface of the pools. That is the reason why the area of the solar system is 
given as a proportion of the total water surface area. The area of the solar absorber is a function 
of the pool surface. As a rule of thumb, this should be between 80 and 100% of the pool area. 
Modelling programs such as T-Sol or Polysun exist for a more precise calculation 
(www.valentin.de and www.velasolaris.com) 
 

 
Figure 11. Solar heating system for a swimming pool (single circuit system) 

 

 
Figure 12. Plastic absorber for pool water heating 
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3.3 Domestic hot water systems with forced circulation  
Under Central and Northern European climatic conditions, double-circuit systems with forced 
circulation are almost exclusively used. The collector circuit is driven by a circulation 
pump. Characteristic to this system is the separation of the collector and the tank as the 
collectors are usually mounted on the roof and the tank is installed in the cellar of the house.  
During summer in Europe the energy supplied by the sun is sufficient to cover between 80% and 
95% of the hot water demand, depending on the dimensioning of the system. If the hot water 
consumption is matched with the solar radiation profile, it is possible to omit all other forms of 
energy during the summer months.  
During the interseasons and winter months, the solar energy supply is still sufficient to pre-heat 
the domestic water, i.e. the temperature of the inlet water has to be raised only by a small 
amount by the heating boiler or electric heating element. During the cold winter months, water 
temperatures between 30 and 50°C can still be reached on sunny days. Thus, the energy saving 
effect in winter may be still considerable. 

 
Figure 18.: Solar hot water system with forced circulation 

 
Description of a domestic hot water system with forced circulation 
 
The incoming solar radiation is converted into heat by the collector (1). This heat is transported 
by a heat transfer medium (water/anti-freeze mixture) in pipes (2) to a storage tank (3). There, 
the heat is transferred through a heat exchanger (4) to the domestic water and thus becomes 
utilisable. The storage tank should be dimensioned in such a way that its volume corresponds to 
the hot water demand of one to two days.  
The installation of an additional (e.g. electric) heater (5) ensures that sufficient amounts of hot 
water are available even during long and continuous periods of overcast weather. 
 
The water, which has been cooled in the heat exchanger, then flows back to the collector. The 
heat transfer medium is circulated by a circulation pump (6). An electronic control (7) ensures 
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that the pump is only turned on when an energy gain from the solar collector is expected, i.e. 
when the medium in the collector is warmer than the domestic hot water in the tank. 
 
Both the storage tank and the pipes are well insulated to avoid unnecessary losses. 
 
Additionally, thermometers (8) in the inlet- and outlet pipes belong to the basic equipment of the 
system. They are preferably installed close to the storage tank. Temperature dependent volume 
changes in the fluid are compensated by the expansion tank (9), keeping the operating pressure 
in the system constant.  
The gravity brake (11) prevents the heat from flowing back to the top if a standstill in the system 
occurs. A pressure relief valve (10) allows fluid to escape if the system pressure becomes too 
high. An air escape valve (12) is installed at the highest point, allowing air in the piping to 
escape. Inlet and outlet taps complete the system. 
In general, the auxiliary heating of the domestic hot water is performed with a second heat 
exchanger by a boiler instead of, or in addition to, the electrical auxiliary heating. 
 

 
Figure 19: Hydraulic scheme of a hot water system with forced circulation 
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3.4.2 Low-flow systems 
 

Large solar thermal systems (more than 10 to 15 m²) should be operated according to the  “low-
flow principle”. This means a specific mass flow in the collector of 5-20 kg/m²h. Due to 
this low mass flow - compared to high-flow systems - the rise of temperature (delta T) in 
one collector pass is much higher. A temperature level of e.g. 65°C can be reached in one 
collector pass already. The perfectly vertical energy storage tank must be loaded in a stratified 
manner in order to be able to provide this high temperature level immediately to the user (see 
figures below). Stratified energy storage tanks are necessary for efficient low-flow systems. 
 

 
Figure 21: Hydraulic scheme of a low flow system with stratified charging of the heat store. 
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Figure 24: Hydraulic scheme of a solar combi-system for a single family house 

 
 

 

 

 

Figure 25: Advanced solar combisystem with a pellet burner integrated in the storage tank. 
Hydraulic scheme (left) and storage tank with integrated pellet burner (right, Source: Solarfocus) 
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network of the city of Graz. Based on the good experience several other large-scale systems in 
the MW-scale were successfully installed in the following years. 
The biggest system of this type has been realized on the premises of the “Abfall Entsorgungs- 
und Verwertungs GmbH (AEVG)” plus the adjoining district heating power station of 
Graz-Süd, encompassing a collector area of 4,960.5 m² (3.5 MWth). All collector areas 
were mounted on five separate roofs of buildings in an industrial area.  
The solar energy is delivered to the mechanical room over a distributing main. The mechanical 
room contains all required components, such as the pump unit, heat exchangers as well as 
expansion and safety devices. It is housed in a technology container (20’) on the premises of the 
district heating power station. After transmitting the energy by means of plate heat exchangers, it 
is then fed to the district heating grid of the city of Graz. The annual solar yield is in the range of 
2,200 MWh/year corresponding to a specific yield of 440 kWh/m² collector area. The system was 
commissioned in 2008. 
 

Figure 28: District heating plant with a capacity 
of 1 MWth, UPC Arena, Graz 

 

Figure 29: District heating plant with a 
capacity of 3.5 MWth, AEVG, Graz 

 
As these systems feed the solar heat directly to the district heating network no heat storages are 
required, thus a relatively simple hydraulic design can be applied. 
 

 
Figure 30: Hydraulic design of the solar district heating plant at the UPC Arena in Graz. Source: 

S.O.L.I.D. 
 

For more information on Solar Thermal ESCOs see: http://www.stescos.org/guide.htm 
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of solar collectors. In addition independent solar domestic hot water systems installed on every 
house are designed to supply more than 50% of the water heating load. 
This is the first solar thermal system of this type designed to supply more than 90% of the space 
heating requirements with solar energy and the first operating in such a cold climate 
(5200 degree C-days).  
The system has undergone detailed monitoring since it was brought into service in July 2007 to 
characterize its performance. In its fourth year (2010/2011) of operation the solar fraction was 
86%, indicating that the system should achieve the design target of more than 90% in year five. 
 

 
Figure 34: Aerial photograph of the site 

 

During the warmer months, the heated water is distributed from the short-term storage tank (2 x 
120 m3 steel tanks) to the borehole thermal energy storage (BTES) system via a series of pipes.  
 
Plastic, insulated, underground pipe is used to distribute heated water from the community’s 
Energy Centre back to the homes.  The hot water circulating through these pipes is typically 40 - 
50°C.  The distribution temperature will vary through the year based on the outside air 
temperature and the flow regulated to match demands by the homeowners. Because of a lower 
water temperature used in the district heating system, each home is equipped with a specially 
designed air-handler unit for adequate heat distribution. 
 



 

 

34 

 

Boreho

The BTE
a depth
covers 3
At the su
outer ed
covered

When so
and thro
water gr

Convers
field and
term sto
heating 
building

 
• 1

• S

• H
5

• 2

• D
s

• A
m

F

le Thermal

ES in the D
 of 37 mete
35 metres in
urface, the 
dge, and the
d in a layer o

olar heated 
ough the U
radually coo

sely, when t
d as the wa
orage tank i

loop. All p
. 

144 – 150m

Single 25mm

High solids 
50% water 

24 strings o

Divided into
single string

All circuits a
maximize st

SOLA

AEE 

Figure 35: S

 Energy St

Drake Landin
ers and pla
n diameter.
U-pipes are
en connect 
of insulation

 water is av
U-pipe serie
ols as it reac

the homes 
ter flows to 
in the Energ
pumps and 

mm dia x 35m

m PEX U-tu

grout – 9% 

f 6 borehole

o four circuit
g or circuit h

and strings s
tratification. 

AR THERMAL

- Institute f

olar Season

torage (BTE

ng Solar Co
anned in a 
 This seaso

e joined toge
back to the

n and then s

vailable to b
s. Heat is 
ches the ou

require hea
the centre 

gy Centre a
control va

m deep bore

ube with 40m

Blast Furna

es in series.

s and distrib
has minimal 

start from ce

L SYSTEMS A

for Sustain

nal Storage 

ES)   

ommunity co
grid with 2

onal storage
ether in gro
e Energy Ce
soil – with a 

be stored, it 
transferred 
ter edge an

at, cooler w
it picks up h

and is then 
alves are ho

eholes spac

mm grout tu

ace Cement

. 

buted throug
impact on t

entre of the 

AND COMPO

able Techn

and Distric

onsists of 1
.25 meters 
e utilizes ap
ups of six th
enter buildin
landscaped

is pumped 
to the surr

nd returns to

ater is pum
heat. The h
circulated t
oused in th

ced 2.25m o

ube. 

t, 9% Portla

gh four qua
the heat cap

BTES and 

ONENTS 

ologies 

t Heating Lo

44 borehole
between th

pproximately
hat radiate f
ng. The enti
d park built o

into the cen
rounding so
o the Energy

mped into the
eated wate
to the home
he neighbo

on centre. 

and cement,

drants so th
pacity on the

move towa

oop 

es, each str
hem. The B
y 34,000 m
from the ce
ire BTES fie
on top. 

ntre of the B
oil and rock
y Centre.   

e edges of 
r passes to 

es through t
ouring Energ

 32% fine s

hat the loss 
e entire sys

rd the outsid

 

 

 

retching to 
BTES field 

m³ of earth. 
nter to the 
eld is then 

BTES field 
k, and the 

the BTES 
the short-

the district 
gy Centre 

silica sand, 

of any 
stem 

de to 



SOLAR THERMAL SYSTEMS AND COMPONENTS 
 

AEE - Institute for Sustainable Technologies 
 

 

 

35

 
Figure 36: Drake Landing Solar Community Site Plan 

 
 

 

Figure 37: Aerial view of Borehole Thermal Energy Storage (BTES) 
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3.7.5 The world’s biggest system – 25 MWth Riyadh, Suadi Arabia  
The biggest district heating plant worldwide was installed in Riyadh, Saudi Arabia in 2011. The 
total collector area is 36,000 m² (25.2 MWth). The system is connected to the district heating 
system of the Princess Noura bint Abdul Rahman University and supplies hot water and 
space heating for a total 60,000 people including a hospital in the 8 km² campus. 
The simulations and the overall design was carried out from AEE  INTEC in cooperation with 
Millennium Energy Industries.  
 

Figure 40: The collector area is installed on a flat roof (left), 6 hot water stores with 160 m³ each 
act as buffer stores (right) 

 
 
Hydraulics of the collector array 
The total collector array of 36.000 m² was subdivided into 6 zones, each  ~6,000 m². Each zone 
was subdivided into 3 clusters of ~2,000m² each. Each cluster was subdivided into 19 rows of 90 
– 110 m² each. 
The hydraulic arrangement of the collector zones, clusters and rows are shown in the following 
figures. 
 
In order to avoid stagnation in the collector array it was essential to take care of balanced mass 
flows in each collector. Other safety features are that the primary loop may operate up to a 
temperature of 120°C and the buffer tanks – situated in the secondary loop may operate up to 
100°C. Finally dry coolers are installed to maintain too high system temperatures. In case of an 
electrical cut off the primary solar loop is connected to stand by generators. 
 
To reach equal flow distribution, each row is connected according to the Tichelmann principle. 
Also each cluster is connected according to the Tichelmann principle with stepwise changing 
pipe dimensions. In addition four regulating valves are needed for balancing the mass flow for a 
zone, which consists of three different clusters. 
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3.8 Industrial applications 
 
The industrial sector shows the highest energy use in OECD countries with about 30%, closely 
followed by the transport sector.  Due to the fact that energy from fossil fuels was for a 
long time cheap and seemingly infinitely available, manufacturing companies have only 
taken modest steps towards replacing energy from fossil fuels with energy from renewable 
sources. 
The use of solar energy in manufacturing and industrial processes and in heating factory 
buildings  has been limited to just a few applications.  
 
Potential studies carried out in the frame of Task 33 of the IEA Solar Heating and Cooling 
Programme (see: www.iea-shc.org) for the three countries Spain, Portugal and Austria have 
shown that the need for industrial heat at low temperatures, which could be met using solar heat, 
is around 26 PJ (technically achievable potential). Even if only 5% of this potential were to be 
achieved in the coming years, equal to only 0.6 % of the low-temperature heat requirement of 
these three countries, this would require the installation of one million square metres of 
collectors with a capacity of 700 MWth  
 
3.8.1  Industrial sectors involved and existing solar plants  
 
Currently, about 85 solar thermal plants for process heat are reported to be installed worldwide, 
with a total installed capacity of about 27 MWth (38,500 m2). 

 
Figure 44: Distribution of the documented solar thermal plants in different industrial sectors 

(Source: IEA SHC Task 33) 

As can be seen in the Table 8 below, the most significant areas of use for solar heat plants are 
in the food and beverage industries, in the textile and chemical industries and for simple 
cleaning processes, e.g. car washes. This is, above all, due to the low temperatures required for 
the processes in these sectors (30°C to 90°C), allowing the use of flat-plate collectors, since 
they are very efficient in this temperature range. Solar heat is used not only to provide process 
heat but also to heat production halls. 
 
The table also shows that, alongside the low temperature processes up to 80°C, there is also 
significant potential for processes in the medium temperature range up to around 250°C. 
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Table 4: Industrial sectors and processes with the greatest potential for solar thermal uses 
 

Industrial sector Process Temperature level [°C] 

Food and beverages drying 
washing 

pasteurising 
boiling 

sterilising 
heat treatment 

 

30 - 90 
40 – 80 

80 – 110 
95 – 105 
140 – 150 

40 – 60 

Textile industry washing 
bleaching 

dyeing 
 

40 –80 
60 – 100 
100 – 160 

Chemical industry boiling 
distilling 

various chemical processes
 

95 – 105 
110 – 300 
120 - 180 

 
Copper mining industry 
 

 
leaching 

 
50 - 70 

All sectors pre-heating of boiler feed 
water 

heating of production halls 
 

30 – 100 
30 – 80 

 
 

3.8.2  Integration of solar heat into industrial processes 
 
The fact, that solar plants used to produce process heat can easily achieve a capacity of several 
hundred Kilowatt up to several megawatt represents a new challenge, which the system 
technology must meet - in particular the standstill behaviour of the plant, since it is likely that the 
heat produced may not be used at weekends or during company holidays. 
 
A further challenge is the integration of solar heat into the industrial process itself. In using solar 
thermal energy, the temperature of the available heat and the variability of solar energy must be 
considered, as well as the heat profile required by the industrial process. 
 
To rise to these challenges, more than 20 system concepts were developed according to the 
requirements of the different energy carriers (air, water-glycol, pressurised water or steam), the 
temperature levels and the process to be supplied with heat. These concepts are currently being 
realised and trialled in demonstration plants. 
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Figure 45: System concepts (generic systems) for the integration of solar heat into industrial processes 
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3.8.3  Pilot- and demonstration plants 
 
Three system concepts (generic systems) are herein described. They show different 
characteristics concerning collector types, heat carrier, temperature level and application.  
 
3.8.3.1 Space heating of factory buildings 
 
In contrast to other buildings such as offices and apartments, production halls are very tall—5 to 
10 metres—and usually require a relatively low room temperature of 15-18 ºC. The lower 
temperatures and simple systems which can be used for the heating of production halls together 
are ideal conditions for the use of solar thermal energy, and open up a significant potential use 
in the industrial sector. 
 
In recent years many industrial spaces have been built, particularly in Austria, which are heated 
completely or partially by solar energy. 
 
All of the documented spaces use under floor heating systems to introduce heat to the space. 
These have the advantage of a low flow temperature and the additional advantage that the mass 
of the foundation can be used as a heat reservoir.  
 
The solar collectors are often mounted on or integrated in the facade. In this arrangement the 
collectors fulfil multiple functions simultaneously, as a weatherproof facade, energy converter 
and as insulation (due to the rear insulation of the collector).  Since the solar collectors are 
generally used for heating purposes, since the hot water requirements of production halls are 
usually minimal, facade collectors are well oriented towards the winter sun. 
 
The capacity installed on the halls built to date are between 60 und 150 kWth. The percentage of 
total energy supplied by the solar plant lies between 20 and 100%. 
 

 
Figure 46: Solar heated production hall and office building DOMA, Austria 
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3.8.3.2 Washing Processes 
 

Cleaning processes are mainly applied in the food industry, the textile industry and in the 
transport sector. For cleaning purposes hot water is needed at a temperature level between 40 
and 90°C. Due to this temperature range flat-plate collectors are recommended for this 
application. The system design is quite similar to large-scale hot water systems for residential 
buildings, since they work in the same temperature range and the water is drained after usage. 
Concerning the hot water loop, it is an open system. Usually heat recovery is not feasible. 
 
 

Figure 47: Washing processes with open 
hot water loop - generic system concept

Figure 48: Parking service Castellbisbal SA, container 
washing, Barcelona, Spain. Installed capacity: 357 

kWth. Source: Aiguasol Engineering, Spain. 

 
Typical applications are washing processes in the food industry like feed water for bottle 
washing machines, washing processes in the textile industry and in the transport sector. 
 
One of the first demonstration systems of Task 33/IV was realized in the transport sector.  
Contank (Parking Service Castellbisbal S.A., Castellbisbal (Barcelona), Spain) is a company, 
which concentrates on the cleaning of containers used to transport liquid goods by rail.    
The major heat-consuming process in the company is the washing process, which uses heat in 
the form of hot water at 70 – 80 ºC (approx. 46% of the total heat requirement) and steam (the 
remaining 54%). The company requires 70 – 80 m3/day hot water. The conventional system for 
the preparation of hot water is a gas-fired steam boiler. 
 
The solar thermal system at Contank consists of two solar fields with selective flat-plate 
collectors and a total peak heat capacity of 360 kWth (with a net absorber surface of 510 m2) and 
a 40 m3 unpressurized storage tank. 
 
The yearly net heat production is 429 MWh (588 kWh/kWth) and solar energy makes up 21.55% 
of all energy used. If the gas price is assumed to be 25 €/MWh based on the calorific values, this 
results in an annual cost saving of 14,300 €. Taking into account maintenance costs, 
amortization is achieved in approx. 10 years. 
An even greater potential is anticipated in dairies. The capacities of solar thermal plants in this 
sector are in the order of 1 to 10 MWth. This is also the case for one of several existing plants in 
Greece. The solar thermal plant at the Tyras dairy in Trikala has an installed capacity of 730 
kWth (1040 m²). The average yearly production of the facility is 700 MWh and solar heat makes 
up 7% of the total heat requirements. The total investment for the plant was 172,500 Euros, 
which is equivalent to 116 Euros per kWth of installed capacity. Thanks to grant funding, which 
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covered 50% of the costs, the short amortization time required by the industrial sector was 
achieved. 

 
Figure 49: A view of the collector field at the Tyras dairy, Trikala, Greece  

Source: A. Aidonis, CRES 
 
3.8.3.3 Distilling and chemical processes 

 
For industrial processes where temperatures between 120°C and 250°C are needed, 
concentrating solar collectors, such as parabolic trough collectors have to be used. The heat 
carrier in these systems is either pressurized hot water or steam. 
 
 

Figure 50: Steam production via a 
flashing process - generic system 

concept 

Figure 51: El NASR Pharmaceutical Chemicals, 
Egypt. Installed capacity: 1,33 MWth  

Source: Fichtner Solar GmbH. Germany. 

 
The Egyptian New & Renewable Energy Authority (NREA) issued an international tender to build 
a 1.3 t/hr pilot solar steam plant using parabolic trough collectors at a site just outside Cairo. The 
project was financed by the African Development Bank. 
 
The plant’s 144 parabolic concentrators are arranged in four parallel loops and provide a net 
reflective area of 1,900 m². The steam is produced by the reduction of the pressure of the water 
in the collector loop, via a flashing valve and is delivered to an existing saturated steam network 
operating at 7.5 bar. 
 
  

steam
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4 PRECONDITIONS TO USE THE SOLAR RESOURCE 
 
The sun is our central energy supplier. It has the form of a ball and nuclear fusion takes place 
continuously in its centre. A small fraction of the energy produced in the sun hits the earth and 
makes life possible on our planet. Solar radiation drives all natural cycles and processes such as 
rain, wind, photosynthesis, ocean currents and several others, which are important for life. The 
whole world energy need has been based from the very beginning on solar energy. All fossil 
fuels (oil, gas, coal) are converted solar energy. 
 
The radiation intensity of the ca 5,000 K solar surface corresponds to 70 000 to 80 000 
kW/m2. Our planet receives only a very small portion of this energy. In spite of this, the incoming 
solar radiation energy in a year is some 200 000 000 billion kWh; this is more than 12 000 times 
the current yearly energy need of the whole world. 
 
The solar radiation intensity outside the atmosphere is between 1,398 and 1,310 kWh/m² 
depending on the distance between the earth and the sun. On average the solar radiation 
intensity (I0), which is called the solar constant is 1,352 W/m2.  
When the solar radiation penetrates through the atmosphere some of the radiation is lost so that 
on a clear sky sunny day in summer between 800 and 1,000 W/m2 (global radiation) can be 
obtained on the ground. 
 

 
 
 

GLOBAL IRRADIATION 
     800 - 1000 W/m² 

 

 

 
 

SOLAR CONSTANT 
       I0 =1352 W/m² 

 

  
 

Figure 52: Solar constant and global irradiation 

 

4.1 Global Radiation 
 
The Figure below shows the spectrum of the solar radiation on the top of the earth's atmosphere 
and at sea level. The range shown is 200 - 2500 nm. 
All the radiation that reaches the ground passes through the atmosphere, which modifies the 
spectrum by absorption and scattering. Approximately half of the 400 – 2,500 nm spectrum is 
affected by gaseous absorption. 
Atomic and molecular oxygen and nitrogen absorb very short wave radiation, effectively blocking 
radiation with wavelengths <190 nm. When molecular oxygen in the atmosphere absorbs short 
wave ultraviolet radiation, it photodissociates. This leads to the production of ozone. Ozone 
strongly absorbs longer wavelength ultraviolet in the band from 200 - 300 nm and weakly 
absorbs visible radiation. The widely distributed stratospheric ozone produced by the sun's 
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radiation corresponds to approximately a 3 mm layer of ozone at STP. The "thin ozone layer" 
absorbs UV up to 280 nm and (with atmospheric scattering) shapes the UV edge of the 
terrestrial solar spectrum. 
Water vapor, carbon dioxide, and to a lesser extent, oxygen, selectively absorb in the near 
infrared. Wavelength dependent Rayleigh scattering and scattering from aerosols and other 
particulates, including water droplets, also change the spectrum of the radiation that reaches the 
ground. 

 
Figure 53: Solar radiation spectrum of at an average solar constant of I0=1353 kWh/m²  

Source: http://www.howtopowertheworld.com 

 
The duration of the sunshine as well as its intensity is dependent on the time of the year, 
weather conditions and naturally also on the geographical location. The amount of yearly global 
radiation on a horizontal surface may thus reach in the sun belt regions over 2,200 kWh/m2. In 
north Europe, the maximum values are 1,100 kWh/m2. 
The global radiation consists of direct and diffuse radiation. Direct solar radiation is the 
component, which comes from the direction of the sun. The diffuse radiation component is 
created when the direct solar rays are scattered from the different molecules and particles in the 
atmosphere into all directions, i.e. the radiation becomes unbeamed. 
 
The amount of diffuse radiation is dependent on the climatic and geographic conditions. The 
global radiation and the proportion of diffuse radiation are greatly influenced by clouds, the 
condition of the atmosphere (e.g. haze and dust layers over large cities) and the path length of 
the beams through the atmosphere. 

 

 



SOLAR THERMAL SYSTEMS AND COMPONENTS 
 

 
AEE - Institute for Sustainable Technologies 

48 

 

Table 5. Global irradiance and diffuse fraction, depending on the cloud conditions 

 Clear, blue sky Scattered clouds Overcast sky 
 

Solar irradiance [W/m²] 600 - 1000 200 – 400 50 - 150 
 

Diffuse fraction [%] 10 - 20 20 – 80 80 - 100 
 

 
The higher the amount of diffuse radiation is, the lower is the energy contents of the global solar 
radiation. 
 
The monthly and annual averages of daily radiation (kWh/m2, day) for selected locations are 
shown in Table 2. 

 

 
 

Figure 54: Yearly average sums of global radiation on the earth.  
 
Depending on the geographic location the yearly global radiation on a horizontal surface may 
vary between 1100 (Europe) and 2200 kWh/m2 (South America, Africa, Australia). 

 

 

Table 6: Average monthly and yearly values of global solar radiation on a horizontal surface in 
kWh/m² 

 Jan Feb Mar April May June July Aug Sep Oct Nov Dec Year Lat
Vienna, Austria 25.2 43 81.4 118.9 149.8 160.7 164.9 139.7 100.6 59.8 26.3 19.9 1090 48.2 N 
Kampala, UG 174 164 170 153 151 142 141 151 155 163 154 164 1882 00.2 N 
Johannesburg 215 185 183 144 135 119 132 158 189 200 197 218 2076 26.1 S 
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4.2 Solar Radiation Data  
 
Usually radiation data available are for horizontal surfaces, including both direct and diffuse 
radiation and are measured with pyranometers. Most of these instruments provide radiation 
records as a function of time and do not themselves provide a means of integrating the records. 
 
The data are recorded in a form similar to that shown in Figure 574. Figure 574 shows the global 
radiation on the horizontal and a 45° inclined surface for two clear days, latitude 47°. Also the 
share of diffuse radiation and the ambient temperatures are shown. 

 
Figure 57: Global radiation on the horizontal and a 45° inclined surface for two clear days, 

latitude 47°. 
 
Solar radiation data are provided by meteorological stations and are usually also part of 
simulation programs.  
 
A global meteorological database for solar energy is provided by METEONORM, which is a 
global climatological database combined with a synthetic weather generator. The output are 
climatological means as well as time series of typical years for any point on earth. 
 
Further information see:  http://www.meteotest.ch 

http://www.retscreen.net 
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 principle η0 

[ ] 

U 

[W/m² K] 

collector 
working temp. 

appropriate 
application areas 

 
 

simple absorber 
 

  
0.90 

 
20 

 
15 – 30 °C 

 
swimming pool 

 
simple flat-plate collector 

with glass cover (FP) 
 

  
0.75 

 
3.8 

 
30 – 80 °C 

 
hot water 
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(SS) 
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Figure 59:  Typical parameters with reference to the aperture area and application areas for different collector types. 

The parameters are only indicative 
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heat is finally transferred to the fluid. Usually a water/glycol mixture with anticorrosion additives 
is used as the heat carrying fluid. The fluid also protects the collector from frost damage. 
 

 
Figure 65: Basic flat-plate collector for applications up to 80°C (Source: IEA Task 33) 

The absorber plate is usually made of copper, aluminium or stainless steel, which is connected 
to flow tubes (risers) and the headers (manifold). The absorber plate is selective coated or in 
case of a simple collector just painted with a black paint. 
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Figure 66: Sectional views of a flat-plate collector. Source: Left picture Consolar 

 
The absorber is placed inside the insulated collector box and covered with a transparent cover. 
In most cases glass is used as material for the transparent cover.  
 
The absorber plate can be assembled either from several absorber strips or can consist of a 
single metal sheet. 

1. Selective Coating 

2. Absorber  

3. Tube 

4. Insulation 

5. Rear panel 

6. Manifold 

7. Frame 

8. Transparent cover 
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5.2.3 High vacuum flat-plate collector4 
 
A recent development are high vacuum flat-plate collectors. High vacuum flat-plate collectors 
reach high levels of efficiency in temperature ranges between 100°C and 200°C, while working 
without tracking and concentrating the irradiation. Therefore the required maintenance is 
minimized and high vacuum flat-plate collectors combine the advantages of vacuum insulation 
and flat-plate collectors. The Spanish company SRB Energy and the Swiss TVP Solar SA have 
introduced their high vacuum flat plat collectors in 2012.  
 

 

Figure 71: SRP high vacuum flat plate collector with reflectors (left) and an array of 40 MT-
Power Thermal Vacuum Power Charged™ solar thermal collectors 

from TVP SOLAR installed at the solar air cooling test site of Masdar City in Abu-Dhabi (right) 

 
The following chapter describes the technical details and the operating principle of the TVP 
collector. 
 
Operating Principle 
Solar collectors transform energy from sun rays into usable heat. Conversion efficiency is limited 
by both optical and heat losses. Heat loss is due to heat flowing from the internal heat absorber 
to the external environment, namely by: conduction, internal convection and radiation. 
Conduction heat loss can be fought using long thermal path designs and suitable low thermal 
conductivity materials, while radiation heat loss is controlled by the use of selective coatings and 
low emissivity materials for the heat absorber. Reducing internal convection requires thermal 
insulation materials, which however should not prevent light from reaching the absorber. 
 

                                                 
4 Source: Vittorio Palmieri, Thermal Vacuum Power ChargedTM solar thermal panels, erneuerbare energie 2012-4, p. 
23-26, Gleisdorf 2012 
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Figure 72: cross section rendering of MT-Power, the first Thermal Vacuum Power Charged™ 
solar thermal panel to be Solar KEYMARK certified up to 200°C (Source: TVP Solar SA) 

 
 
High-Vacuum for Solar Collectors 
High-vacuum (pressure below 10-3 mbar) is the best known thermal insulator, but so far its 
application in solar collectors has been limited to evacuated tubes. This is because the 
cylindrical topology is well-suited to cope with the large mechanical load represented by the 
atmospheric pressure (1 kg/cm2). However, such devices suffer from inherent limitations 
because of their shape: glass-glass tubes have a highly reliable vacuum seal, but the inner glass 
wall limit the heat transfer from the absorber because of its low thermal conductivity. Glass-metal 
tubes allow heat to flow freely throughout the metal fin, but severely stress the glass-metal seal 
because of its proximity to the hot absorber. Both require a manifold sitting outside the high-
vacuum. 
 
Evacuated flat collectors do not suffer from any of such limitations but are extremely challenging 
to manufacture because of their square topology. In fact, the load from atmospheric pressure 
adds up to 10 metric tons per square meter of evacuated surface and this in turn requires a 
cleverly designed glass plate support structure. But even more important is a highly elastic 
peripheral glass-metal seal capable of coping with the large displacements created during the 
evacuation process. Also, such a seal should be made with materials that can be heated at high 
temperatures in order to speed-up the evacuation process, which otherwise would increase 
manufacturing cost. Unfortunately, no epoxy glue or silicone sealant can be used to manufacture 
such a seal, since these reticulated materials can be easily permeated by air constituents, 
leading to a quick rise of the collector internal pressure (loss of high-vacuum). A novel glass-
metal seal, manufactured entirely with high-temperature exhaust-compatible inorganic materials 
(coming from the display industry) is therefore at the heart of Thermal Vacuum Power 
Charged™ panels from TVP Solar. 
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Thermal Vacuum Power Charged™ solar thermal collectors make use 
of self-regenerating non-evaporable getter pumps to maintain high-
vacuum inside the panel for at least 20 years. 
Since keeping high-vacuum inside the collector throughout its entire 
lifetime is of such great importance, a reliable and inexpensive high-
vacuum inspection technology is also needed. Unfortunately, 
measuring high-vacuum is difficult and requires special devices called 
gauges, which typically use high voltage and are expensive. Thermal 
Vacuum Power Charged™ solar thermal collectors make use of a 
visual high-vacuum verification technology, named SpotCheck™, 
based on a barium mirror spot evaporated on the inner wall of 
collector’s glass plate.  
 
 

Figure 75: The transition occurring in the SpotCheck™ of an MT-Power 
collector when high-vacuum is lost. The barium mirror spot turns from 
silver to white because of oxidation due to the residual gas inside the 
panel envelope (Source: TVP Solar SA) 

 
 

 
Figure 76: Peak performance comparison among several certified solar collectors (both 

concentrating and non-concentrating). (Source: TVP Solar SA) 

 
The figure above shows a comparison for peak performance across a wide temperature range 
for certified solar collectors. Between 100°C and 200°C such collectors provides the most 
striking performance enhancement, in particular when compared with concentrators. In fact, 
while a flat plate collector can collect both direct and diffuse light, concentrators mainly collect 
direct light only (the amount of diffuse radiation collected being roughly proportional to the 
inverse of the concentrating factor). This in turn significantly reduces the amount of solar 
resource available and further widens the gap in performance, when considering overall energy 
production on a yearly basis. 
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Figure 77: Bar chart of direct and diffuse solar radiation available at select locations worldwide 

(METEONORM data, Source: TVP Solar SA). 
 

5.3 CPC Collector 
 
Compound parabolic concentrators (CPC) combine the advantages of flat-plate collectors and 
parabolic trough collectors. By making use of both principles the CPC can function without 
continuous tracking and still achieve some concentration. The market share of this type of 
collector is rather limited. 
CPC collectors use a CPC (Compound Parabolic Concentrator) to concentrate solar radiation on 
an absorber. Because they are not focussing (non-imaging), they are a natural candidate to 
bridge the gap between the lower temperature solar application field of flat-plate collectors (T < 
80°C) to the much higher temperature applications field of focussing concentrators (T > 200°C). 
Flat-plate collectors have an enormous advantage over other collector types because they 
collect radiation coming from all directions and therefore, they can be stationary on any given 
roof and all of the diffuse radiation is available to them. However, they also have the highest 
heat losses since they are proportional to the very large absorber area they possess. Because 
of these heat losses, the efficiency of flat-plate collectors at higher working temperatures of the 
solar loop is decreasing. Solar concentrators of the imaging focusing type have a small absorber 
area and therefore smaller heat losses. They provide high efficiency at high working 
temperatures. On the other hand, they have the disadvantage of having a smaller angle of view 
and therefore require a tracking system and can not collect most of the diffuse radiation.  
Collectors with CPCs can be designed so that they concentrate solar radiation by 1-2 factors 
and at the same time accept most of the diffuse radiation. Furthermore, these concentrators can 
be stationary or only need seasonal tilt adjustments. 

 

Figure 78: CPC collector (Source: Solarfocus) 
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5.4 Evacuated Tube Collector  

5.4.1 Construction and working principle 
 
Because of technical reasons, most of the evacuated collectors are constructed as tube 
collectors. In this case, a thin absorber strip with selective coating is enclosed a highly light 
transparent and heat resistant glass tube. Through evacuation of the space between glass cover 
and absorber, the losses are reduced significantly as no convection and no heat losses by air 
conduction can occur. 

 

 
Figure 79: Vacuum tube collectors 

 

Different concepts for vacuum tube collectors are presently on the market. Figure 8078 shows 
two principles, both based on glass tubes with an internal vacuum. The absorber is located 
inside the evacuated glass tube. For the direct principle shown in the Figures 78 (d, e), the heat 
transfer fluid of the collector loop flows directly through the absorber via a tube. Figure 78 (f) 
shows a collector where the heat of the absorber is transferred to the heat transfer fluid of the 
collector loop via a heat pipe system. 

In addition to these two principles also so-called Sydney-Collectors are also used. For this type 
of collector, the vacuum is located in the annular gap between an outer and an inner glass tube. 
The inner glass tube is equipped with a selective coating and, therefore, also acts as the 
absorber. A metal sheet transfers the heat from the absorber to a U-tube, through which the fluid 
of the collector loop is flowing. In order to reduce the required number of Sydney-tubes, a CPC 
reflector (CPC: compound parabolic concentrator) is frequently located behind the tubes. 
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Figure 80: Evacuated tube collectors: Heatpipe, Vitosol 300 (left) and a direct coupled Sydney 

Collector (right). Source: Vissmann 

 
Figure 81: Detail Sydney collector 

 
The different types of evacuated tube collectors have similar technical attributes: 
 

• A collector consists of a row of parallel glass tubes.  
• A vacuum (< 10-2 Pa) inside every single tube significantly reduces conduction losses 

and eliminates convection losses. 
• The form of the glass is always a tube to withstand the stress of the vacuum. 
• The upper end of the tubes is connected to a header pipe. 

 
The getter is another component evacuated tubes have in common. It is used in order to 
maintain the vacuum inside. During the manufacturing of most evacuated tubes the getter is 
inductively exposed to high temperatures. This causes the bottom of the evacuated tube to be 
coated with a pure layer of barium. 
This barium layer eliminates any CO, CO2, N2, O2, H2O and H2 out-gassed from the evacuated 
tube during storage and operation. The barium layer also provides a clear visual indicator of the 
vacuum status. The silver coloured barium layer will turn white if the vacuum is ever lost. This 
makes it easy to determine whether or not a tube is in good condition (see figure 34). 
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Figure 82: Error–indication (http://www.solardirect.com/ and http://www.solar-water-

heater.com/product/trendsetter/basics.htm ) 

 

5.4.2 Direct flow evacuated tube collector 
 
If a single evacuated glass tube is used the whole interior is evacuated. For this configuration 
the flat or curved absorber as well as fluid inlet and fluid outlet pipes are inside of the vacuum. 
The absorber is coated with a selective surface. Single evacuated tubes often have diameters 
between 70 and 100 mm. 

 
 

Figure 83: Sectional drawing of a direct flow pipe with flat absorber and u - tube  
Source: Frei, U.: Kollektoren in solarthermischen Systemen, SPF Solartechnik Prüfung 

Forschung, TriSolar98 
 
The tubes are divided by configuration of the fluid pipes. The traditional type is a collector with 
separated tubes for fluid inlet and fluid outlet. 
 
Besides this type, also collectors with concentric inlet and outlet pipes are manufactured (see 
Figure 83. This means, that only the fluid outlet pipe is connected to the absorber. The pipe for 
fluid inlet is located inside the outlet pipe. The fluid flows back between the outer surface of the 
inner pipe and the inner surface of the outer pipe. The advantage of this construction is 
rotational symmetry. This offers the possibility to optionally orientate the absorber by rotating the 
whole tube. In this way any desired tilt angle can be achieved even if the collector is mounted 
horizontally. The efficiency of direct – flow single glass tubes is quite high but they require a 
good glass to metal seal that withstands the different heat expansion rates of those materials. 
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The heat pipe principle offers the theoretical possibility to avoid stagnation due to the restricted 
maximum temperature that the heat pipe can reach. Depending on the fluid and pressure used 
there is a temperature at which all the fluid within the heat pipe is vaporized and inside the 
condenser. In this case, the fluid is less effective in heat transportation. Because of that the 
temperature of the solar loop should be kept under the disruption temperature of the used glycol, 
which means working temperatures below 170°C. The reliable handling of this effect sensitively 
depends on the right amount of fluid and the right pressure inside of the heat pipe. Another 
approach to avoid stagnation is to use a memory metal to separate the fluid inside the heat pipe 
from the condenser if a certain temperature is reached.  
 
In direct flow vacuum collectors the stagnation temperature can reach 300°C so the glycol and 
the components of the solar loop have to be protected separately. 
 

 
Figure 87: Thermosiphon system with evacuated tube collectors  

Source: http://greenterrafirma.com/evacuated_tube_collector.html 
 

5.5 Concentrating Collectors 
In concentrating collectors, the sunlight is concentrated by parabolic troughs or concave mirrors 
on a pipe or a certain point; by this means high temperatures are reached (burning glass effect). 
These collectors are particularly used in solar thermal power plants and for process heat supply 
(250°C to 800°C). 
 

 
Figure 88: Concentrating solar cooker, Figure 89: Parabolic trough collectors at a hotel in Turkey 
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south west of Ulan Bator,  Mongolia (Source: SOLITEM, Germany) 

 
In contrast to flat-plate collectors and evacuated tube collectors, which utilise global radiation 
(i.e. both direct and diffuse radiation), concentrating collectors have the disadvantage of only 
utilising the direct radiation. In addition, these collectors have to be tracked exactly according the 
corresponding position of the sun to ensure focussing of the solar radiation. 
 
A simple version of concentrating collectors are concentrating solar cookers. 
 
 

5.5.1 Parabolic trough collector 
 
Parabolic trough collectors concentrate the sunlight before it strikes the absorber. Mirrored 
surfaces curved in a parabolic shape linearly extended into a trough shape focus sunlight on an 
absorber tube running the length of the trough. A heat transfer fluid is pumped through the 
absorber tube of the collector where the solar flux is transformed to heat. 

 
Figure 90: Sketch of a parabolic trough collector 

Parabolic troughs are collectors designed to reach temperatures over 100ºC and up to 450ºC 
and still maintain high collector efficiency by having a large solar energy collecting area 
(aperture area) but a small surface where the heat is lost to the environment (absorber surface). 
Although different definitions are used, in this paper the concentration ratio refers to the ratio of 
the aperture area and the absorber surface (the surface that is hot and dissipates heat to the 
environment). The concentration ratio determines the temperature up to which the heat 
transfer fluid can be heated in the collector.  
 
 

5.5.1.1  Working principle 
 
The reflecting surface of parabolic trough collectors, also called linear imaging concentrators, 
has a parabolic cross section. The curve of a parabola is such that light travelling parallel to the 
axis of a parabolic mirror will be reflected to a single focal point from any place along the curve. 
Because the sun is so far away, all direct solar beams (i.e., excluding diffuse) are essentially 
parallel so if the parabola is facing the sun, the sunlight is concentrated at the focal point. 
 
A parabolic trough extends the parabolic shape to three dimensions along a single direction, 
creating a focal line along which the absorber tube is run. 
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Figure 91: Parallel sun rays being concentrated onto the focal line of the collector (left). Small 
parabolic trough collector on the test rig of AEE  INTEC (right) 

 
Parabolic trough collectors—like other solar concentrating systems—have to track the sun. The 
troughs are normally designed to track the sun along one axis oriented in the north-south or 
east-west direction. 
 
As parabolic troughs use only direct radiation, cloudy skies become a more critical factor than 
when using flat-plate collectors, which can also use diffuse sunlight. Periodic cleaning of mirrors 
also is essential to assure an adequate parabolic trough field performance. 
 
 

 
Figure 92: Tracking of the sun by a parabolic trough collector with the collector axis oriented 

north-south 
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Figure 95: Raytracing with vertical irradiation. Left: cross section of the whole collector; right: 
cross section of the receiver with secondary concentrator 

 
Typical concentration ratios are in the range of 25 to 40 with respect to the absorber tube 
surface (this corresponds to a concentration ratio of 80 to 130 with respect to the absorber 
diameter).  
 
Due to the optical concentration, the operation temperature can be as high as 400°C. It is mainly 
limited by material constraints of the receiver (e.g. the absorber coating). Up to around 200 °C 
pressurised water can be used as heat carrier. Thermal oil is used for higher operation 
temperatures. An interesting option is the direct generation of steam in the collector.  
 
Most suitable applications 
Linear Fresnel collectors were developed for large scale solar thermal power generation which 
results in thermal capacities of at least several tens and up to many hundreds of MW. Such 
plants are typically planned for remote areas.  
 
When scaled down, the linear Fresnel collector meets the special boundary conditions for the 
generation of industrial process heat: 
  

• The collector can be used for processes starting with a thermal capacity of around 50 kW 
and up to several MW 

• The collector is easy to mount on flat roofs as a result of the good weight spread and low 
wind resistance and it allows for a very high surface coverage so the heat can be 
produced close to where it is needed and were space is not so freely available.  
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6 PHYSICAL PROCESSES INSIDE A FLAT-PLATE 
COLLECTOR 

 
In order to explain the physical processes taking place inside a collector the principle set-up of a 
flat plate collector and the relevant heat transfer mechanisms are shown in the following figure.  
 

 
Figure 96: Losses of a flat-plate collector 

 
In the first instance, the solar radiation with a wave length of 0.3 < λ < 2.5 µm hits the 
transparent cover of the collector. Because of reflections both on the surface and at the interface 
(transmission) of the cover, a part of the radiation is lost to further utilisation in the collector. The 
reflection losses depend on the angle of incidence, the number of covers, and their refraction 
index, whereas the transmission losses are determined by the light transparency of the material. 
As plastic covers degrade relatively fast and thus show increasing transmission losses, glass 
covers have in particular proved to be successful.  
 
Depending on the type of coating, the solar radiation, which is striking the absorber is converted 
almost entirely into heat. The coating should have both a high absorptance and the lowest 
possible emittance. The capability of absorption is characterised by the absorption coefficient α 
and mainly determined by the black colour of the absorber. The absorption coefficient for a solar 
coating with solar paint as well as for good selective coatings is between 0.94 and 0.97. 
A part of the heat being produced at the surface of the absorber is emitted again in form of 
infrared radiation. The infrared radiation and solar radiation differ in wavelength. The emitted 
infrared radiation has a high wavelength and is for the most part reflected back again at the 
inner surface of the cover (green house effect). 
 
The emission coefficient ε is decisive for the heat losses through long wave radiation. By means 
of a special mixture of coating as well as the surface structure, heat radiation can be reduced. 
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7 COLLECTOR MATERIALS 
 
The fundamental components of a flat-plate collector are the transparent cover, the absorber 
with its coating, the casing and insulation material.  

7.1 Suitable absorber materials for flat-plate collectors 
 

Table 7: Thermal conductivity of different absorber materials 

Absorber Material 
Thermal Conductivity 

[W/mK] 

Steel 50 

Aluminium 210 

Copper 380 

7.2 Absorber coating 
 
The absorber coating has the task of absorbing as much of the incident sunlight as possible and 
converting it to heat. This applies regardless of the collector application! In the "thermal" range of 
the spectrum, i.e. in the infrared, it is important that as little energy be emitted as possible. 
Absorber coatings with high absorbtance α in the solar spectral range (0.3 - 2.5 µm) and 
simultaneously a low emittance ε in the wavelength range 2.5 - 50µm are termed "selective 
coatings". 
 
Absorber coatings are divided into the following classes: 

• Selective coating:      0 ≤ ε < 0.2, α > 0.9 
• Partially selective coating:  0.2 ≤ ε < 0.5, α > 0.9 
• Non selective coating:  0.5 ≤ ε < 1.0, α > 0.9 

 
Plain copper black paint galvanic coating physical vapour 

deposition or sputtering 

Figure 98: Absorption and emission of different absorber coatings 

For regions with high solar radiation like the Mediterranean countries or in the tropics non-
selective coatings might be adequate. Selective absorber coatings are almost always used in 
flat-plate collectors in regions with low solar radiation like in middle or north of Europe.  
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7.3 Transparent cover materials 
 

The transparent cover has the dual task of admitting the solar radiation to the collector and 
reducing the heat loss from the collector. The opacity of the cover in the spectral range of heat 
radiation leads to a "greenhouse effect" in the collector simultaneously protects the absorber 
against convective heat losses and wind. Glass and plastic materials are often used for the 
collector cover. The advantage of glazing is its proven long-term stability with regard to optical 
and mechanical properties. 
 
Table 8: Common cover materials for flat-plate collectors 
Cover Thickness 

[mm] 
Weight 
[kg/m²] 

Solar transmittance 

Antireflective coated glass 3.2 8 0.95** 
Iron free glass, tempered 3.2 8 0.91 
Standard glass, tempered 4 10 0.84 
Standard glass *) 4 10 0.84 
PMMA, ducted plate 16 5.0 0.77 
PMMA, double ducted plate 16 5.6 0.72 
*) Danger of breaking determined by high collector temperatures 
**additional costs low and worthwhile 
 
 
 

7.4 Insulating materials 
 
Mineral wool and glass wool are often used as insulating material. Before a mineral wool product 
is incorporated, its outgassing must be investigated. Condensed outgassing products from the 
binder material of mineral wool can lead to precipitates on the transparent cover, if it is not 
counteracted. 
 
If polyurethane or polystyrol foam is used, it must always be protected against high temperatures 
by a covering layer. 
 
It has to be taken into consideration, that the stagnation temperatures of good selective coated 
collectors can reach temperatures as high as 200°C. Even simple collectors with black painted 
absorbers reach stagnation temperatures of about 140°C. The backside insulation of the 
collector has to resist these temperatures. 
 
Table 9: Possible insulating materials for flat-plate collectors 
Insulating material Max. allowable temperature 

[ °C ] 
Density 
[kg/m³] 

Conductivity 
[W/mK] at 20°C 

Mineral wool > 200 60 - 200 0.040 

Glass wool > 200 30 - 100 0.040 

Glass wool > 200 130 - 150 0.048 

Polyurethane foam < 130 30 - 80 0.030 

Polystyrol foam < 80 30 - 50 0.034 
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7.5 Casing 
 
For the casing basically aluminium, steel and polymeric materials are used. For roof integrated 
collectors wooden casings are also used. 
 
The typical casing of a flat plate collector consists of a frame made of an extruded aluminium 
profile and a back plate out of either aluminium or weather proof steel. In order to reduce weight 
and costs back plates out of plastics become more and more common. Some manufactures 
even replace the aluminium profiles by plastic profiles. 
 
Another possibility to build up the casing especially suitable for a large-scale automatic 
production line is the use of deep-drawn aluminium or plastic sheets. 
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8 PERFORMANCE CRITERIA OF SOLAR COLLECTORS 
 
The solar collector is the main part of a solar thermal system because it transforms the solar 
radiation into heat. The collectors described in this chapter are designed for applications 
requiring energy delivery at temperatures up to 100 °C above ambient temperature. These 
collectors use both direct and diffuse radiation and do not require tracking the sun. The main 
applications are hot water preparation, space heating of residential, office and industrial 
buildings, air conditioning and industrial processes as well as seawater desalination. 
All collector constructions aim to convert the solar radiation into heat with high efficiency. 
 
 

8.1 Characteristic Values of Flat-plate and Evacuated Tube Collectors  
 
Glazed or evacuated collectors are described by the following equation (Duffie and Beckman, 
1991, eq. 6.17.2 /1/): 
 

 

( ) TUFGFQ LRRcoll Δ−=
•

τα  
 

where Qcoll is the energy collected per unit collector area per unit time, FR is the collector’s heat 
removal factor, τ is the transmittance of the cover, α is the shortwave absorptivity of the 
absorber, G is the global incident solar radiation on the collector, UL is the overall heat loss 
coefficient of the collector, and Δ T is the temperature differential between the heat transfer fluid 
entering the collector and the ambient temperature outside the collector. 
 
Typical values for FR (τα) = 0.72 and  FR UL = 4.90 (W/m²)/ºC for flat-plate collectors and FR 
(τα) = 0.58 and  FR UL = 0.7 (W/m²)/ºC for an evacuated tube collector. 
 

8.2 Collector Efficiency Curve 
 
The thermal efficiency of a collector is described by the efficiency curve. The efficiency of a 
collector is defined as the ratio of the energy amount transferred from the collector to the heat 
transfer medium to the incident radiant energy on the collector. 
 
The efficiency depends on the quality of the absorber surface, the geometry of the absorber, the 
heat conductivity of the absorber, the transparency of the cover, and the heat losses of the 
collector through infrared radiation, conduction, and convection. A quantitative comparison 
indicates that the efficiency is particularly dominated by the radiation losses. 
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                                                             (tm* – ta**)/G [Km²/W] 
*temperature between inlet and outlet 
**ambient temperature 

Figure 99: Collector efficiency curve 

The efficiency for a certain collector is not a fixed value, but is dependent on the application, e.g. 
temperature levels, wind speed, etc. Thus, a characteristic curve is obtained by plotting the 
efficiency from above as a function of the ratio of the temperature difference of the average 
temperature of the heat transfer fluid of the collector and the ambient temperature (tm – ta ) to the 
incident radiant energy G. 
 
Collector efficiency 
 

 
 
 
η0 maximum efficiency  (= efficiency at tm = ta) 

a1 linear heat loss coefficient                            
 

a2 quadratic heat loss coefficient                         
2 

tm average temperature of the heat transfer fluid     °C 
ta ambient temperature          °C 

G incident radiant energy (global radiation)        

 
The highest possible efficiency, i.e. the efficiency at which the average temperature of the 
collector tm and the ambient temperature ta are equal (no heat losses to the environment) is 
called the conversion factor η0. In this case only optical losses would occur. 
  

G
tt

a
G

tt
a amam )²()(

210
−

⋅−
−

⋅−= ηη

Km
W

⋅²

Km
W

⋅²

²m
W



SOLAR THERMAL SYSTEMS AND COMPONENTS 
 

AEE - Institute for Sustainable Technologies 
 

81

Stagnation temperature (°C) 
The stagnation temperature is the highest obtainable absorber temperature (no output 
withdrawn) when the solar radiation intensity is 1,000 W/m2 on the outermost transparent cover. 
Typical values are 140 – 150°C for simple black-coated flat-plate collectors, 180 – 210°C for 
selective coated flat-plate collectors and up to 260°C for good evacuated tube collectors. 
 

 
Figure 100: Typical efficiency curves for different flat-plate and evacuated tube collectors 

 

8.3 Area Definitions 
 
The definitions for gross area, aperture area and absorber area are given in ISO 9488:1999.  
The gross area is defined as the maximum projected area of a collector. Pipe connections and 
parts for mounting the collector are not included in gross area.  
The maximum projected area where un-concentrated solar radiation enters the collector is called 
aperture area.  
The absorber area is defined in two different categories, for collectors without and with reflector. 
For solar collectors without reflector it is the maximum projected area of the absorber, for 
collectors with reflector it is the area which is designed to absorb solar radiation. 

 
Figure 101: Definition of reference areas 

                                                             (tm – ta)/G [Km²/W ] 

Evacuated Tube Collector 

Sim ple Flat-plate Collector

Uncovered Absorber 

Selective Flat-plate Collector 
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8.4 Possible Improvements 
 
With standard flat-plate collectors operation temperatures up to 80°C can be reached. 
The basic flat-plate collector has several options to be improved to economically cover the lower 
medium temperature level up to 150°C. 
 
For applications in the temperature range of 80 to 120°C, in particular, there exist a number of 
possibilities to improve flat-plate collectors so that they can be suitable for those applications. In 
order to achieve this, it is necessary to reduce the collector heat losses mainly on the front side 
of the collector, but without sacrificing too much of the optical performance at the same time.  
 
Improvements include: 
 

• hermetically seal collectors with inert gas fillings; 
• double covered flat-plate collectors; 
• high vacuum flat-plate collectors; and 
• combinations of the above mentioned. 

 
As an example, the figure below shows estimated efficiency curves of single, double and triple 
glazed flat-plate collectors when anti-reflection glazing ('AR-glass') is used. 

 
Figure 102: Efficiency curves of a single, double and triple glazed AR collector in comparison 

with a standard flat-plate collector with normal solar glass (Source: IEA SHC Task 33) 

 
 
In order to give a general comparison between different collector types and collector 
technologies the following figure and the table show data of non-concentrating collectors tested 
according to EN12075-2 6.3 and two types of concentrating collectors. The figures show that 
there is a broad variety in efficiency between a simple flat plate collector and concentrating 
collectors.  
To select the right collector type it is essential to know the climatic conditions, the working 
temperature, that is expected for a given application as well as the price of the collector. 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.05 0.1 0.15

(Tm-Ta)/G   in Km²/W

ef
fic

ie
nc

y 
(b

as
ed

 o
n 

ap
er

tu
re

 a
re

a)

1 AR

2 AR

3 AR

standard flat-plate
collector

 operating temperature  
80° to 120°C



 

 

 
 
Non con
Selectiv
CPC – f
High eff
Standar
CPC - v
High vac
 
Concen
Linear c
Parabol
 
*  f
**   C

c

Figure 1

Tab

ncentrating
ve - flat plate
flat plate col
ficiency flat-
rd – vacuum
vacuum tube
cuum flat pl

ntrating col
concentratin
ic trough co

lat plate collec
Collector effici
collector types 

103: Collect

SOLA

AEE 

ble 10: Colle

g collectors
e collector 
llector 
plate collec

m tube collec
e collector 
ate collecto

lectors 
g fresnel-co

ollector** 

ctor with doubl
ency paramet
may have a b

tor efficienc

AR THERMAL

- Institute f

ector efficien

s 

ctor* 
ctor 

or 

ollector** 

le anti-reflectiv
ters are based
broad variation

cy curves ref
T

L SYSTEMS A

for Sustain

ncy parame

[

0
0
0
0
0
0

0
0

ve coated glaz
d on direct nor
n depending on

 
 

 

flecting the 
Table 7 abo

AND COMPO

able Techno

eters related

η0 
[ − ] 

 
0.78 
0.80 
0,81 
0.61 
0.65 
0.76 

 
 

0,58 
0,70 

zing and gas fi
rmal irradiation
n the collector

collector eff
ve. 

ONENTS 

ologies 

d to aperture

a1 
W/(m²

 
3.80
2.70
2.71
0.85
1.02
0.51

 
 

0,000
0,20

lling 
n (DNI). The e
r type and size

fficiency par

e area 

²K) W

0 
0 
1 
5 
2 
1 

0 
0 

efficiency of c
e. 

rameters as
 

83

a2 
W/(m²K²) 

 
0.03 
0.08 
0.01 

0.005 
0.002 
0.007 

 
 

0,0004 
0,0016 

concentrating 

s shown in 



 

 

84 

9 CO
 
In order
cost of 
collector
goal, the
kept at a
 

9.1 P
 
In gener

• P
• S
• A

 
Collecto
low.  
 

 

Fig

 

OLLECT
r to keep the
pipe work l
rs. Another 
e temperatu
about 10K fo

arallel an

ral there are
Parallel con
Serial conne
A combinati

ors of small 

Figure 104:

gure 105: S

SOLA

AEE 

TOR FIE
e pressure 
low, it is the
goal is to k

ure increase
or high-flow

nd serial

e three optio
nection  
ection 
on of serial 

systems are

: Parallel co

erial connec

AR THERMAL

- Institute f

ELD HYD
trop in the s
e intention 

keep the the
e between 

w systems a

 collecto

ons to conn

and paralle

e usually co

onnection of

ction of coll

L SYSTEMS A

for Sustain

DRAULI
solar therm
to have a 

ermal collec
the flow an
nd at about

or connec

ect collecto

el connectio

onnected in 

f meander (l

 

ectors. This

AND COMPO

able Techno

ICS 
al array as 
rather simp

ctor losses a
nd return pi
t 40K for low

ctions 

rs: 

on 

parallel in o

left) and and

s is often us

ONENTS 

ologies 

low as pos
ple pipe con
as low as po
pe in the c

w-flow syste

order to kee

d a harp co

sed for large

ssible and to
nnection be
ossible. To 

collector loo
ems. 

ep the pump

llectors (righ

 

e collector fie

o keep the 
etween the 

reach this 
p shall be 

ping power 

ht) 

elds. 



SOLAR THERMAL SYSTEMS AND COMPONENTS 
 

AEE - Institute for Sustainable Technologies 
 

85

 
Figure 106: Serial connection of collectors at Ulstedt, Denmark. Source: SDH, ee 2011-2 

 

9.2 Pressure drop and temperatures in collector arrays 
 
 
Parallel, Serial, Parallel-serial, High-Flow, Low-Flow Collector connections5 
 
The heat transfer medium’s (HTM) velocity in the absorber tube is an important criterion for 
collector connections. High velocity raises the pressure drop in the absorber tube and therefore 
requires high pumping power (see also the formulas below for pressure drop and pumping 
power). Too low velocity in contrast elevates the temperature difference ∆ HTMϑ between 
collector inlet and outlet temperature because of an increased collector outlet temperature and 
reduces the quality of the heat transfer in the absorber tube. In the steady-state the mean 
absorber temperature therefore increases and the collector efficiency decreases. 
In regard to a whole year the increase of ∆ HTMϑ in the collector is able to increase the yield of 
the collector field because short-term irradiation or low irradiation also promptly provides heat on 
the required temperature level.  “Low-Flow” concepts make use of these circumstances. 
 
The following parameters define the most favourable connection type for collector fields: The 

specific producer recommended volume flow rate colV
.

for one square metre collector area 
[l/m²h]; typical volume flow rates  lie between 40 – 70 l/m²h, turbulent flow in the absorber tubes 
is the physical criterion  

• The requested operating mode (“classical”, “Low-Flow”) 
• The collector design 
• The installation mode on the roof 
• The available pump output 

 
For designing the pump system it is necessary to consider that the pressure drop for e.g. three 
serially connected collectors is three times as high as for one collector with the same flow rate. 
In contrast the pressure drop in collector fields with parallel connection does not increase 
(compare Figure 107) for the relevant volume flow. 
 

                                                 
5 Source: Wolfgang Streicher, Institut für Wärmetechnik, TU Graz, Vorlesungsskriptum 
Sonnenenergienutzung 307.036 p.35-37 
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In the following two examples the volume flow through the entire collector field is calculated for 
the “classical” and the “Low-Flow” type. 
 

Example: collV
.

calculated, connection of 6 collectors with 2 m² absorber area respectively, “High-
Flow” and “Low-Flow” concept. 
 

• Irradiation “Sunny weather”    gI   = 800 W/m² 

• Specific thermal output of the collector  colq
.

  = 500 W/m² 
• Specific heat capacity of the heat transfer medium pHTMc     = 3600 J/kgK 

• Density of the heat transfer medium    HTMρ    = 1000 kg/m³  
• Absorber area  (length: 2m, width: 1m)  colA       = 2 m² 

• Total Collector Area      )(totalAcol   = 12 m² 
 
a) Temperature rise (sunny weather) 10 K, classical “High-Flow” concept 

 
The temperature rise in the whole solar collector field should come to about 10 K to attain as low 
heat losses as possible and to reach high collector efficiency. 
 

• Requested temperature rise in the collector field  HTMϑΔ  = 10 K 
• Required volume flow rate through the collector field: 

 

hlsm
c

Aq
V

HTMpHTMHTM

colcol
col /588/³1016,0 3

.
.

=⋅=
⋅⋅Δ

⋅
= −

ρϑ
  

 

Related to the collector area the result hmlV col ²/49
.

=  is a common producer recommended 
value.  
 

b) Temperature rise (sunny weather) 40 K; “Low-Flow” concept 
 
In “Low-Flow” systems the heat transfer medium in the solar collector should attain the 
requested temperature (e.g. temperature rise in sunny weather HTMϑΔ = 40 K) during one flow-
through to quickly provide heat on the requested temperature level. To reach this aim it is 
necessary to take a loss in collector efficiency because of the higher mean absorber 
temperature absT .  
 

• Requested temperature rise in the collector   HTMϑΔ      = 40 K 

• Recommended specific volume flow rate   colV
.

      = 40 l/m²h 

• Volume flow rate referred to one collector   ⋅colA colV
.

= 80 l/collector,h 
• Temperature rise in every collector: 
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K

c
V

q

pHTMHTM
col

col
col 5,12

36001000

.

.

=

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
⋅⋅

⋅

=Δ

ρ

ϑ  

(term 
36001000

.

⋅
colV

indicates the conversion of colV
.

 from l/m²h to m³/m²s) 

 
To reach HTMϑΔ      of approximately 40 K for the whole collector field three collectors have to be 
connected ( KK 5,3735,12 =⋅ ) serially. For six collectors this means two parallel connections of 
three serially connected collectors. The total volume flow rate through the collector field is 
calculated as follows (The number 2 indicates two parallel connected lines of collectors): 
 
 

hlVAtotalV colcolcol /1602)(
..

=⋅⋅=  
 
 
Referred to the total collector area (12 m²) the result is hml ²/13 .  
If there is less irradiation HTMϑΔ decreases compared to the sunny weather value. 
 
RPM-regulated collector pumps use the advantages of “low-flow” concepts as well as the 
advantages of “high-flow” concepts. This concept is called Matched-Flow. 
 
Figure 107 illustrates the characteristics of the “Low-Flow” and the “High-Flow” concept for four 
collectors connected in a serial and parallel way respectively. 
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u  [m/s]  velocity of heat transfer medium 
.

m  [kg/m²s] specific mass flow of heat transfer medium 
.
v  [m³/m²s] specific volume flow of heat transfer medium 
.

V  [m³/s]  volume flow of heat transfer medium 

tubeA  [m²]  cross-section area of the tube 
 

( )

.

.

,,

,,

..

pHTMHTM

coll
inabsoutabs

inabsoutabspHTMHTMcol

cM

Q
TT

TTcMQ

⋅
+=

⇒−⋅⋅=

 

colQ
.

 [W]  useful energy of the solar collector 

inabsT ,  [°C]  inlet temperature of heat transfer medium in absorber 

outabsT ,  [°C]  outlet temperature of heat transfer medium 

pHTMc  [J/kg,K] specific heat capacity of heat transfer medium 

HTMM
.

 [kg/s]  mass flow of heat transfer medium 
 
In extreme cases when the perfusion in the absorber is too low the temperature in the tube can 
exceed the evaporation point. The heat transfer medium would evaporate in this absorber tube 
and there would be practically none perfusion in this absorber.  Such absorbers are unused 
collector area. 
 
The higher the diameters of manifolds are in comparison to the diameter of the absorber tubes, 
the lower is the pressure drop in the manifolds. For this case pressure drop and volume flow in 
the parallel absorber tubes is rather homogenous. The minimum manifold diameter for 
homogenous perfusion in absorber tubes which are two to six metres long is roughly calculated 
in the following way: 
 

∑⋅≈
absorbersparallelofnumber

absorbermanifold AA
1

7,0   

 

⎟
⎠
⎞

⎜
⎝
⎛ ⋅

=
4

²dA π
 

 

∑⋅≈
absorbersparallelofnumber

absorbermanifold dd
1

27,0  
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In serial connected collectors the asymmetry in perfusion does not occur. But if it is necessary to 
reach only slight temperature increase through the whole collector field, the volume flow of the 
heat transfer medium through a single collector has to be increased significantly. The following 
formula shows the necessary pumping power for the whole collector field: 
 

totalcol
HTM

col
pumptotalcolcolpumppumpel p

M
pVP ,

.

,

.

, Δ⋅⋅=Δ⋅⋅=
ρ

ηη   sercoltotalcol npp ⋅Δ=Δ ,  

 
 

pumpelP ,   [W]  electric power of the pump 

pumpη   [-]  pump efficiency 

colV
.

  [m³/s]  volume flow through the whole collector area 

colM
.

  [kg/s]  mass flow through the whole collector area 

HTMρ   [kg/m³]  density of heat transfer medium 

totalcolp ,Δ  [N/m²]  pressure drop over the whole collector area 

colpΔ   [N/m²]  pressure drop of a collector with colV
.

/ parn  

sern   [-]  number of serial connected collectors 

parn   [-]  number of parallel connected collectors
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10 THERMAL ENERGY STORAGES 
 
Beside the collectors, the storage tank is the second essential component of solar thermal  
systems, since solar energy is a time-dependent energy resource. Energy needs for the most 
applications are also time dependent but usually in a different fashion than the solar energy 
supply. Consequently, the storage of energy is necessary if solar energy is to meet substantial 
shares of the energy needs.  
The right choice and the correct dimensioning contribute decisively to the solar fraction 
achieved. 
 
Energy storage may be in form of sensible heat of a liquid or solid medium, as heat of fusion in 
chemical systems, or as chemical energy of products in a reversible chemical reaction. The 
choice of storage media depends on the nature of the process. For the most solar thermal 
systems, sensible heat of stored water is used.  
 
The energy storage capacity of a water storage unit at uniform temperature is given by: 
 

Qs = (m Cp) ΔT 
 
Qs   total heat capacity of the storage tank  [kWh] 
m  volume of the storage tank   [m³] 
Cp  heat capacity of water    [1.16 kWh/m³K] 
Δ T  temperature difference - hot water temperature and cold water temperature [K] 
 
The optimum size of an energy storage tank depends on the nature of the load (e.g. system for 
hot water preparation, combisystem for hot water and space heating), on the expected time 
dependence of solar radiation availability, the degree of reliability needed for the application, the 
desired solar fraction, the manner in which auxiliary energy is supplied, and the economics. 
 
 
Thermal Energy Storage (TES) systems are able to store a sizeable quantity of thermal energy 
(heat or cold) and hold it over time.  
 
The ability to store thermal energy is very important for effective use of renewable energy in 
heating and cooling systems. Storage allows a greater fraction of the output by the system to be 
used.  
 
In the building sector there are three major reasons for using thermal energy storage: 

• Improving system efficiency by avoiding partial load operation, or operation at other sub-
optimal times, or taking advantage of waste energy (e.g. heat released from chillers). 
This can involve storage over hours, days or months. 

• Shifting demand over time to reduce peak loads. This can help improve overall energy 
system efficiency, reduce investment in energy infrastructure and reduce costs. Storage 
is typically required for hours, or several days. 

• Facilitating the greater use of renewable energy by storing energy produced so it can 
coincide with demand (storing solar thermal energy over days, weeks or months to match 
water and/or space heating demand).  

 
TES applications are at various states of development, depending on the technology 
considered.  
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The most common example of thermal energy storage today is sanitary hot water tanks, which 
are usually insulated to reduce heat losses. These vessels are cheap and can store heat for 
days or even weeks at acceptable cost. But they are bulky and not an ideal solution for long-
term storage. The key parameters of thermal energy stores are their capacity, energy density, 
power rating (ability to discharge), efficiency (losses over time and with charge/discharge) and 
cost.  
 
 
There are three major types of thermal energy storage, these are: 
 

• Sensible heat storage: where a storage medium is heated up or cooled down (e.g. hot 
or chilled water tanks). This has a relatively low energy density. Large-scale stores (in 
the MWh scale) are often placed underground in order to use the ground as insulation 
(UTES). Alternatively, aquifer thermal energy storage (ATES) exchanges heat through 
boreholes with a natural water saturated and permeable underground layer as a storage 
medium. 

• Latent heat storage: The phase change of a substance (e.g. ice-to-water, paraffines 
and salt hydrates), hence the term “phase-change materials”, can release energy without 
any change in temperature. These offer storage densities 5-15 times greater than 
sensible stores.  

• Thermo-chemical storage: The energy is stored in reversible chemical reactions, can 
achieve densities 5-12 times greater than sensible stores and perhaps up to 20 times 
greater, while being able to deliver thermal energy at different discharging temperatures, 
dependent on the properties of a specific thermo chemical reaction. 

 
 
Sensible heat storages for domestic applications 
 

 

Figure 114: Different types of storage tanks: Domestic hot water tank charged by two coil heat 
exchangers (left), combi-tank with integrated hot water tank (centre); buffer tank with internal 

stratifies (right). 
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Storage tanks with stratification devices 

 

 
Figure 115: Hot water tanks with stratification devices  
(Sources from left to right: Solarklar, TiSun and Solvis) 

 
 

10.1 Storage Tank Insulation  
In order to retain the stored energy for as long as possible, an adequate insulation of the storage 
tank is absolutely necessary. The required minimum insulation is 80 to 120 mm of aluminium 
coated mineral wool. Special care should be taken that the insulation is adjacent to the storage 
tank, without any gaps, and that flanges, pipe connections, the electric heating element, thermo-
meters, etc. are seamlessly incorporated as far as possible.  
The losses at these connection points should not be underestimated. In the worst case, they can 
be many times higher than the losses through the insulation. 
 
It is recommended to choose only storage tanks with already completed foam insulation 
(fluorocarbon-free), or seamlessly adjacent insulation. Another much more inexpensive 
possibility is to purchase the storage tank without any insulation and to cover it after the 
installation with a 120 mm insulation of aluminium-coated mineral wool. 
 
 

10.2  Heat Losses 
 
Heat losses of storage tanks are not only caused by poor insulation. Considerable heat losses 
can also be created by a bad design of the pipe connections to the tank.  Special attention 
should be given to the design of the pipe, where the hot water is extracted, in order to avoid 
internal circulation in the pipe in times where there is no hot water extraction.  

 
 
Insulation of the lid 
 
 
Insulation of casing 
 
 
Heat store 
 
 
 
 
Stratifier with 
Membrane flaps 
 
 
Hot water return pipe 
 
 
 
Solar return pipe 
(with baffle plate) 
 
Lower insulation 
foundation block 
 
Insulation bottom  
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Figure 116: Heat losses caused by internal flows in the hot water pipe.  

Source: Streicher: Sonnenenergienutzung) 

 

 
  

Figure 117: Heat losses due to poor and missing insulation 

 

 

cold water avoids convection SOLUTION: 
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Technology Capacity 
kWh/t 

Power 
kW 

Efficiency 
(%) 

Storage 
time 

Cost 
(EUR/kWh) 

Reduction of 
installation 

cost by 2020 

Hot water tank 20-80 1-10 000 50-90 day-year 0.08 – 0.10 -20% 
Chilled water 
tank 

10-20 1-2 000 70-90 hour-week 0.08 – 0.10 -20% 

ATES low 
temp. 

5-10 500-10 000 50-90 day-year Varies -15% 

BTES low 
temp. 

5-30 100-5 000 50-90 day-year Varies -15% 

PCM-general 50-150 1-1 000 75-90 hour-week 10 - 50 -30% 

Ice storage 
tank 

100 100-1 000 80-90 hour-week 5 - 15 -20% 

Thermo-
chemical 

120-150 10-1 000 75-100 hour-day 8 - 40 -35% 

Table 11: Energy capacities, power, efficiency and storage time of thermal energy storage 
technologies. Source: Wim van Helden, 2013 
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11 COST OF SOLAR THERMAL HEAT 
 
Besides other aspects, costs are an important barrier, since solar heat is usually regarded as 
uncompetitive with heat produced with fossil fuels. However, this is not really true since there are 
many cases where solar thermal energy is already cheaper than heat produced by fossil fuels or 
electricity. 
There are two reasons, why there is not a clear picture of the competitiveness of solar thermal 
energy. Firstly, there is not ‘one price’ for solar thermal heat, since solar thermal systems vary 
greatly, reflecting different system types, qualities, and standards by the integration into the 
building (e.g. it is much easier to install a compact thermosiphon system on a flat roof than to 
install a collector on a pitched roof with the solar storage in the basement. Additionally, the yield 
of a solar thermal system depends on the insolation (solar radiation) intensity at the installation 
site, a solar thermal system in Southern Africa has the same energy yield than a system with a 
50% larger collector area in Northern Europe. The prices for heat from fossil fuels and electricity 
vary a lot across the world. Therefore, competitiveness must be calculated for each system type, 
for each installation, and in comparison with the specific heat costs of the alternative heat 
source. 
Secondly, costs for solar thermal heat are usually incorrectly compared with today’s prices for 
fossil fuels or electricity, as the two types of costs differ considerably. Consumers consider the 
price of the kWh from natural gas or oil if they are aware that one litre of heating oil or one cubic 
metre natural gas corresponds to about 10 kWh. What is the cost of solar energy, if the sunshine 
can be used free of charge? The investment costs plus the operating and maintenance costs 
during the lifetime of a system e.g. 20 years, are taken into account to calculate solar heat costs, 
these are then divided by the solar heat generated during that period. These costs represent the 
average costs for solar heat per kWh over the entire lifetime. To achieve a fair comparison with 
costs for heat from fossil fuels or electricity, their average costs should be calculated over the 
next 20 years as well. Since oil and gas prices vary a lot, the costs comparison depends greatly 
on the assumption made for the energy price growth rate over the next 20 years, which is highly 
unpredictable. If the growth rate remains high, as in the past decade, most solar energy 
applications are already cost-competitive, whereas if the price remains static, solar thermal 
energy is largely uncompetitive.  
However, generally consumers do not calculate average fossil heat prices over 20 years, but are 
only aware of today’s fossil heat prices. Therefore, they systematically underestimate the 
competitiveness of solar thermal energy, since there is a high probability that fossil and 
electricity energy prices will rise significantly. 
 
The figure below shows typical ranges of solar heat costs for different solar thermal systems in 
different European regions, representing average heat costs over the lifetime of the systems of 
typically 20 years, compared with the costs for useful heat produced by natural gas and 
electricity in the year 2011.  
Even though this is an unfavourable comparison for solar thermal, as average solar thermal 
energy costs over lifetime are compared with today’s gas and electricity prices, solar thermal 
energy is already in some cases cheaper than heat from natural gas and is in most cases 
cheaper than heat from electricity. However, for combi-systems in central Europe, where the 
large solar thermal markets are located, solar thermal heat costs are significantly higher than the 
price for heat from natural gas, which is mainly used as an alternative. Since industry is usually 
expecting a short payback time for investments, competitiveness of solar thermal process heat is 
only given, if it is significantly cheaper than heat from fossil fuels which is usually not yet the 
case. 
The figures shown for Europe do not differ substantially from the figures in Southern Africa, as 
the system prices are comparable with the one in Europe. 
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11.1 Collector production cost development in Europe 
 
The following figure shows the development of the production cost for flat plate collectors in 
Europe. The learning curve shows that the production cost went down by 23% by doubling the 
total installed collector capacity. 

 
Figure 120: Cost reduction of flat-plate collectors in Europe7 (Source: European Technology 

Platform on Renewable Heating and Cooling, 2013) 

To calculate solar heat costs, the installed solar thermal system price is more relevant than the 
collector production costs. Dependent on the size of the system, costs for the collector area 
represent typically between 20% and 40% of the whole system. However, today’s system prices 
cannot be compared with prices in the past, since in the meantime both the quality and the solar 
fraction of systems have improved significantly by an increased efficiency and larger collector 
areas. On the other hand, in recent years prices have rather stagnated, since lower components 
prices were often offset by increased distribution and installation costs. 
In some countries, the installation costs of small domestic hot water systems may reach 50% of 
the investment. Therefore, R&D is also focusing on faster, simpler and fail-safe techniques for 
installation e.g. by developing compact solar thermal systems or standards for hydraulic 
connections, which will help to reduce the installation costs considerably. Besides the socio-
economic context, the installation costs depend greatly on the availability of qualified workforce. 

 

                                                 
7 Collector production costs: high-efficient flat plate collector panel of about 1.54 to 1.75 kWth (2.2 to 2.5 m² gross collector area) 
manufactured in Europe, based on data from 'solrico' & 'trenkner consulting' and projections up to 2020 done by ESTTP. EU solar 
thermal market: historical data based on ESTIF market statistics and evolution up to 2020 based on the National Renewable Energy 
Action Plans (NREAPs). 
 




