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1. Introduction

Climate conditions in Finland result only in about 20% smaller annual solar heat
production compared to northern Italy. According to Figure 1, the annual solar
irradiation levels are in the same magnitude in Finland and in Germany.

Figure 1. Annual solar irradiation in Europe (JRC, 2014).
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Technically these irradiation levels enable significant potential to more self-
sufficient, domestic and ecological heat and power production. Technical potential
to utilise solar energy in Europe and even in Finland is several times more than
energy consumption in these regions. The main technical challenges are related to
intermittency of available solar energy (day-night and summer-winter cycles).
Especially seasonal challenge is emphasized in Nordic regions (Figure 2) but
there are technological solutions to overcome these challenges.

Figure 2. Total irradiation [W/m2, hourly average] to example solar collector/panel
(direction to south, 30° tilt from horizontal line) in different example regions of
Finland during 2012.

Irradiation during different months could be calculated from the presented data but
it is also presented for example regions by Pöyry (2013) and thus not repeated
here. Even if the years are not alike, the difference in annual irradiation between
years is not huge. However, the difference between for example Helsinki and
Jyväskylä is significant (Table 1).

Table 1. Annual irradiation in example regions of Finland [kWh/m2].

2010 2011 2012
Helsinki 1082 1138 1095
Jyväskylä 957 970 892
Sodankylä 827 895 858
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Economic potential is significantly smaller than technical potential. However, eco-
nomic potential can be considered from several points of view. In terms of for
example national economy or balance of trade, potential often increases in com-
parison to market potential without subsidies. In addition, self-sufficiency and
different dimensions of sustainability are important drivers for solar energy.

In Europe, various state subsidies exist. Consequently, the amount of solar
heating and photovoltaic has increased. The common political causes driving the
increase of solar heat production in Europe are the renewable energy targets for
the year 2020 and the energy efficiency directive of European Union (Pöyry,
2013). In addition, replacement of for example residential heating by oil reduces
greenhouse gas (GHG) emissions and has positive impact on air quality. This is
valuable, as the achievement of GHG reduction target for the sectors excluded
from EU Emissions Trading Scheme (EU ETS) has been estimated to be more
challenging and expensive than in EU ETS.

In Finland, regulation related to energy consumption of buildings has been
changed stricter. Even if this might not be economically the most feasible way to
utilise solar energy, it is one driver towards distributed production. Also some other
potential future drivers for solar energy are discussed in the report of Pöyry
(2013).

Solar energy technologies can be classified to different types:
 whether passive or active
 thermal or photovoltaic
 concentrating or non-concentrating

Passive solar energy means construction design so that solar heat is utilised ef-
fectively, for example large windows towards south. These solutions are not taken
into account in this study. Concentrating solar power (CSP) has been analysed in
another report of SANDWISH project (Hakkarainen, 2013), and therefore only
minor attention is paid on it in this report. In addition, CSP may not be as potential
solution for Central and Northern Europe as PV and heat collectors, as CSP re-
quires higher irradiation and land area than often available. In Finland, solar heat-
ing is often more profitable investment than photovoltaic (PV) but the potential is
limited by heat or hot water consumption. The consumption and required tempera-
ture level are very dependent on the system. From that point of view, estimation of
the potential for PV is less ambiguous. Different PV technologies, systems and
power storages are presented in recent VTT report (Pasonen et al., 2012). There-
fore, the focus of this report is in different solar collector types, systems and appli-
cations. Available solar collector types for low temperature heating are flat plate
collectors, evacuated tube collectors, air collectors and uncovered collectors. Heat
can be produced also by concentrating collectors such as parabolic trough collec-
tors, but these are not included in this report.

In this report, solar energy systems are divided also by size to “small scale”
and “commercial scale”. In reality, this classification is ambiguous issue. For ex-
ample, household may sell heat to district heat network or electricity to grid. Also
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commercial operator may install collectors or panels distributed on the roofs with
various contracts.

In the Scandinavian countries of Denmark and Sweden, but also in Germany,
Austria, Spain and Greece commercial scale solar thermal applications connected
to local or district heating grids have been in use since the early 1980s. District
heating is a common way to heat houses also in Finland. Heat consumption in
district heating network is vast in comparison to production of typical solar heating
systems and therefore significant amount of solar heating systems can be con-
nected to the networks. In addition, heat consumption in the district heat network
is more stable than in single house, especially in summer time. This would im-
prove the feasibility of solar investments but the feasibility strongly depends on the
variable costs of replaced heat production as well. However, for the present there
is a very small number of installations in Finland.
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2. Current markets

As technologies have developed, subsidies introduced and prices have become
more competitive, solar energy usage in Europe has increased. National subsidies
play important role, which can be seen from the sudden changes in certain coun-
tries in the following figures.

2.1 Photovoltaic (PV)

The development of global PV markets is presented in Figure 3. Europe is leading
in installed capacity, but also other markets are developing quickly. According to
IEA, high rates of PV deployment resulted from attractive and secure rates of
return for investors, while government-supported tariffs remained high and system
prices decreased rapidly (in some countries PV system prices decreased by 75%
in three years). However, the growth of PV has so far remained concentrated in
too few countries (IEA ETP, 2012).
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Figure 3. Evolution of global PV annual installations 2000–2012 [MW] (EPIA,
2013).

According to IEA (IEA ETP, 2012), solar PV had a record market deployment year
in 2011, with 27 GW of new capacity installed worldwide (17 GW installed in
2010). The values are slightly lower than presented in Figure 3 by EPIA (2013). In
2011, Italy was the first market worldwide (9 GW), followed by Germany (7.5 GW),
which remains the country with the largest cumulative installed capacity (IEA ETP,
2012). In Figure 4, the distribution inside Europe is presented.
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Figure 4. Evolution of European new grid-connected PV capacities 2000-2012
[MW] (EPIA, 2013).

In comparison to other technologies, PV was the most installed (as MW) power
generation technology in 2012 in the EU 27 (Figure 5). However, on the annual
level, the PV contribution to the electricity demand in the EU 27 was still rather
small in 2012 (Figure 6). Finland is the last in that statistics.

Figure 5. Net power generation capacities added in the EU 27 in 2012 [MW]
(EPIA, 2013).
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Figure 6. PV contribution to the electricity demand in the EU 27 in 2012 [%] (EPIA,
2013).

Small scale solar power sector in Nordic countries is dominated by installations to
locations where electric grid is not available and PV-modules are competitive
against the costs of a new grid connection (Pasonen et al., 2012).

2.2 Solar thermal

Amount of total and newly installed solar thermal capacity is introduced by Euro-
pean Solar Thermal Industry Federation (ESTIF) in Figure 7. Polarization of solar
thermal market shares are shown in Figure 8. ESTIF (2013) estimates that there
were 26 MW installed solar thermal capacity in Finland (4.8 kW installed per 1000
capita) by the end of 2012. According to ESTIF estimation there is 36 723 m2 solar
thermal collectors in operation in Finland. ESTIF uses in estimation the relation
between collector area and capacity of 1 m2 =  0.7  kWth. According to Pöyry
(2013), amount of solar heat production in Finland was less than 20 GWh/a. This
seems to be a realistic magnitude in comparison with the capacity given by ESTIF,
giving the calculated peak load utilisation rate less than 770 h/a. Total cumulative
installed capacity in operation in Europe by the end of 2012 was 28 346 MWth and
number per 1000 capita was 55.6 kWth (ESTIF, 2013).
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Figure 7. Total and newly installed solar thermal capacity in EU27 and Switzerland
(ESTIF, 2013).

Figure 8. Distribution of new solar thermal installations in EU27 and Switzerland
(ESTIF, 2013).

Distribution of the total installed capacity in the world by collector type in 2011 is
shown in Figure 9.
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Figure 9. Distribution of the total installed capacity in operation worldwide by col-
lector type in 2011 (Mauthner & Weiss, 2013). As visible in the following figure,
global distribution is dominated by the large number of evacuated tube collectors
in China.

Country and region specific distributions vary a lot. Distribution by type of solar
thermal collector by selected regions for the total installed water collector capacity
in operation by the end of 2011 is shown in Figure 10.

Figure 10. Distribution by type of solar thermal collector for the total installed water
collector capacity in operation by the end of 2011 (Mauthner & Weiss, 2013).
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It is notable that share of the evacuated tube collectors is dominant in China. The
situation could be explained with the low pricing of ETCs in China.

Distribution of the newly installed capacity by collector type in Europe in 2011
is presented in Figure 11.

Figure 11. Distribution of the newly installed capacity by collector type in Europe in
2011 (Mauthner & Weiss, 2013).

2.3 Solar CHP, cooling, CSP and other technologies

It is possible to produce combined heat and power (CHP) by solar energy. One
solution is a hybrid panel combining properties of PV and heat collectors. Other
option is to cool PV panels and utilise that heat. Solar CHP applications already
exist for example in Sweden. The solutions are presented in recent report from
VTT (Pasonen et al., 2012) and therefore not analysed in this report in detail. CHP
production may be feasible as the area requirement is smaller in comparison to
separate PV and heat collectors, installation costs are lower and the efficiency of
many PV technologies is better in decreased temperatures. The challenge is that if
electricity production is optimised, temperature level of gained heat is relatively
low. High temperature PV cells could be suitable for solar CHP production. Report
(Pasonen et al., 2012) includes also some information about cooling solutions
which are excluded from this report as well.

CSP is very promising technology for regions where annual irradiation levels
are higher than in Nordic countries. CSP has been analysed in another report of
SANDWISH project (Hakkarainen, 2013), and therefore only minor attention is
paid on it in this report.

In addition to mentioned technologies, there are a lot of other potential applica-
tions to utilise solar energy. Already commercial products are available including
for example air heaters and dryers, and even more are under development.
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3. Solar heat systems and applications

3.1 Collector types
Flat plate collectors3.1.1

Flat plate collectors (FPC) performs with best efficiency in relatively low tempera-
tures as less than 60 °C but significantly higher temperatures are common as well.
Basic design of a flat plate collector is shown in Figure 12. The absorber converts
solar irradiation into heat and transfer it to heat transfer fluid (HTF) which is usual-
ly a mixture of about 60% water and 40% polypropylene glycol. On the contrary,
air collectors use air to transfer heat. FPC is often permanently fixed in one posi-
tion and does not require tracking of the sun. In the northern hemisphere collec-
tors should be facing between southeast and southwest with tilt angle between 10-
15 °. (Rommel et al., 2010; Tyagi et al., 2012)

Figure 12. Basic design of a flat plate collector, including the physical effects in-
volved in thermal efficiency (Rommel et al., 2010).
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Absorbers with selective coating are common in flat plate and evacuated tube
collectors for hot water and heating applications in Central and Northern Europe.
Some FPCs cannot effectively absorb diffuse radiation or solar radiation from
large incidence angles (throughout the day).

Evacuated tube collectors3.1.2

Evacuated tube collector uses condensing and evaporating cycle of heat transfer
liquid to transfer heat. Inside a vacuum-sealed tube is placed a heat pipe which is
usually made of copper. Solar heat evaporates the liquid and vapour flows to
upper part where it condenses and releases its latent heat to another fluid. After
that, the condensed fluid returns to solar collector pipe and the process is repeat-
ed. Structure of evacuated tube collector is introduced in Figure 13. ETC has
become useful especially in residential application for higher temperatures. (Kalo-
girou, 2004; Tyagi et al., 2012.)

Figure 13. Glass evacuated tube solar collector (Kalogirou, 2004).

Structure of evacuated tube collector with U-tube is introduced in Figure 14.
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Figure 14. Glass evacuated tube solar collector with U-tube. (a) Illustration of the
glass evacuated tube and (b) cross section (Tyagi et al., 2012).

Evacuated tube collector can supply heat in higher temperature compared to flat-
plate collector. There are also ETC systems, which are designed to be installed on
sharper angle (off the roof) to utilise irradiation from different directions. On the
other hand, ETCs are not as durable as FPCs in harsh climate. Evacuated tube
solar collector with parabolic reflector has better efficiency and is introduced in
Figure 15. (Kardonar, 2013.)

Figure 15. Evacuated tube solar collector with parabolic reflector (Kardonar,
2013).
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3.2 Thermal collector performance

According to the ISO 9806-1.2 Standard “Thermal Performance Tests for Solar
Collectors”, the collector efficiency can be presented in two ways (Brunold et al.,
1994):

1. efficiency based on the absorber plate area
2. efficiency based on the collector gross area

 gives more information about the components of the collector such as absorber
and cover. On the other hand, when larger solar energy systems are designed
is often used (Brunold et al., 1994). Collector efficiency means the ratio between
energy transferred to fluid and available irradiation. Therefore it does not take into
account the impact of storage systems and dynamics of consumption, which are
essential in terms of actual benefits gained from solar heating, but also very much
application and user specific.

Solar thermal collectors reach highest efficiency when the temperature of the
working fluid is closest to the ambient air temperature, whereupon heat losses are
minimal (Abernethy & Raichle, 2012). In general, it can be concluded that efficien-
cy of flat-plate collector is more dependent on temperature difference than the
efficiency of evacuated tube collector.

According to standard EN 12975-2 the efficiency equation can be written as:

= ( ) (1)

Where

= = reduced temperature difference
m K

W

= fluid average temperature in collector [K]

= ambient temperature [K]

= irradiance
W
m

 and  are the parameters for second order equation (Zambolin & Del Col,
2010).

Jodat Ympäristöenergia Oy (2014) has very informative www-pages about so-
lar heat systems including for example information regarding collector efficiencies
(Figure 16).
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Figure 16. An example of informative way to present collector efficiencies with
different radiation levels. Modified from picture presented in (Jodat Ympäristö-
energia, 2014).

Test conditions according to standard EN 12975 are presented in Table 2.

Table 2. Test conditions and permitted deviations for the steady-state tests ac-
cording to EN 12975 (Zambolin & Del Col, 2010).

Parameter Value Deviation from the
mean

Global radiation G (W/m2) >700 ±50
Diffuse fraction Gd/G (%) <30
Incidence angle beam irradiance (°) <20
Inlet fluid temperature (°C) ±0.1
Surrounding air temperature (°C) ±1.5
Mass flow rate (%) ±1
Surrounding air speed (m/s) 2-4

Test conditions and efficiency curves for quasi-dynamic test procedure are shown
in reference (Zambolin & Del Col, 2010).

Standards for solar collectors3.2.1

List of standards used in different areas is collected to Table 3.
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Table 3. European and International standards in the area of solar thermal collec-
tors (Mehnert et al., 2012).
Area of
appliance

Standard Description

Europe EN12975-1,2:2006 European testing standard for solar ther-
mal collectors

Australia /
New
Zealand

AS/NZS 2712:2007 Australian testing standard for solar
thermal collectors

North
America /
Canada

ISO 9806-1:1994
ISO 9806-2:1995
ISO 9806-3:1995

Part 1: Thermal performance of glazed
liquid heating
collectors including pressure drop
Part 2: Qualification test procedures
Part 3: Thermal performance of unglazed
liquid
heating collectors (sensible heat transfer
only)
including pressure drop

China GB/T 17049-2005 Thermal performance of all-glass evacu-
ated tube collectors

South
Africa

SANS 6211-1:2003

SANS 6211-2:2003

SABS method
1210:1992

SANS 10106:2006

SANS 1307:2007

Part 1: Thermal performance using an
outdoor test method
Part 2: Thermal performance using an
indoor test method
Mechanical qualification test

Installation, maintenance, repair and
replacement of domestic solar water
heating systems
Domestic solar water heaters

3.3 Small scale systems

Every solar collector type uses the same idea of absorbing solar radiation to fluid
and transferring heated fluid to heat exchanger which is usually inside a heat
storage unit. Working temperatures of different collector types and suitable appli-
cations are introduced in Figure 17.
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Figure 17. Collector types for low- to medium-temperature applications. (a) Collec-
tor types and working temperatures and (b) collector types for solar systems (Fan-
inger, 2012).

Thermal storage is essential when amount of produced thermal energy and ener-
gy demand fluctuate. However, the need for thermal storage in solar hot water
systems is often temporary. One of the most common and affordable thermal
energy storage technologies is the hot water tank (Faninger, 2012).
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Layout of a simple solar water heating system is presented in Figure 18.

Figure 18. A layout of a simple solar water heating system (Yohanis et al., 2006).

Nowadays Domestic Hot Water (DHW) systems are the most common type of
solar heating systems. DHW system consists of collector, storage, collector cycle,
heat exchanger, auxiliary heat source and regulation. Auxiliary heater is not al-
ways present in the system but especially in regions where solar irradiation levels
are not high it is often included. In DHW systems for households mainly electricity
is chosen as the auxiliary heat source, whereas other options are for instance
biomass boiler, oil, gas and heat pump. (Faninger, 2012; Ma et al. 2011.)

DHW systems are operated with two main principles which are natural circula-
tion and forced circulation. Forced circulation technology is common in areas with
moderate and cold climates. Forced circulation and natural circulation systems
can also be referred as active and passive circulation systems (note: this has
nothing to do with passive solar heating which is explained in introduction). DHW
systems can also be classified into direct and indirect systems. In the direct sys-
tem water is heated directly in the collector and the indirect system has independ-
ent heat transfer circuit which then heats the water in heat exchanger. Different
types of heat transfer fluids such as water, refrigerants, and anti-freeze mixtures
can be used in the closed-collector loop of indirect system. (Faninger, 2012; Ma et
al. 2011.)

Effective solution in Nordic regions3.3.1

In Nordic conditions, the following system (Figure 19) including “preheater” or pre-
storage could be the most feasible solution. By the presented system, also low
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temperature heat (any temperature over the temperature in feed water network)
can be utilised. For example in Finland, this could increase the annual production
of solar collectors significantly as there are a lot of hours when some energy would
be available but temperature does not exceed the temperature of water tank.

Figure 19. Example on the preheat system, which could improve annual produc-
tion of solar collectors significantly in Nordic regions (Solartwin, 2014).The solution
is suitable also for systems with hot water tank (water tanks heated by electricity)
as “Combi Boiler” can be assumed to present any existing hot water system.

The system including a preheater or two storage tanks may be highly beneficial
especially in the case of CHP installations described in Chapter 2.3 where tem-
perature of the available heat is low.

Another option to utilise low temperature heat available from solar collectors
around the year might be preheating of air heat pumps. As the heat pump “effi-
ciency”, typically measured as Coefficient of Performance (COP), increases signif-
icantly as a function of air temperature, even a small increase in feed air tempera-
ture may have a significant benefit in annual electricity consumption of the pumps.
Preheating could be beneficial especially during the cold and sunny winter days
when heat demand is high but solar energy would be available in low temperature
levels (at least above outdoor air temperature!). Preheating would also enable
some heat pumps operation in low temperatures. Feasible solutions might be
simple and cheap wall collectors where air is heated directly and more expensive
solutions based on liquid circulation and reasonable control automation directing
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heat to preheating and DHW heating. The latter requires higher investments but
results to better yields on annual level as solar heat can be utilised also during
summer. If heat pump is used for cooling during the hot days in summer time,
control systems (manual or automatic) should be taken into account when consid-
ering preheating solutions.

3.4 Commercial scale systems

There are several potential applications for solar heat also in the commercial
scale, for example:

 air heating/preheating
 fuel drying (e.g. biomass)
 district heating

In this report, examples on district heat applications are given in the following
chapters. Fuel drying is one potential solution for seasonal variation of solar ener-
gy. The solution can be compared to energy storage as heating value of dried fuel
is increased. Potential applications for fuel drying will be presented in other reports
of Sandwish project.

Solar District Heating (SDH)3.4.1

The interest to install a connection between solar heating units and district heating
network is increasing. If connection to district heating exists spare energy from
solar system could be dispatched to district heating network and overall efficiency
of solar heat system increased. First solar district heating conference was hold in
Sweden in April 2013. Model of the low temperature district heating was suggest-
ed (Figure 20). Advantages of low supply temperatures are more effective and
stable utilisation of solar energy and lower distribution heat losses due to lower
temperature gradient. Also the investment cost of plastic pipes is lower and the
installation is easier compared to metal pipes. On the other hand, it is realistic only
for new residential areas and new buildings with relatively low energy consump-
tion. In addition, when the distances in district heating network grow it may not be
effective to use low temperatures. Distributed solar heat production may help to
overcome this challenge (Schmidt & Mangold, 2013).

Figure 20. Low temperature district heating network (Schmidt, 2013).
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Solar collectors can be connected to district heat network in three different ways
which are introduced in Figure 21. RR-assisted connection increases the return
temperature and SS-assisted the feed temperature. RS-assisted connection is the
traditional connection type of conventional heat source (Hassine, 2013). In any
connections to district heating network, the impact on possible CHP production in
the network must be taken into account. Potential replacement of CHP and com-
pensation of consequent production losses with condensing production of electrici-
ty would probably reduce the benefits of solar in some extends.

Figure 21. Three different feed-in possibilities for solar district heating systems
(Hassine, 2013).

3.4.1.1 Energy storing in SDH systems

Different seasonal thermal energy storage concepts are presented in Figure 22.
Detailed pictures of different type of STES are presented in Appendixes.
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Figure 22. Seasonal thermal energy storage concepts (Schmidt & Mangold, 2013).

3.5 Case examples

Examples of small scale solutions in Nordic circumstances3.5.1

Ruukki offers roof installation equipped with integrated solar collectors which are
manufactured by Savosolar. The roof solution is presented in Figure 23. Ruukki
estimates that panel area of 4 m2 is enough to meet 50% of domestic hot water
demand in average size detached house (375–500 kWh/a/m2). Also systems with
larger collector areas are available. (Ruukki, 2013)

Figure 23. Ruukki’s roof installation equipped with integrated solar collectors
(Ruukki, 2014).
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Especially in the Nordic region snowy conditions during winter time has to be
taken into account. Ruukki has also different kind of solutions for vertical installa-
tions on wall. In the case of wall installation, the annual irradiation is probably
lower than in the case of roof installation. However, the following benefits are
possible:

 better absorption during winter (higher electricity price, more valuable from
the energy system point of view) due to lower altitude of sun.

 potential to utilise morning and night radiation (often higher hourly electric-
ity prices than during the day)

 utilisation of reflection from snow (can be significant, up to 10%, during the
winter)

 in addition, some cost benefits are possible due to avoided façade materials

The benefits are possible in the case of both, heat collectors and PV, as in several
CHP systems more electricity can be produced during high prices if heat produc-
tion is decreased.

Another option is to clean the collectors after snowfalls to enable production.
House equipped with self-cleaning solar panel system is presented in Figure 24.

Figure 24. Self-cleaning solar panel system (Rimstar, 2012).

Example of the installation with room for snow to pile up is presented in Figure 25.
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Figure 25. Evacuated tube collector installed with extra space (Rimstar, 2012).

Viessmann offers several solar solutions. In Jyväskylä, six similar new row house
apartments (80 m2 each) were equipped with similar Viessmann Vitotres 434 heating
systems in 2007. The system utilises heat pump and solar collectors (flat plate) for
heating of water, bathroom floor and ventilation. Collector area for each apartment is
4.6 m2. The equipment includes data collection and produced solar heat was followed
on monthly basis during three years (2008–2010). Monthly variation is illustrated in
Figure 26 and annual productions per collector m2 are presented in Table 4.

Figure 26. Solar thermal energy from six similar collectors between January 2008
and December 2010. Data was collected manually from six apartments and values
are not always exactly from the same dates. Therefore monthly values are not fully
comparable but indicative. In June 2010, expansion tank of one system was bro-
ken and therefore no solar energy was gained during that month.
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Table 4. Annual production of six similar solar systems (4.6 m2) in Jyväskylä
[kWh/m2/a].

year case1 case2 case3 case4 case5 case6
2008 155 195 99 105 153 107
2009 193 217 166 132 189 128
2010 135 152 136 127 161 129

From Figure 26 and Table 4 it can be seen that variation between months and
years is significant. More surprising is the variation between similar systems. The
main reason for that may be the differences in water consumption (amount and
timing) between apartments. Another reason may be in different settings (required
minimum temperature of hot water tank etc.).

Generally the values presented in Table 4 are lower than often presented for
solar heat systems in Finland. The main reason for that may be smaller hot water
tank than typically presented for similar size solar systems. In the beginning of this
chapter range 375–500 kWh/a/m2 based on (Ruukki, 2013) was presented. Motiva
has published range 250-400 kWh/m2/a in their information pages for solar collec-
tors (Motiva, 2014a). In the calculations of Pöyry (2013) values between 400 and
500 kWh/a/m2 were used, depending on the region. In www-pages of Jodat
Ympäristöenergia, several production values are presented with extensive infor-
mation about solar energy including, for instance, possible reasons for large dif-
ferences (values up to 700 kWh/m2/a have been presented by some suppliers!).
Possible reasons are, for example, different sizing of the components and differ-
ences in definitions (e.g. collector area) (Jodat Ympäristöenergia, 2014).

Viessmann has supplied also improved systems to Jyväskylä utilising for ex-
ample shared collectors and heat storage for all apartments. Measured production
data from these solutions are not available. However, this solution should have
several benefits due to, for example, dynamics of distributed consumption, larger
storage capacity and lower specific investment costs.

There are also several other small scale solar heat installations in Finland.
When writing this report, it was possible to follow online operation of two solar heat
systems in Lappeenranta and Kolho from the internet address http://www.y-
energia.com/aurinkolampo/seuranta/seuranta.html.

Examples of commercial scale SDH and large heat storages3.5.2

Conventional district heating networks in Europe are presented in Figure 27 and
commercial scale solar heating (and solar cooling) plants Figure 28. Extensive
database on the European SDH projects, useful information and guidelines for
SDH projects etc. can be found from the SDH platform (www.solar-district-
heating.eu).

http://www.y-energia.com/aurinkolampo/seuranta/seuranta.html
http://www.y-energia.com/aurinkolampo/seuranta/seuranta.html
http://www.y-energia.com/aurinkolampo/seuranta/seuranta.html
http://www.solar-district-heating.31eu
http://www.solar-district-heating.31eu
http://www.solar-district-heating.31eu
http://www.solar-district-heating.31eu


32

Figure 27. European map with district heating systems identified in various coun-
tries (CIT Energy Management, 2012).

Figure 28. Commercial scale solar heating and cooling plants in Europe (ESTTP,
2010).
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For example in Denmark district heating is well utilised, including also district heat-
ing by solar. Installed and planned SDH in Denmark is presented in Figure 29.

Figure 29. Installed and planned solar district heating in Denmark in 2012 (Holm,
2012).

One of the largest solar district heating plants presented in Figure 30 is located in
Brædstrup. The solar plant is operated together with a CHP plant. Brædstrup SDH
plant supplies around 1400 homes with 40 GWh of heat annually. The collector
area of 8000 m2 produces 3.0–3.4 GWh heat per year depending on weather.
More specific description of the plant is given in Appendix 1. (Bach, 2012; CIT
Energy Management, 2010; Rehau, 2011.)
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Figure 30. Solar district heating plant located in Brædstrup, Denmark (CIT Energy
Management, 2010).

SDH plants in Brædstrup and Marstal have seasonal energy storages. Brædstrup
is the largest borehole storage combined with a solar thermal energy system in
Europe. At Brædstrup, 48 holes have been drilled to a depth of 45–50 metres.
Vertical PE-Xa probes have been installed across an area of approximately 225
m2. The storage consists of 19 000 m3 of soil. The SDH plant is equipped with 1.5
MW heat pump and the basic idea is that heat stored (e.g. during the summer) can
be used during the winter. Without storage, no more than 10% of the annual heat
demand could be produced by solar. After installing the storage, the solar fraction
could be increased from 10% to 20% in phase one. Schematic description of the
system located in Brædstrup is presented in Figure 31 and measurement results
of storage behaviour in Figure 32. (Bach, 2012; Jensen, 2013.)
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Figure 31. Description of the system located in Brædstrup (Bach, 2012).

Figure 32. Measuring results for Brædstrup seasonal energy storage from one
year (Jensen, 2013). It can be seen that storage was loaded until September and
used during the winter.
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Structure of the seasonal energy storage located in Marstal is presented in Figure
33 and measuring results in Figure 34.

Figure 33. Structure of the seasonal energy storage located in Marstal (Jensen,
2013).

Figure 34. Measuring results for Marstal seasonal energy storage (Jensen, 2013).

Key figures of Brædstrup Borehole storage and Marstal pit heat storage are pre-
sented in Figure 35.
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Figure 35. Key figures of Brædstrup Borehole storage and Marstal pit heat storage
(Jensen, 2013).

Most of the existing seasonal heat storages are located in Denmark. List with
details is provided in Table 5. Investment cost of large-scale thermal energy stor-
ages are presented in Figure 36.
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Table 5. List of some existing seasonal heat storages (Schmidt & Mangold, 2013).

Annual yields of energy produced in 22 SDH plants in Sweden are presented in
Figure 37. For SDH plant to be profitable it is recommended to achieve annual
yield of 300 kWh/m2 or greater (Dalenbäck, 2013). Monthly yields gained in
Malmö, Sweden, between 2011–2012 are presented in Figure 38.

Type/Location

Tank thermal energy
storage (TTES)

Water volume [m3] Year of construction

Friedrichshafe, DE 12 000 1996
Hamburg, DE 4 500 / 4 100 1996 / 2010*

reconstruction
Hanover, DE 2 750 2000
Munich, DE 5 700 2007
Pit thermal energy
storage (PTES)

Storage volume [m3]

Chemnitz, DE 8 000 (gravel/water) 1997
Augsburg, DE 6 500 (gravel/water) 1997
Steinfurt, DE 1 500 (gravel/water) 1999
Eggenstein, DE 4 500

(sand/gravel/water)
2008

Ottrupgaard, DK 1 500 (water) 1995
Marstal-1, DK 10 000 (water) 2003
Marstal-2, DK 75 000 (water) 2012

Borehole thermal en-
ergy storage (BTES)

Ground volume [m3]

Neckarsulm, DE 63 400 1997, 1998, 2001
Attenkirchen 9 850* 2002
Crailsheim, DE 37 500 2008
Okotoks, CA 34 000 2007
Braedstrup, DK 17 000 2011
* 500 m3 water + 9350
m3 ground volume



39

Figure 36. Investment cost of large-scale thermal energy storages (Schmidt &
Mangold, 2013). Water equivalent is used as a unit to enable comparison of differ-
ent types of heat storages (e.g. water and soil).

Figure 37. Annual yields of energy produced in 22 SDH plants in Sweden (Da-
lenbäck, 2013).
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Figure 38. Monthly yields of energy produced in SDH plants in Malmö, Sweden,
between 2011–2012 (Dalenbäck, 2013).

3.5.2.1 Commercial scale case examples in Finland

In Finland, one of the few existing installations is located in Lappeenranta summer
house fair and is depicted in Figure 39. Heating center combines geothermal and
solar thermal energy production while natural gas boiler acts as a backup heater.
Heating center has a 40 m2 collector area and estimated annual solar yield is
30500 kWh. (Savosolar, 2013)
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Figure 39. Savosolar collector installation (40 m2) in Lappeenranta summer house
fair (Savosolar, 2013).

Solar collector field connected to district heating network in Myrskylä is presented
in Figure 40. Total area of the solar collectors is 60 m2 and the system utilises also
geothermal heating (Savosolar, 2013).

Figure 40. Solar collector field (60 m2) connected to district heat network in
Myrskylä, Finland (Savosolar, 2013).
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One of the recent commercial scale installations exist in conjunction with Sakarin-
mäki school where 160 m2 collectors are installed simultaneously with the exten-
sion of the school. The system is equipped also with other energy sources, for
instance geothermal heat but connection to district heat system is not available
(Savosolar, 2014).

The largest solar thermal installation for domestic use in Finland is installed to
Ekoviikki, Helsinki. Eight building integrated solar heating systems have a total
collector area of 1246 m2 which can produce 15% of the total heating demand of
the domestic hot water need of 400 apartments. One of the domestic hot water
systems installed was produced by Sonnenkraft. This Sonnenkraft XL system
consists of 145 m2 of collector area and has a 10 m3 tank for hot water. (Au-
rinkovoima, 2013; European Urban Knowledge Network, 2010.)

In the city of Lahti, 240 m2 collector system was installed on the roof of new
apartment building in 2014 (Figure 41). There are also some existing commercial
scale solar systems in for example Oulu. At present, several commercial scale
systems are under evaluation around Finland (Savosolar, 2014).

Figure 41. The 240 m2 collector system installed on the roof of new apartment
building in the city of Lahti (Savosolar, 2014).

A different but interesting example of the existing commercial scale utilisation of
solar heat is the combination of district cooling and district heating in Helsinki.
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While cooling of apartments and office buildings energy is transferred from build-
ings to cooling network. This energy can be classified as solar energy, at least by
some extend (a share of the heat is also from appliances, people etc.). Helsingin
Energia utilises this solar energy by upgrading and transferring it by heat pump to
district heat network. At Helsinki, almost 32 GWh of district heat was produced
during the summer 2012 from cooling network and about half of that was estimat-
ed to be solar energy (Energiauutiset, 2013).
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4. Potential for solar energy

4.1 Potential for PV in Europe

Technical potential to utilise PV in Europe and even in Finland is several times
more than energy consumption in these regions. For example, if conversion effi-
ciency of 10% and irradiation of 900 kWh/m2/a are assumed for average values in
Finnish conditions (Pasonen et al., 2012), electricity production of 81 TWh/a is
gained from the PV area of about 30 km x 30 km. This corresponds about the
annual electricity consumption of Finland, but of obviously a seasonal storage or
significant import and export of electricity would be required.

Economic potential of PV is strongly dependent on international climate policy
and national energy policies (sustainability, self-sufficiency, balance of trade etc.).
The essential question is the feasibility of PV in comparison with other (domestic)
low carbon technologies.

Figure 42. Planned European electricity production according to the National Re-
newable Energy Action Plans (Jäger-Waldau et al., 2011).
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European Union has set a target to reduce greenhouse gas (GHG) emissions to
80–95% below 1990 levels by 2050 (European Commission, 2012). The price for
PV technology has decreased faster than any other energy technology since the
1950s and the trend is seen to remain (Stiftung Umweltenergierecht, 2012). As
presented before in Figure 5, PV was the most installed power generation type
(measured by capacity as MW) in Europe in 2012 which is obviously a conse-
quence of national support mechanisms as well.

EU member states have submitted National Renewable Energy Action Plans to
European Commission. According to these plans, European electricity production by
renewables is shown in Figure 43. Amount of solar and wind power is clearly growing.
However, the share of solar is not increasing as quickly as for example in Figure 5 if
measured as annual production (TWh). Even if the share of solar is relatively small, the
(annual) growth rate is the greatest for PV, as presented in Figure 44.

Figure 43. Contribution and growth rates for different energy sources to reach the
2020 targets (Jäger-Waldau et al., 2011).

In 2020 installed wind power and photovoltaic power capacities are estimated to
be 227 GW and 68 GW, respectively (Heide et al., 2010). European Photovoltaic
Industry Association (EPIA) has published a goal to provide up to 12% of the Eu-
ropean electricity using PV by 2020, up to 20% in 2030 and 30% in 2050. This
optimistic scenario of Solar Europe Industry Initiative (SEII) is shown in Figure 1.
(European Photovoltaic Industry Association, 2010.)

Figure 44. PV deployment scenarios in Europe (European Photovoltaic Industry
Association, 2010).
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Different scenarios for PV are presented in Figures 45 and 46. It can be seen, that
variation between different scenarios is significant, but huge demand for PV is
estimated in all of the presented scenarios.

Figure 45. Roadmap for global PV capacity and electricity generation. The growth
of PV is estimated to be enormous between 2030 and 2050. (IEA ETP, 2012.)

Figure 46. European annual PV market scenarios until 2017 – Business-as-Usual
(yellow) and Policy-Driven (red) (MW) (EPIA, 2013).

There has been an intense debate about the need to reduce support tariffs and/or
introduce caps to policy support in the regions, where PV installations are focused
due to attractive support policies. These uncertainties may reduce future investor
confidence in these markets. In the future, it is likely that European market de-
ployment will slow, while new markets will emerge (e.g. China and India) and other
OECD markets will increase (e.g. the United States and Japan). (IEA ETP, 2012.)

Delays in project may significantly increase transaction costs for investors. For
example, waiting for permits for rooftop solar projects in certain European coun-
tries (with the exception of Germany) accounted for over 50% of the total project
timeline (Figure 47). It is important to develop clear, streamlined planning and
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permitting processes so these technologies can be deployed rapidly. (IEA ETP,
2012.)

Figure 47. Time needed to develop small-scale rooftop photovoltaic projects in
selected European Union countries (IEA ETP, 2012).

The revenue of global solar power markets (incl. CSP) is estimated for example by
Frost & Sullivan for the near future. The graph is presented in Figure 48.

Figure 48. Total Solar Power Market in the world (Frost & Sullivan, 2013).
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Energy scenarios are highly dependent on parameters given for different technol-
ogies in each scenario modelling. The share of solar and wind based electricity
has great potential to increase in the future but it is based on the assumption that
costs will decrease. Solar PV has already seen massive cost reduction and the
same effect is likely to happen for CSP which has potential especially in the heat
storage technology. Cost estimates according to Frost & Sullivan for the near
future are presented in Figure 49. CAGR stands for Compound Annual Growth
Rate which means the year-over-year growth rate of an investment over a speci-
fied period of time. (Frost & Sullivan, 2013; Investopedia, 2013.)

Figure 49. Cost estimates for PV and CSP in the near future (Frost & Sullivan,
2013).
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Key market drivers and restrains listed by Frost & Sullivan for solar power market
are presented in Figure 50.

Figure 50. Key market drivers and restraints in solar power market (Frost & Sulli-
van, 2013).

One of the most significant factors reducing the market growth is the uncertainty
on existing and future support mechanisms, such as reduction or elimination of
subsidies for solar power. For example, at 2013 the Spanish government ap-
proved measures to limit and tax solar power generation, including ending the
feed-in tariff program (PV Magazine, 2014). Future developments of overall ener-
gy system, pricing principles of electricity, storage technologies and capacity etc.
will also have major impacts on the market potential of solar energy.

Potential of PV in Finland4.1.1

Typically the proportion of PV is insignificant in energy system scenarios modelled
for Finland. Without subsidies and with given development of investment costs
and production rates, PV is not a feasible way to reach the short-term greenhouse
gas emission targets or renewable energy targets in Finland. Models often do not
take into account individual choices to invest on small scale PV even if it would not
be the most economic option (with given interest rate, economic lifetime etc.). It is
important to keep in mind, that scenario is not a forecast. If for example, high feed-
in tariffs would be applied, lower pay-back time would be achievable and more PV
installations would be possible. Figure 51 shows the pay-back time of PV installa-
tions in Finland as function of the value of the electrical energy produced. (The
concept of pay-back time has been extended to the case where time value of
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money has been taken into account. The pay-back time here is the time when
NPV of the investment becomes positive.)

Figure 51. Pay-back time of PV as a function of electricity price (or cost of alterna-
tive energy source or feed-in tariff). The data for cost curves is from sources For-
tum (2013), Resca (2013) and Grönberg (2014). General interest rate 4% was
used. In addition, investment costs presented by (IEA ETSAP, 2011) for PV sys-
tem were used with Finnish production rates (Fortum, 2013).

If for example feed-in tariff leading to target price of 83.5 €/MWh (as for wind en-
ergy in Finland) (Motiva, 2014b) would be available, the pay-back time for PV
investments would be very high with 4% interest rate. For comparison, in Germany
significantly higher feed-in tariffs are available but the system is quite complicated.
The value of tariff depends on the size and type of the PV installations as well as
year commissioned. For example, the plants commissioned in July 2013 receive
between 10.44 and 15.07 Euro cents / kWh (104–151 €/MWh) for a period of 20
years. During previous years, the tariffs have been higher as average tariff for PV
power in Germany in 2013 was 290 €/MWh (Fraunhofer ISE, 2013). If similar
system would be applied for PV in Finland, the pay-back time presented in Figure
51 for, for example, 60 kW system would be about 8 years if average feed-in tariff
is used (and all production is sold). This would be attractive as the risk for the
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investment is low due to long lifetime of PV and guaranteed level of income for 20
years. It should be noted, that after this 20 years, PV would still produce electricity
even if the efficiency would be slightly decreased. The pay-back time is very sensi-
tive for used interest rate in the case of low costs for replaced production.

It should be noted, that presented investment costs are based on all inclusive
turn-key deliveries without any subsidies. Subsidies, joint orders and decreased
installation costs would obviously decrease pay-back times as presented for ex-
ample by (Grönberg, 2014).

If PV markets in Finland would develop and similar prices than presented for
example in Pasonen et al. (2012) would be available here, the pay-back times
would decrease significantly. This could probably be created by similar feed-in
tariff system than applied in Germany.

During the previous years, the average market price of electricity in Nordpool
has been typically between 30–50 €/MWh (Figure 52). According to Figure 51, PV
is not feasible at all if all the electricity is sold at market price.

Figure 52. Market price of electricity in Nordpool (Finnish bidding area) (Nordpool,
2014).

If all the produced electricity is consumed by producer, the PV investment can be
compared to overall price of purchased electricity, including also variable part of
transmission price (Figure 53) and electricity tax, currently 2.36 c/kWh (incl. VAT
24%). Typical variable cost of purchased electricity in Finland for small consumer
has been about 11 c/kWh (110 €/MWh) in recent years. According to Figure 51,
the pay-back time would be too high for PV investments also in this case.
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Figure 53. Flat rate distribution tariffs of Finnish distribution system operators for a
main fuse of 3x25 A (based on statistics of the Energy Market Authority) (LUT,
2012).

If  strict  climate  policy  will  be  applied,  the  overall  cost  of  electricity  is  likely  to  in-
crease. In that case, feasibility of PV installations would obviously be better.

In some cases, for example summer houses outside of electricity grid, PV may
be the most feasible option already as costs of alternative electricity supply can be
much higher than presented in previous figure. In addition, in summer houses the
consumption of energy fits perfectly on the production of solar energy. This poten-
tial is also recognised in the background report of the national energy strategy of
Finland (National Energy and Climate Strategy of Finland, 2013a). However, in the
strategy PV is considered insignificant in Finland at least until 2025 if additional
subsidies will not be introduced. At present, large PV projects could apply “energy
support” for the investment but the support is not allowed for households. PV is
also excluded from the Finnish feed-in tariff system (National Energy and Climate
Strategy of Finland, 2013b).

Most of the scenarios regarding Finnish energy system and national energy
and climate strategy are strongly based on increased biomass combustion and
nuclear power. Solar energy is not visible in the figures of the strategy. According
to national energy and climate strategy, utilisation of woodchips as energy should
be increased from 14 TWh/a (as 2010) to 25 TWh/a at 2020 (National Energy and
Climate Strategy of Finland, 2013b). However, there are some uncertainties re-
garding such a large increase in biomass utilisation.

 biomass availability, longer transportation distances, more difficult har-
vesting sites

 possibility to utilise CHP as heat consumption is not increasing
 sustainability of increased harvesting, new areas and limited resources
 possible competition for raw material with forest industry
 lower quality of feedstocks and increased biomass shares in power

plants (increased O&M costs)

The factors listed above may significantly increase costs related to bioenergy. In
addition, the discussion regarding carbon debt resulted by biomass harvesting and



53

combustion has been active in recent years. If for example some kind of CO2

emission factor will be applied for bioenergy, the costs will further increase. Due to
reasons presented above, the costs of PV are compared also to costs of bio-
electricity production (excluding CHP) in the following figure.

Figure 54. Electricity production costs by PV and biomass as a function of bio-
mass price (lower horizontal axis) and specific investment of PV system (upper
horizontal axis). Assumed hurdle rates and other economy variables are present-
ed in Table 6. For PV, annual peak production hours of 833 was used based on 60
kW PV system presented in Resca (2013). For bio-electricity, utilisation rate of
5000 h/a was assumed. In practice, utilisation rate of bio-electricity would probably
decrease with increasing biomass price whereas utilisation rate of PV is not de-
pendent on (positive) market prices.

According to Figure 54, for example, if specific investment cost of 1.75 €/Wpeak is
assumed (as estimated for the example system in Resca [2013]) and with varia-
bles presented in Table 6, the cost of electricity production would be about 145
€/MWh if higher hurdle rate is used. With lower hurdle rate the cost would be sig-
nificantly smaller, about 100 €/MWh. Similar production costs would be achieved
with biomass costs of 44 €/MWhfuel if higher hurdle rate is used and 28 €/MWhfuel if
lower hurdle rate is used.
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Table 6. Economy variables used in the calculations of Figure 54.

Economic timespan 20 a

Technical lifetime 40 a
Hurdle rate, low 5%
Hurdle rate, high 10%
General discount rate 2%

Investment on bioenergy plant 1.4 M€/MWe

Efficiency of bioenergy plant 40% net

Fixed O&M costs for bioenergy plant 15.9 €/kWfuel (year)

Variable O&M costs for bioenergy plant 2.7 €/MWhfuel

Feasibility of PV investment is very sensitive for the required hurdle rate. Based on
Figure 54 it can be concluded, that even if biomass price would double in the
future to about 40 €/MWh (corresponding also, for example, fuel price increase to
30 €/MWh + about 50% carbon accounting in EU ETS with allowance price about
40 €/t) bioenergy would still be more competitive than PV if higher hurdle rate is
required for the investment and specific investment for PV systems would remain
on the level presented in Resca (2013). On the contrary, PV would be more feasi-
ble already with the biomass price of 30 €/MWh (corresponding also, for example,
the biomass price level at present 20 €/MWhfuel + about 50% carbon accounting
with CO2 price 40 €/t) if lower hurdle rate is used. From PV point of view, optimistic
scenario could be, for example, the specific investment level of 1.2 €/W, which
would make PV more feasible than bioelectricity already with the existing biomass
prices and CO2 emission regulation (100% carbon neutral in EU ETS) if lower
hurdle rate is used.

From the energy system point of view, the grid connected PV is of interest.
Based on the previous figures, it seems that PV might be feasible also in Finland
in the replacement of electricity purchase (including transmission fees) only if
required investments would decrease significantly and/or cost of electricity pur-
chase would increase. For reasonable pay-back times in commercial operation,
similar feed-in tariffs than in Germany would be needed. If similar progress than in
Germany at present is assumed per capita, the amount of PV would be 398
W/habitant (EPIA, 2013). With population of 5.45 Million in Finland, this would
result in PV capacity 2169 MW.

4.2 Potential for solar heat collectors in Europe

The main challenge of solar energy, intermittency is emphasized in the case of
solar heating. When most solar energy is available, there is no demand for it. If
heat would be stored, significantly higher shares of heat demand could be pro-
duced by solar. Example system is illustrated in Figure 55.
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Figure 55. Solar fractions of solar thermal systems (Schmidt & Mangold, 2013).

According to IEA ETP, the costs of small scale solar thermal systems range from
USD 1100/kW to USD 2140/kW for new constructions and USD 1300/kW to USD
2200/kW for existing houses. For multifamily dwellings, unit costs are slightly low-
er, at USD 950–1050/kW for new, and USD 1140/kW – 2050/kW for existing (IEA
ETP, 2012). In general, significantly higher potential is estimated for solar heating
in IEA ETP 2DS than would be achieved by current pace. The investment needs
and deployment roadmap of efficient heating and cooling technologies are pre-
sented in Figure 56. From the figure, it can be concluded, that massive deploy-
ment of solar technologies is given before 2050 led by China but investment
needs are significant also in Europe.
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Figure 56. Deployment roadmap of efficient heating and cooling technologies
presented in IEA ETP 2012 (IEA ETP, 2012).

Example studies regarding the small scale applications in Europe4.2.1

There is a study concerning water heating throughout the summer in northern
climates. Study also aimed to find out how often the solar water heating can pro-
vide adequate water temperatures for domestic use without auxiliary heating sys-
tem. In northern Europe domestic hot water is often provided by the house’s cen-
tral heating boiler. (Rogers et al., 2013.)

Water storage temperatures with no auxiliary heating are presented in Figure 57.

Figure 57. Water storage temperatures with no auxiliary heating throughout the
summer (Rogers et al., 2013).
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What comes to sizing DHW systems the larger is the water storage the larger the
collector area can be. When larger water storage is in use there are more days in
a year when auxiliary heating is not needed. For example, electrical immersion
heater can be used to maintain sufficient water storage temperature. Capital costs
for this kind of electrical heater are relatively low. (Rogers et al., 2013.)

If auxiliary heating is not used, number of days the temperature of water in the
storage tank exceed certain temperatures are presented in Figure 58. The study
was done using commercial software package TRNSYS which is graphically
based software environment made to simulate transient systems. Typical meteoro-
logical year (TMY) weather data was used and it was generated using TRNSYS
and monthly average NASA data. (TRNSYS, 2013; Yohanis et al., 2006.)

Figure 58. Number of days the temperature of water in the storage tank exceeds
(a) 37 °C, (b) 45 °C and (c) 55 °C in London and Northern Ireland (Yohanis et al.,
2006).

The fluctuation of the solar energy covering energy demand of the detached
house is presented in Figure 59. The data is from Austria.
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Figure 59. Monthly heat distribution of a solar assisted heating system in Austria
(Faninger, 2000).

Studies about commercial scale systems in Europe4.2.2

Annual solar heat production rates have been simulated in Steinbeis Research
Institute for Solar and Sustainable Thermal Energy Systems. Simulations were
performed using TRNSYS based models and the results are presented in Figure
60. Calculations were carried out for Barcelona, Milan, Würzburg and Stockholm.
Greatest production is gained with CPC which means collector type called evacu-
ated tube with compound parabolic concentrator. Second highest solar heat is
produced by vacuum tube and third highest production is gained by flat-plate HT
which is high temperature flat-plate collector. (Deschaintre, 2013.)
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Figure 60. Annual solar heat production rates in four different locations as a result
of simulation (Deschaintre, 2013).

Study has been done for the future Ecodistrict Villeneuve in Chambery. Influence
of the DH return temperature on the performance is presented in Figure 61. Simu-
lation results are for flat plate collectors and the total collector area is 180 m2 be-
ing 4.5 m2 per apartment as there are 40 apartments.

Figure 61. Influence of the DH return temperature on the annual heat produced
(Paulus, 2013).
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In Austria has been conducted a survey which states that solar plants would act
together with communal small-scale biomass district heating plants. During the
summer time boilers are typically oversized and they are operated with a low load
which leads to low efficiency. The combination would have the advantage that
heat outside the heating period could be produced mainly by solar heating plant.
Data from this combined solar-biomass district heating is presented in Figure 62.
(Faninger, 2000.)

Figure 62. Monthly heat production in district heating plant in Austria (Faninger,
2000).

Potential of solar thermal energy in Finland4.2.3

4.2.3.1 Small scale solar thermal energy systems

When comparing the costs of solar heating systems, it is important to take into
account the following major cost categories:

 collectors,
 hot water storage (tank) or additional coil to existing tank,
 control unit and pipelines,
 installation work,
 cost of auxiliary system,
 taxes and subsidies.

In this report, the focus is in addition of solar heating on existing buildings. There-
fore investments on auxiliary systems are not taken into account (assumed that
there is existing heating system which use is replaced by solar heating when
available). Generic all-inclusive costs are difficult to achieve from the equipment
suppliers as these are case specific. According to Motiva, the investment cost (as
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installed, including VAT) for the example system (8–12 m2) is typically between
4000–5000 € and heat production between 250-400 kWh/m2/a (Motiva, 2014a).
Higher estimates have been obtained from suppliers. For example, Oilon offered 6
and 8 m2 all-inclusive collector systems with heat storage tanks at prices about
5000 € and 7000 €, respectively, excluding installation work (Oilon, 2013).
Ympäristöenergia presents 7 and 9 m2 all-inclusive systems at about 4700 to 5700
€, respectively, excluding installation (Ympäristöenergia, 2014). Ultimatemarket
offers 8 m2 collector systems at price 2119 € (Ultimatemarket, 2014a) and relative-
ly small storage tank, 1590 € (Ultimatemarket, 2014b) at overall price about 3700
€, excluding installation. Despite of several inquiries, estimation for installation
costs was received from only one supplier, LVI Pirttinen Oy (LVI Pirttinen, 2014).
The installation cost is about 1800 € for residential scale collector system (7 m2).
Investment cost for the equipment offered by LVI Pirttinen (based on Viessmann
Vitosol 200-F collectors) was 6000–6500 € including storage tank and 5300–5700
€ if existing storage tank can be utilised (equipped with solar coil). The overall
turnkey supply would therefore be about 7000–8000 €. The estimated annual
production by presented system is 440 kWh/m2.

Fortum has announced a calculator for solar heat applications (Fortum, 2014),
including estimates for installation costs. Based on the calculator, for example the
following table can be conducted for a detached house in central Finland (Table 7).

Table 7. Investment costs and annual productions for solar heat systems based on
the Fortum’s calculator (Fortum, 2014).

Number of collectors 1 2 3
Investment [€] 3692 5082 6462

 Price of collectors and auxiliaries 1650 2400 3452
 Installation 1672 2272 2560
 Additional coil + installation 370 410 450

Production [kWh/a] 734 1467 1944

It should be highlighted that significant share of the investment is possible to gain
back as tax relief. Neither tax reliefs nor other incentives are taken into account in
the values presented for residential applications in this report. However, potential
incentives have significant impact on feasibility of solar collectors from consumer’s
point of view.

Operational expenditures of solar heating are typically very small. Important fac-
tor affecting on payback time of the investment is the price of replaced/alternative
energy, heat consumption (typically hot water) and its distribution over the year. If
heat is consumed typically on sunny days (summer) investment on collector is
more feasible than in the case that heat consumption in summer is small. If for
example hot water is not consumed during some sunny week in July, the benefit
from solar collector is practically zero from that week. In addition, the required
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temperature of the heat is essential in terms of annual production of heat collec-
tors in Finland. If also low temperature heat can be utilised, utilisation hours of the
collectors are significantly higher, especially during spring and autumn.

Detailed cost and feasibility analysis of different solar applications were execut-
ed in WP7 of the SANDWISH project including also dynamic toolkit for sensitivity
analysis with varying economic parameters. The toolkit will be available at
http://www.vtt.fi/img/research/ene/combustion/ after the SANDWISH project. How-
ever, for potential analysis, the costs are presented in this report by rough esti-
mates. The purpose is to enable comparison of costs between solar heat and
other technologies and thus map economic potential for solar heat in Finland.
Based on the values received from LVI Pirttinen the following graph (Figure 63)
can be drawn for the pay-back time for solar heat investment. Similar interface as
presented in Figure 63 will be available also under the public domain after the
project.

Figure 63. The pay-back time for small scale solar heat collectors and comparison
with PV and fictional air pump preheating. Neither potential tax reliefs nor other
subsidies are taken into account in this graph but can be estimated by the toolkit
at http://www.vtt.fi/img/research/ene/combustion/ for example by reducing the
impact of tax relief from the installation cost. The scale represents collectors sized
for detached house, i.e. the feasibility for apartment buildings might be significantly
better.

If compared to the variable costs of existing heating systems the pay-back time
can be estimated based on Figure 63. In this report, comparison to three largest
water heating systems in Finnish residential sector (Table 8) is presented. Varia-

http://www.vtt.fi/img/research/ene/combustion/
http://www.vtt.fi/img/research/ene/combustion/
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ble costs of electricity for households is about 110 €/MWh, depending on e.g. grid
operator. When replacing electricity in water heating, the consequent pay-back
time of solar heat system investment is about 20 years, depending also on the
required interest rate. If hot water heating by oil (variable costs about 120 €/MWh)
is replaced, the pay-back time of about 15 years is achievable. In addition, it is
probable that oil price will increase in future, making the investment more feasible.
Average variable cost of district heat in Finland is about 55 €/MWh and prices over
80 €/MWh are rare (Pöyry Management Consulting Oy, 2013). Replacing district
heat by solar heat is therefore not seen as feasible in this scale as the replace-
ment of electricity and light fuel oil. However, utilisation of the scale of district heat
network could bring some benefits, different business models etc. as discussed
earlier in Chapter 3.5.2. This may offer feasible solar solutions in some cases,
especially if fuel availability, taxes or subsidies will change and/or price of CO2

allowances increases.
Pöyry (2013) presented the costs of solar heating also for apartment buildings

and office buildings. At 2012, the variable cost of district heat for apartment build-
ings was higher than the production costs of solar heating in less than 10 district
heat systems. For office buildings, the cost of solar heating was smaller in about
20 district heat systems. These district heat networks, where variable costs are
high, utilise typically relatively high share of oil in production (Pöyry, 2013). The
conclusion is similar than in the case of detached buildings: replacement of oil by
solar heating is economically feasible if relatively long pay-back time can be justi-
fied.

 In Finland, there exists significant potential to replace purchase of electricity
and light fuel oil by solar especially in domestic water heating. If existing heating
system is based on the water circulation, some benefits are achievable in heating
of building as well but the additional investment required may not be that feasible.
In addition, integration of solar collectors with heat pumps seems to be promising
as well, but more research is needed to evaluate the economic feasibility. The
statistics of energy consumption in residential sector during 2012 are presented in
Table 8.
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Table 8. Energy consumption in households by energy source in 2012, GWh (Ti-
lastokeskus, 2013).

During 2012 the total domestic water heating with electricity and light fuel oil was
3 540 GWh in Finland. Based on the estimate presented by Ruukki in Chapter
3.5.1 (50% of domestic hot water demand) about 1770 GWh of electricity and oil
could be replaced relatively economically. In addition, a proportion of other water
heating systems and fuels and electricity consumed to heating of buildings could
be replaced by solar. However, these solutions are estimated to be less feasible
than replacement of light fuel oil and electricity in hot water heating and therefore
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not included to this estimation about economic potential. Other fuels for hot water
heating are typically less expensive than electricity or light fuel oil increasing the
pay-back time of replacing solar investment. Heating of buildings is not as feasible
due to weak matching of irradiation and heat demand. In the case of new buildings,
potential solutions for active and passive solar heating are less limited but the
amount of new constructions is limiting the potential to utilise solar heating. In
addition, hybrid solutions for both, existing and new houses are possible and may be
more economical than solar solely. These solutions are not included in this report.

Based on the values presented above, the estimated impact of small scale solar
heating in Finland in “high solar” scenario could be:

 replacement of electricity use in water heating 1313 GWh/a
 replacement of light fuel oil use in water heating 458 GWh/a (389 GWh/a

heat assuming 85% boiler efficiency)

In the case of new constructions (excluded from this report), the order of economic
feasibility of different heating systems may be different with and without integration
with solar heating. In new buildings, the share of solar heating is typically larger
than in older buildings because the share of hot water consumption of overall heat
consumption is higher due to lower heat demand (better insulation, windows, etc.).
In new apartment building, the share of water heating of overall heat demand can
be over 60% (Pöyry, 2013).

4.2.3.2 Commercial scale solar heating

As discussed earlier, there are different business models and technical solutions
to produce district heat by solar. Despite small scale replacement of district heat is
not seen as feasible as replacement of electricity and light fuel oil, some benefits
would be achievable with larger solar collector systems enabled by district heat
network. Pöyry Management Consulting published a study at 2013 regarding
business opportunities for solar heating in district heat systems (Pöyry Manage-
ment Consulting Oy, 2013). The study includes for example case studies and
monthly variation of solar production in Finland and it is not repeated in this report.
At present, the replacement of existing CHP production seems unfeasible but
replacement of heat production by oil seems to be feasible already (Pöyry Man-
agement Consulting Oy, 2013). According to Statistics Finland, 1 720 GWh of oil
was used for district heating in 2012 (Statistics Finland, 2014). However, majority
of the consumption occurs during winters, because the heat consumption is obvi-
ously largest then and especially because oil fired boilers are used for peak load
production in many networks. Therefore also the amount of oil consumption during
sunny periods in Finland is difficult to estimate.

According to Pöyry (2013) there are only few district heating networks utilising
oil as main fuel in Finland and typically the size of these networks is relatively
small. The potential for solar heat would be about 20 GWh/a (Pöyry, 2013). On the
other hand, this is only 1% of the oil consumed for district heating and might be
underestimated.
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The pay-back times for commercial scale solar heat installations are presented
in Figure  as a function of the cost of replaced heat and with different interest rates
and installation sizes. Values are based on the estimated costs and production
values (Table 9) presented by Pöyry (2013).

Table 9. Estimated investment costs and production volumes of commercial scale
solar collector systems (Pöyry, 2013).

Collector area [m2] 5 000 50 000

Investment [M€] 1.5 10

€/m2 300 200

MWh/a 2000 20000

kWh/m2/a 400 400

It should be noted, that no costs are assumed for required installation area, i.e. the
land or large roof area is available free of charge. Fixed annual operational ex-
penditure of 1.2% of the investment is used based on Pöyry (2013).

Figure 64. The pay-back time of commercial scale solar heat investments as a
function of the costs of replaced heat. The concept of pay-back time has been
extended to the case where time value of money has been taken into account.
The pay-back time here is the time when NPV of the investment becomes positive.
Calculation is based on the values presented by Pöyry (2013).
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In practice, the costs of replaced production changes over the time in several
district heat networks if large amount (e.g. 20 GWh/a) of solar heat is introduced to
the system. The horizontal axis of Figure 64 presents the weighted average of
replaced production costs over the considered time frame. If solely oil could be
replaced, pay-back time below 10 years could be possible. In the case of CHP,
heat production costs are typically too low to rationalize investment on solar heat-
ing. However, in CHP system, the cost of replaced production is dependent on the
fuel prices, support policies and electricity price (and allocation method used). In
addition, network specific future requirements regarding additional/replacing pro-
duction capacity have significant impact on the feasibility of solar heating.

Solar district heating may be feasible especially in new suburbs, where new
buildings are built but connection to main district heat network is not feasible due
to low heat consumption of the buildings and too long distance to main network. In
addition, the importance of domestic water heating is highlighted in the case of new
buildings due to reduced demand for room heating. This favours solar heating.

As visible in the previous figures, commercial scale solar heating is more feasible
than small scale solar heating. This was also concluded by Pöyry (2013) but calcula-
tions included the assumption that required area is available free of charge. However,
in larger scale, there are some major benefits, namely inherent storage capacity of the
network, other potentially existing heat storages, distributed consumption resulting
guaranteed utilisation for solar heat and economy of scale in terms of investment.

4.2.3.3 Detailed analysis of CHP district heating system with solar thermal
installation

Whether heat is generated by utility-scale solar district heating or small-scale solar
thermal collectors, it should be taken into account in the operational scheduling
the existing district heat system. This includes possible CHP plants, district heat-
ing plants, heat storages and the DH. After the operational changes have been
accounted for, we can compare the economic figures before and after the inclu-
sion of solar thermal collectors.

As part of WP6 of the Sandwish project we calculated the example case of
Jyväskylä district heating network with solar thermal input. The thermal input was
assumed to originate from 12 MWth flat-plate collectors which could be installed in
the Kangas district. The simulation of these solar collectors has been described in
a separate report (Hoang et al., 2014) based on irradiation measurements of the
Finnish Meteorological Institute. Table 10 shows the main district heat generating
and storage units in the Jyväskylä main DH network.

The effect of solar heating on the operational scheduling of the conversion units
and storages can be studied with the help of a scheduling optimization system. This
system optimizes the scheduling of heat and electricity generating plants and energy
storages within the district heating system with respect to given heat demand and
additional heat generation by solar thermal collectors, i.e. performs unit commitment
and economic dispatch calculations. Figure 65 below shows the schematic illustration
of the district heat scheduling optimization tool with its inputs and outputs.
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Table 10. The main electricity and district heat generating and storage units in the
Jyväskylä main network.

Unit Capacity Fuels

Keljonlahti CFB plant electricity 213 MW, heat 260 MW wood, peat, coal

Rauhalahti BFB plant electricity 87 MW, heat 180 MW wood, peat, coal

district heating plants heat ca. 400 MW heavy fuel oil

heat storage volume 10,000 m3 (unpressurized)

main DH network volume ca. 20,000 m3

Figure 65. Schematic illustration of the inputs and outputs of the district heat sys-
tem optimization tool.
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Figure 66. Solar heat output of the collectors in Jyväskylä as function of time dur-
ing one year (Hoang et al., 2014).

Figure 67. Solar heat output hourly averages in Jyväskylä as function of time dur-
ing one week in May (Hoang et al., 2014).

Figure 66 shows the simulated heat output of the collectors in Jyväskylä during a
whole year and Figure 67 shows the heat output during one week. The working
temperature of the collectors was kept at 65 °C, which is suitable for space heat-
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ing and DHW production. The assumption was that the produced heat can mostly
be used to reduce the DH consumption of the customers without feeding heat into
the supply side of the DH network. This requires that the collectors are distributed
to a significant number of customers in different parts of the city. If the installation
is more concentrated, heat must at times be fed back into the network. In this case
a higher working temperature such as 75 °C in summer is desired. Increasing the
working temperature somewhat decreases the heat output especially when the
irradiation level is low. Feeding heat on the return side of the network was not
studied.

Detailed results of the effects of solar thermal energy in the Jyväskylä system
are kept confidential. However, about the 12 MW th solar thermal installation we
can conclude the following:

 Solar thermal installation can reduce the fuel cost and fuel tax cost of the
CHP plants;

 Effects on annual electricity generation of the CHP plants are quite small;
 The cost savings are not large enough to make the investment profitable

at current prices (cf. Section 4.2.3.2).
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5. Production forecast for solar power and wind
power and the accuracy of forecasting

Renewable power production, particularly PV systems, solar thermal power plants
and wind turbines produce fluctuating energy, which in turn causes new challeng-
es for electricity companies and transmission system operators. While electricity
demand and power production from conventional sources can be predicted with
fairly high accuracy, predicting solar and wind power production is more challeng-
ing. Solar and wind energy availability and the amount of production from these
sources are largely determined by existing weather conditions, and are conse-
quently more challenging to be forecasted. This causes a challenge when integrat-
ing intermittent renewable production into the energy supply system. Today the
balancing of production and demand is mainly done by adapting the conventional
production to the fluctuating renewable production. Also shifting the loads (de-
mand response) and utilizing storage technologies are potential tools to response
the challenge of balancing intermittent renewable production and demand in the
future. However, all these methods benefit from prediction of renewable produc-
tion as an input value for scheduling the production of other technologies and
matching it to demand (Lorenz & Heinemann, 2012).

The accuracy of forecasts is emphasized when the penetration of solar and
wind production increases. With accurate prediction of future solar and wind pro-
duction it is possible to integrate renewable energy sources into energy source
mix more cost-effective and increase the value of produced renewable energy.
Prediction of generation is required as input value for management and operation
strategies of balancing production including increasing share of fluctuating renew-
able generation and demand with before mentioned concepts (adaption of conven-
tional production, shifting loads, energy storage). (Lorenz & Heinemann, 2012.)

5.1 Solar irradiance and solar and wind production
forecasting

As PV installations are increasing rapidly, various PV prediction systems have
been introduced. Wind power prediction systems are already widely used in the
countries having large shares of wind power. Systems have already shown their
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economic impact on the wind power integration into the electricity grid; they are
highly cost-effective compared to situation where forecast system is not used.
Though, current forecasting technology must still be improved. Improvements will
be based on better models and better use of them, and more observational data.
(Lorenz & Heinemann, 2012; Brower, 2011.)

Practical issues of solar irradiance and power forecasting5.1.1

Most references discussing forecasting of solar production are concentrated on
electricity production forecasts for PV systems, which is therefore in focus also in
this report. In this chapter solar forecasting technology is discussed in general, as
in Finland forecasting technology is not widely used because the production level
remains low and is focused in households. In Finland, Finnish Meteorological
Institute provides solar irradiance forecasts for customers, as solar power produc-
tion forecasts are not yet done. Irradiance forecasts are done for global horizontal
irradiance (GHI), and also cloudiness forecasts can be done when needed (Rau-
hala, 2014). When predicting solar power production with PV technology, also
prediction for solar irradiance is needed (Lorenz & Heinemann, 2012).

A typical solar power forecasting system is presented in Figure 68. As can be
seen, power forecasting includes site specific prediction of horizontal irradiance
utilizing satellite images, NWP (Numerical Weather Prediction) forecasts and/or
irradiance measurements. Based on site-specific prediction of horizontal irradi-
ance, forecast of irradiance on the module plane and forecast of PV power can be
done. The time horizon to be predicted highly affects the input data and models to
be used. PV system output is mainly determined by the incoming solar irradiance,
so the irradiance forecasting and its accuracy are essential for power prediction.
Input data determines the forecast horizon, which can vary from minutes to hours
or days. For very short term horizon forecasts ranging from minutes to few hours
on-site measured data is usually suitable for input data. The temporal develop-
ment of clouds is used as input data for short term forecasts up to 6 hours. From
4–6 hours onwards NWP models usually offer the best accuracy for the forecasts.
(Lorenz & Heinemann, 2012.) NWP models work on the basis of dynamical equa-
tions. Dynamical equations use initial weather conditions and predict the evalua-
tion of the atmosphere up to several days ahead. Their initial conditions are gath-
ered and derived from satellite, radar, radiosonde and ground station measure-
ments. In
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Table 11 presented is a comparison between some existing NWP based mod-
els. NWP models get higher accuracy if they are derived to mesoscale models
covering only a limited area of the normal NWP model area, having higher resolu-
tion and thus attempting to take better into account local conditions. (IEA, 2013.)

Figure 68. Typical PV solar power forecasting system with different kind of input
data options (Lorenz & Heinemann, 2012).
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Table 11. Comparison of some NWP based models (Inman et al., 2013).

Evaluation of performance and production values of concentrated solar power
(CSP) plant is a complex task and there are many tools to enable it. For example
NREL has a publicly available model “System Advisor Model” (SAM). It produces
output profile for the investigated plant with detailed weather data. Advanced pre-
diction of CSP plant production is challenging because the output is sensitive to
direct normal irradiance (DNI), ambient temperature, wind speed, humidity and
other weather phenomena. Accurate production forecast for a certain plant at a
certain site requires weather data from many years at the site. Because this data
is generally not available extrapolated data and for example satellite data is used.
(CSPA, 2012.)

Practical issues of wind power forecasting5.1.2

In 2012 only 0.6% of the total electricity consumption in Finland was covered by
wind power. That is the reason why wind power forecasting applications are still
not so widely in use in Finland. However, there is a goal to increase wind power
capacity to 2500 MW responding 6% of electricity consumption. This requires
wider usage of short term forecasting tools and developing of more accurate tools
as the forecast errors increase the balancing costs of wind power producer. (Holt-
tinen et al., 2013.) At the moment Finnish Meteorological Institute provides fore-
casts for wind and wind power in certain power plant sites in Finland. These fore-
casts are partly based on customers’ power production history and wind meas-
urements. (Ilmatieteen laitos, 2013.)

Wind power can be forecasted with physical or statistical model or with a com-
bination of these. Forecasting horizon can be very short term, short term or medi-
um term, when the time horizon ranges from minutes to one week. Wind power
forecasting errors can be divided in level and phase errors. Level errors are
caused by erroneous prediction, usually due to badly configured forecast model,
whereas phase errors are caused by failing the prediction of timing of production
changes (Holttinen et al., 2013). In Figure 69 is presented basic steps of wind
power production forecasting system. Weather observations produce the initial
data for the NWP models, which predicts the changes in the weather conditions.
Statistical models are used to convert predicted wind to expected power output
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including error correction. By comparing expected production to real power produc-
tion can be achieved feedback to improve the statistical models. (Brower, 2011.)

Figure 69. Basic steps of forecasting wind power production (Brower, 2011).

5.2 Accuracy of forecasting the production

The accuracy of solar and wind production forecasts directly affects the cost-
efficiency of integrating large shares of fluctuating renewable energy into the elec-
tricity supply system (Brower, 2011). The accuracy of the production forecast can
be indicated by using statistical error measures. There are several metrics to eval-
uate the prediction error; mainly used are bias, mean absolute error (MAE) and
root mean square error (RMSE) (Lorenz & Heinemann, 2012; Holttinen et al.,
2013). When discussing forecast accuracy it is important to specify which metric is
used (RMSE, MAE etc.). In addition it is essential to clarify the time horizon and
whether also the night hours are taken into account or not. Often forecast errors
are normalised; in these cases it should be clarified by the mean of which value
this is done. Normalisation is typically done by the mean produced power or in-
stalled capacity (IEA, 2013).

Accuracy of solar power production forecasts5.2.1

The accuracy of the forecast for solar power depends on the accuracy of the used
forecast model, climate conditions at the selected site and the forecast horizon.
Mainly the forecast accuracy is influenced by the variability of the meteorological
and climatological conditions. The cloud situation affects strongly the forecast
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accuracy as variable cloud situation is more difficult to forecast than clear sky
situation, and consequently leads to lower forecast accuracy. Of course the fore-
cast accuracy of solar power production is highly determined by the forecast accu-
racy of solar irradiance. When cosine of the solar zenith angle is known the maxi-
mum possible irradiance during the day can be calculated, and that information
determines the magnitude level of forecast error. Uncertainties related to the dif-
ferent modelling steps that are needed to derive power forecasts from irradiance
forecasts have also a minor influence on the forecast accuracy. Figure 70 demon-
strates five different predictions for the daily irradiances made with different fore-
cast methods and the measured data. The forecasts are provided by German
companies. As can be seen in the figure, all the algorithms provide good agree-
ment with the real measured data. The days with worse correlation between fore-
casts and measurements probably represent cloudy days. (Lorenz & Heinemann,
2012; IEA, 2013.)

Figure 70. Predicted irradiances for six days with five different methods and the
real measured irradiance (Lorenz & Heinemann, 2012).

As mentioned before, forecast horizon partly determines the forecast accuracy of
irradiance and consequently affects the forecast accuracy of power production.
The suitable forecast model is chosen partly in terms of forecast horizon. The best
day-ahead irradiance and power production forecasts are based on NWP model
forecasts combined with post-processing of those forecasts to improve them.
Statistical models using data from local ground measurements are useful for short
forecast horizon prediction, six hours or less. Ground measurements can be fur-
thermore complemented with satellite or sky imager data of cloud movements. It is
typical that there is higher reduction in forecast accuracy with increasing forecast
horizon for prediction methods using the past data compared to for example NWP
based models. (Lorenz & Heinemann, 2012; IEA, 2013.) In Figure 71 is demon-
strated an example case about differences between different forecasting method
accuracies both for short term and day-ahead time horizons. Red line represents
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satellite nowcast as a reference value. It can be seen that Numerical Weather
Prediction (NDFD in Figure 71) based forecast starts to have better performance
than the other methods from five hours forecast horizon onwards, as especially
the cloud motion forecasts have better performance up to five hours ahead. (IEA,
2013.)

Figure 71. Comparison of forecast accuracies of different forecasting methods
(IEA, 2013).

All in all, NWP models provide many benefits over other forecasting methods. It
has been shown that for forecast horizons exceeding four hours they provide more
accurate predictions than satellite based methods. As a result, NWP based fore-
casting is the most suitable option for medium-term and long-term forecasting as it
provides forecasts for time horizons up to 240 hours (Inman et al., 2013). More
about different irradiance forecasting methods and their accuracies can be found
from Inman et al. (2013).

In Figure 72 is shown relative root-mean-square error for all the forecasts in-
troduced in Figure 70. The errors marked with different blue colours represent
errors for different NWP model based forecasts with post-processing as the other
two models are based on mesoscale. It can be clearly noted, that forecasts based
on global model with post-processing show better forecasting results. The figure
shows how the forecast accuracy decreases when forecast horizon increases.
NWP based models show smaller increase in errors than mesoscale models when
moving from intraday forecasts to day-ahead forecasts. (Lorenz & Heinemann,
2012.)
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Figure 72. RMSE for different forecast horizons in Germany with five different
forecast models (Lorenz & Heinemann, 2012). Horizon 1 was the same day fore-
cast, 2 the day-ahead forecast and 3 forecast 2 days ahead. The mean measured
irradiance for the time period was 227 W/m2

It can also be seen that there is a high dependency between solar irradiance fore-
cast accuracy and cloudiness. For example in sunny Spain the absolute forecast
errors are smaller than in Central Europe. This is because the forecast errors are
shown to be lower in areas with sunnier weather conditions. According to one
study relative root mean square error ranges between 20% and 35% in Spain as
in central Europe it ranges from 40% to 60%. (Lorenz & Heinemann, 2012; IEA,
2013) Figure 73 presents an example of the relation between cloud situation and
forecast accuracy. The figure also shows how the solar elevation affects the fore-
cast accuracy. This correlation causes not only regional, but also seasonal and
daily differences in the forecasting accuracy. (Lorenz & Heinemann, 2012; IEA,
2013.)
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Figure 73. The relation between forecast accuracy (dark red representing the
highest accuracy), cloud situation, which is described by clear sky index , and
solar elevation (IEA, 2013).  is close to 1 for clear sky and approaches 0 when
the cloud cover is thick.

Forecasting larger aggregated solar power production, as well as wind production
as explained later, is beneficial from the forecast accuracy`s point of view. It is
shown that there is substantial increase in forecast accuracy when the size of the
geographic area increases. For example a reduction of 64% in RMSE was gained
when forecasting over an area the size of Germany compared to a forecast of only
one point. (IEA, 2013.)

Accuracy of wind power production forecasts5.2.2

The level of prediction errors is influenced by many factors. The location of wind
power plant affects the prediction system performance. When the prediction is
based on NWP, it causes the main uncertainty in forecast accuracy. In Figure 74
is presented forecast error in the form of mean absolute error of capacity as a
function of forecast horizon for one wind power plant representing close to aver-
age forecast error and the range of errors with data of all 25 investigated wind
power plants in Finland. The figure shows how the error increases when forecast
horizon is increased, especially during the first hours. First 6 hours have signifi-
cantly lower errors than the forecast horizon hours onwards. The range of error
also increases when the horizon is increased especially during the first hours.
After 6 hours forecast horizon the error range increases pretty linearly. The range
of the average absolute error of installed capacity at a certain time horizon fore-
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cast is significant. The difference is caused by several factors changing between
the sites; site orography and roughness, input data for the NWP model and wind
resource. Low wind speed sites have less error than high wind speed sites as
production during low wind speed is easier to predict. (Holttinen et al., 2013)

Figure 74. Forecast error as a function of forecast horizon. On investigated wind
power plant shows close to average forecast error as the others show the range of
errors. Data is given in VTT’s publication in the given reference (Holttinen et al.,
2013).

It is common for forecast error of wind power production that the errors in larger
geographical area tend to be unrelated and due to that smooth out when the in-
vestigated area of wind power plants is raised. So when the number of investigat-
ed power plants is increased, the total relative forecast error smooths out. When
single sites are aggregated and investigated together, the mean absolute error
relative to yearly produced energy can decrease substantially. This decrease in
forecast error has a huge impact on balancing costs from producer’s point of view.
(Holttinen et al., 2013.)

The accuracy of the wind power production forecast can be improved by com-
bining several input weather forecasts from several providers instead of using only
one forecast as an input for the prediction (Holttinen et al., 2013).
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6. Discussion and conclusions

Renewable energy has become increasingly important due to several drivers.
However, in national energy strategy of Finland, solar heating and PV have a
minor role. Some potential, and remarkable irradiation also in Finland, are recog-
nised but concrete actions to utilise the potential are not taken. On the other hand,
reduction in heat demand of buildings is assumed in background report of energy
strategy, which may be partly due to solar heating. Upcoming regulations regard-
ing energy consumption of the buildings, especially new constructions, may be
significant drivers increasing utilisation of solar energy in Finland.

Solar water heating (SWH) is effective technology to convert solar energy into
thermal energy even though most of the solar heat is produced during summer
time especially in northern Europe. In Finland, typical range of annually utilised
solar energy in water heating is about 200–400 kWh/m2 (collector area). This
value is very sensitive for consumption dynamics of the application, system sizing
etc. and some suppliers present higher values as well. There are potential solu-
tions under development, by which utilisation per collector are could be doubled in
some applications but more research is needed.

Flat plate collector is the most common solar collector type in Europe. The
other commonly used collector type is evacuated type collector which is predomi-
nant in Asia. Economically the production cost of solar heat is still quite high even
if the cost per produced energy is very sensitive for several parameters, especially
for considered timespan in calculations. On the current price levels solar heating
can be seen as a potential replacement for oil and direct electrical heating what
comes to heating of domestic water. There exist already several companies who
offer solar heating installations and turnkey options.

There is a possibility to install a connection between solar heating units and
district heating network. Connection is useful because during the summer time
solar collectors tend to produce excess heat which can be then fed to the district
heating network. Solar energy can be utilised also as centralized district heat
production as done in several cases in, for example Denmark. One option is to
use a combination of small-scale biomass heating units and solar heating units as
a district heating plant. Also seasonal heat storages act important role in SDH
systems because with the help of heat storage significant share of heat produced
during summer season can be utilized during winter season. So far, there are very
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few district heat systems utilising solar heat in Finland. However, several plans
exist and if economic feasibility would be good enough, readiness to utilise solar
district heat exists also in Finland.

Basically, the share of solar and also wind based electricity has great potential
to increase in the future. For instance, solar PV has already seen massive cost
reduction and similar effect may happen for solar collectors. Some market seg-
ments are not included in the values presented in this report for the potential of
solar energy, such as new constructions utilising solar heating (passive or active,
as it does not directly replace existing energy consumption), agriculture applica-
tions, fuel drying, large gas and service stations and supermarkets outside of
district heating network area.

The operational environment may also change, for example due to strict cli-
mate policy. The possible impacts of increased biomass combustion were dis-
cussed in Chapter 4.1.1 and those impacts would have consequences on the solar
heat feasibility as well. Solar energy could be utilised for example in district heat
network during summertime and limited (sustainable) biomass resources could be
saved for usage when solar heat is not achievable. In addition, if electricity price
will be high, utilisation of condensing production is possible in several CHP plants
in Finland. In that case, it could be temporarily feasible to utilise solar heat in dis-
trict heat network. However, in the case of that high electricity prices, PV may be
more feasible option. Due to seasonal matching, combining district cooling with
solar heat utilising absorption may be feasible option. Further analysis of this is not
included in this report.

On the contrary, mushrooming of PV in Europe and heat pumps in Finland, as
well as developing electricity markets and transmission opportunities, may lead to
low electricity prices during summer time. This will decrease the feasibility of CHP
production and therefore improve the feasibility of solar collectors in district heat
area.

It would be possible to replace electricity consumption by solar heat also by
small modifications on existing systems and thereby improve the feasibility of solar
heating. For example, washing machines could be equipped with mixing valves,
enabling utilisation of solar heat and replacing electricity consumption. Also for
example bathroom floor heating by solar is beneficial also during summer time and
it can be used for adjustment between varying production and demand as well.
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