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Solar heat storages in district heating networks

Summary
This report gives information on the work carried out and the results obtained in
Denmark on storages for large solar heating plants in district heating networks.
Especially in Denmark the share of district heating has increased to a large percentage. In 1981 around 33% of all dwellings in DK were connected to a district
heating network, while the percentage in 2006 was about 60% (in total 1.5 mio.
dwellings).
In the report storage types for short term storage and long term storages are described. Short term storages are done as steel tanks and is well established technology widely used in district heating networks.
Long term storages are experimental and used in connection with solar heating.
A number of solar heating plants have been established with either short term or
long term storages showing economy competitive with normal energy sources.
Since, in the majority of the Danish district heating networks the heat is produced
in co-generation plants, i.e. plants producing both electricity and heat for the
network, special attention has been put on the use of solar energy in combination
with co-generation. Part of this report describes that in the liberalized electricity
market central solar heating plants can also be advantageous in combination with
co-generation plants.
The report gives information on the companies involved in the development.
Furthermore, a detailed list of literature (mostly in Danish) and a list of projects
carried out is given as a separate annex to this report. The Annex will be
downloadable from www.elle-kilde.dk.
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Preface
This report has been elaborated to inform about the Danish experiences and findings on the use of central solar heating plants in district heating networks.
However, the focus has been put especially on the development of the storage
part of the systems since the development of cost efficient storages is the major
challenge for increased use of solar heating in district heating networks.
The focus on the storage part also makes this report applicable for the European
PREHEAT collaboration, which has the aim to promote increased use of storages, and in which Ellehauge & Kildemoes participate
Furthermore, special focus has been put on the role of the solar heating plant in
the combined heat and power system since a clarification of this is important for
the further introduction. This part of the report has been elaborated by Thomas
Engberg Pedersen, COWI A/S.
For the report valuable help has been given by Flemming Ulbjerg Rambøll, Per
Alex Sørensen PlanEnergi, Leo Holm Marstal Fjernvarme, Troels Jensen Bladt
Industries A/S and Jan Runager Arcon Solvarme A/S.
A detailed list of literature (mostly in Danish) and a list of projects carried out is
given as a separate annex to this report. The Annex will be downloadable from
www.elle-kilde.dk.
The report has been funded as part of the IEE PREHEAT cooperation and by
Energinet.dk, project no. 2006-2-6750.
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Solar heat storages in district heating networks

Introduction

District heating is increasing in a number of European countries.
Especially in Denmark the share of district heating has increased to a large percentage. In 1981 around 33% of all dwellings in DK were connected to a district
heating network, while the percentage in 2006 was about 60% (in total 1.5 mio.
dwellings).
In the majority of the Danish district heating networks the heat is produced in cogeneration plants i.e. plants producing both electricity and heat for the network.
The large percentage of district heating in Denmark put special focus on developing centralised renewable energy solutions.
Decentralized solutions on buildings within a network are often not as price efficient as larger centralized plants and furthermore tend to decrease the efficiency
of the network, when the load in the piping network is decreased.
It has therefore in Denmark been natural to develop and investigate solar heating
systems for district heating networks and actually the worlds largest solar collector field on 18.365 m² of collectors is installed at the district heating network of
Marstal which is a small town situated on the Ærø Island.
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The Marstal solar collector field with 18.365 m² solar collector.
The 10.000 m³ water pit is seen as light grey area nearest in the
field while the 2.000 m³ water steel tank is seen as the round white
construction near the boiler building..

It has until recently been the assumption that solar heating would not be interesting at co-generation plants, since it has been common that especially the major
co-generations plants are running with excess heat production in summer. Therefore the solar heating plants have been installed at district heating plants only
producing heat for the network
However with the liberalized electricity market this picture is changing. A recent
study performed for the Danish energy utility Energinet.dk shows that in the liberalized electricity market central solar heating plants can also be advantageous
in combination with co-generation plants. [20]
Conclusions of the study on central solar heating at co-generation plants are:
•

As well house owners (customers), energy producers and environment
will benefit from solar heating. Especially solar heating in areas with a
high share of environmentally friendly electricity production from wind
power will contribute positively to the function of an electricity market
where success criteria are flexibility and the capability to react on price
signals.

•

Analyses of the electricity system in the western part of Denmark with a
high wind power share show that solar heating contribute to better balance since the binding to heat production at the plants is diminished.

Ellehauge & Kildemoes,

COWI A/S

10/50

Solar heat storages in district heating networks

•

Solar heating can be established on reasonable socio-economic conditions.

•

The establishment will have a positive effect on economics as well as on
environment.

The Danish effort on developing central solar heating plants for district heating
networks has been carried out both with respect to development of solar collector
fields and with respect to development of storages.
Especially the Danish solar collector manufacturer ArCon A/S has been active on
developing solar collectors especially suited for large collector fields, and their
12,5 m² solar collector module is used in a large number of systems in Denmark
and in other countries.
With respect to storages both solar systems without storages, with short term
storages and with long term storages have been experienced.

Ellehauge & Kildemoes,

COWI A/S

Solar heat storages in district heating networks

2

11/50

History

The first central solar heating plant for a district heating network was constructed
at Saltum in 1988. It has 1.000 m² of solar collector. The next system was constructed in Ry in 1990 with 3.000 m² of collectors. Both systems are without
storage and deliver the solar heating directly to the district heating network.
Later on a number of systems were constructed as given in table 1.
The systems experienced are both systems with short term storages and systems
with long term storages.
The experienced long term storages have been designed for development and
demonstration purposes, while the short term storages are a well established
technology.
Within the latest year a number of systems making use of short term storages or
semi long term storages have been put up on nearly commercial basis. For these
systems it has been most cost efficient to make use of water storages in standard
steel tanks.
The newest system shown in table 1 is a system in Brædstrup that will be set up
this year. Also projects for other sites are in the pipeline.
The work on seasonal storages was initiated at The Technical University in Copenhagen in 1980ies. A minor solar storage pit on 540 m³ with plastic liners was
constructed at the test ground in order to test construction principles and heat
transfer.
Furthermore a large number of studies were carried out.
A special group of engineers and specialists was formed with reference to the
Danish Energy Agency and the program for development of renewable energy
sources (see appendix 1).
The group coordinated and evaluated the projects and experiences within the
field.
The Danish work has been coordinated with similar work in other countries
through international projects e.g. [11] [19]
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Besides the different storages that have been realised and are included in table 1
a number of storages types have been investigated by predesign studies as wells
as a number of feasibility studies have been carried out for central solar heating
plants at different district heating networks.
A comprehensive list of literature and projects carried out is given in the separate
Annex 1. Unfortunately most of the titles are in Danish. However, since most of
the titles are elaborated by companies listed in Annex 1 it should be possible to
contact some of the companies to get further information.
The work carried out through the years has resulted in the practice of today,
where short term storages are designed as standard steel tanks, which are also in
use as buffer storages at district heating plants without solar.
For long term storages the development and testing of different types has lead to
the conclusion of today, that for Danish conditions where there is no rock underground, the most cost efficient storage is the recent development of the water pit
storage set up at Marstal district heating network.
In the following paragraphs the experiences gained on the different types are outlined
Storage
m³
In
Collector volume
Solar
store/m²
Plant
operation area [m²] [m³]
Storage type
fraction collector Note
Saltum
1988
1.000
0
5%
0
Ry
1990
3.000
0
4%
0
water-filled buried
tank with concrete
1.030
Tubberupvænge
1991
3.000 lid
2,9
562
Ottrupgaard
1995
1.500 water pit
2,7
9.040
Marstal
1996
2.000 water steel tank
13%
0,2
4.900
Ærøskøping
1998
1.200 water steel tank
16%
0,2
gravel store with
9.040
Marstal
1999
3.500 plastic tubes
16%
0,6 1)
3.575
Rise
2001
4.000 water steel tank
50%
1,1
2.500
800 water steel tank
25%
0,3
Nordby
2002
18.365 10.000 water pit
Marstal
2003
30%
0,8 2)
5.000
Ulsted
2006
1.000 water steel tank
20%
0,2
Brædstrup
2007
8.000
2.000 water steel tank
10%
0,3
1) Total storage volume 2.000 m³ water + 3.500 m³ gravel
2) Total storage volume 2.000 m³ water + 3.500 m³ gravel + 10.000 m³ water pit

Table 1:

Danish central solar heating plants at district heating networks
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3.1

Collector fields
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Since storages are the main topic for this report only a short introduction about
the collector fields is given.
All Danish collector fields at the plants for district heating networks are using the
same mounting technology were collectors are placed in rows and attached to
concrete blocks directly placed on the ground.
If the ground is available this technology gives the collector field with the lowest
cost, since the installation is very easy and fast.
The collectors from the company ArCon AS are dominant on the market, but recently other manufacturers have come up.
ArCon has for many years used the same concept wit a 12,5 m² flat plate solar
collector using Sunstrip absorber and 2 covers - one of glass and one of Teflon.
With the large collector area and the 2 covers the collector has a reduced heat
loss. ArCon has through the years continuously worked on improving the efficiency of the collector.

Figure 2:

Arcon 12,5 m² solar collector with mounting
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Figure 3:

Solar collector area at Marstal district heating plant

Indicative costs of solar collector fields are given in Figure 4.
Indicative cost of collector field (2007) Mounting,
foundation, piping included
300
250

/m²

200
150
100
50
0
0

5000

10000

15000

Solar collecor area [m²]

Figure 4:

Indicative costs of solar collector field
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System layout

The systems are in principle always laid out in the way that they deliver solar
heat to the return piping in the district heating network. This gives the lowest operation temperatures for the solar collectors. Furthermore a mixture of water and
glycol is used in the collector loop which makes it necessary with a heat exchanger between the collector loop and the rest of the system.
Figure 5: shows the system in Ry without storage and Figure 6 shows the principle for a pit water storage.

Figure 5:

Solar collector field without storage(RY)[ 10]

Figure 6:

Solar collector field with pit storage
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Short term storages

Short terms storages are realised by steel tanks placed on ground. The technology
is well established since the steel tanks are also used as buffer tanks at district
heating plants without solar.
Steel tanks realised at solar heating plants are:
•

Marstal 1996

•

Ærøskøbing 1998 1200 m³

•

Rise 2001

4000 m³

•

Nordby 2002

800 m³

•

Ulsted 2006

1000 m³

2000 m³

(The tank in Rise is actually used as long term storage)
In Brædstrup 2007 (see also section 6.3.1) an existing steel tank on 2000 m³ will
be used.
Typically the steel tank is insulated with about 300 mm insulation (mineral wool)
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Figure 7:
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Typical steel tank construction (Bladt Industries A/S)

Recent prices:
The tank in Rise on 4000 m³ was realised for 87 /m³ including insulation and
foundation (2001).
Quotations for tanks on 500 and 1000 m³ at Ulsted in 2005/2006 gave prices on
292 /m³ and 175 /m³.
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Adjusting the price from 2001 to 2006 level gives the approximate price curve:
Price curve steel storage tanks (Approx. 2005/6)
Mounting, Insulation and foundation included)
350
300

/m³

250
200
150
100
50
0
0

1000

2000

3000

4000

5000

m³

Figure 8:

Indicative price curve for steel tanks used as short term storages

Figure 9:

Steel tank used as short term storage at 2500 m² collector field
(Nordby Samsø)
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Long term storages

5.1

Long term storages water pits
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Long term water storage pits have been experienced through:
•

Experimental test pit on 540 m³ at Danish Technical University (1981).

•

Test pit at 1500 m³ at Ottrupgaard central heating plant for 20 dwellings
(1996)

•

10.000 m³ water pit at Marstal district heating plant (2003)

Furthermore, in Rise 2001 a system with a solar fraction of 50% was set up.
Since the system is rather small the long term storage used was a steel tank of the
same type as used for short term storages.
The above mentioned storages have been test storages to experience the thermal
behaviour and construction techniques. They have therefore been in dimensions
smaller than would be applicable for commercial systems in order not to make
the cost for the experiments too large.
For seasonal heat storages the superior economical aim has been to reduce construction costs to less than 35 /m³ water equivalent for storages larger than
50.000 m³ (price level 2004). The conclusions of the experiences so far are that
the only storage type that reaches this goal is the pit heat storage dug into the
ground.
5.1.1 Ottrupgaard
Based on earlier work and experiences the test storage of Ottrupgaard was constructed in 1996. It has a volume of 1.500 m³ and is designed based on earlier
experiences from The Danish Technical University. It is placed at a at a central
heating plant supplying heat for 20 dwellings.
The storage was tightened with bottom and sideliner of 85 cm clay, placed on the
outside on an EPDM-rubber, which was not supposed to be part of the tightening
membrane.
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The cover was a floating cover made of cold store wall elements.
The experiences from the test store were that the clay/EPDM liner is expensive
to construct.
Furthermore, it showed up to be difficult to make it sufficiently tight and to localise and repair leakages.
Also the floating cover was an expensive construction, which required extensive
joint work and taping between the elements, to prevent the seeping in of moisture.

Figure 10:

Section of storage at Ottrupgård [14]
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Figure 11:
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Plan of storage at Ottrupgård [14]

More information on the storage at Ottrupgård is given in [14]
5.1.2 Marstal 10 000 m³ water pit
The 10.000 m³ storage in Marstal (2003) was designed to test a simpler and
cheaper construction than the Ottrupgaard storage.
The construction summarizes earlier experiences and studies as well as new studies on e.g. liner types.
It has a single welded plastic liner on bottom and sides and a simple floating
cover, also using a plastic liner for the underneath.
The construction is seen on Figure 12
The following solutions have been chosen:
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Walls and edges:
The height and level of the storage has been chosen in order to obtain earth balance. It is therefore surrounded by a bank.
The cover liner and the side liner are both locked in a ditch outside the bank. The
upper part of the storage is equipped with a vapour barrier on the inside of the
sideliner to avoid condense in the bank.
The bank is insulated on the outside with EPS, as the U-value would be considerably higher in this place compared with the cover construction.

Figure 12:

Section of storage at Marstal [19]

Side- and bottom liner
A number of studies have been performed to find the applicable plastic liners.
For the actual storage two qualities of HDPE liners were tested at the Danish
Technological Institute in Copenhagen for durability and lifetime.
The lifetime for the liners has been calculated to 22,6 years (liner 1) and 24,3
years (liner 2) under the temperature conditions expected to be valid in the top of
the storage. This was concluded to be acceptable.
Furthermore it was found to be likely that the water tightness will be preserved
for yet some time provided the liner is not submitted to physical load and that the
lifetime may be extended by preventing access of oxygen.
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Figure 13:

Top of 10.000 m³ water pit storage in Marstal

Figure 14:

Excavation of the pit (www.solarmarstal.dk)

Ellehauge & Kildemoes,

COWI A/S

23/50

24/50

Solar heat storages in district heating networks

Figure 15:

Attaching the liner (www.solarmarstal.dk)

Figure 16:

Attaching the liner (www.solarmarstal.dk)
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Figure 17:

Floating the lid in place (www.solarmarstal)

Figure 18:

Construction of lid (www.solarmarstal.dk)
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Figure 19:

Completed lid construction (www.solarmarstal.dk)

Figure 20:

Completed storage (www.solarmarstal.dk)
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The cover solution
The most expensive part of a pit heat storage is the cover. Based on the experiences from the Ottrupgaard storage several projects have been carried out to find
solutions with lower costs.
Tests have been carried out with a floating cover built up using either PP modules or a stainless steel cover. The plastic solution was the cheapest but it was
found that PP will last for less than 20 years under the temperature conditions to
which the cover will be exposed in the plant.
The HDPE liners tested for the sides and bottom will last but they are too rigid to
be folded into modules. Therefore, a new solution was designed. The cover is
now one big HDPE liner, placed on the surface of the water and shaped like a
roof construction. The cover has been built up using the following layers (from
the bottom up):
•
•
•
•
•
•
•

2,5 mm HDPE
Vapour barrier (vapour diffusion of the HDPE liner would cause condense in the insulation of the cover construction).
Geotextile (for protection of the vapour barrier and liner).
Steel grid (to maintain the shape of the cover during extensions due to
temperature).
75 mm mineral wool
125-335 mm EPS insulation.
Roof foil with ventilation caps.

Pipe penetrations
Intake and outlet pipes to and from the storage penetrate the liner in the upper
part of the storage. Special attention has been put to the penetration were a
HDPE sheet with two openings (tubes) has been welded to the liner. The intake
and outlet pipes run in each tube which are tightened with injected silicone.
Constructing the storage
All in all the construction of the storage was faster and more unproblematic than
expected.
The work started in 2003. The excavation was finished on the 4th of July after
which the placing of the bottom and side liner on geotextile took place. The liner
was welded with a double hem and thereafter pressure tested. The laying out was
finished on the 18th of July.
Filling water into the system took place with one interrupt from the 29th of July
until the 25th of August.

Ellehauge & Kildemoes,

COWI A/S

28/50

Solar heat storages in district heating networks

The bottom liner for the cover was after that welded to the banks and gradually
placed on the water surface. It took three working days to establish the bottom
liner for the cover after which the building of the cover could take place. The
construction of the cover lasted 8 working days.
Economy
The total costs for construction of the 10.000 m³ storage was 670.000
/m³.

or 67

However, the constructed store is like the other experienced test storages too
small to have a good economy. Based on the prices of the actual small store the
price of a storage of a more economic feasible size on 100000 m³ is calculated.
The prices are given below
Excavating

Costs ( /m³)
7,6

Side- and Bottom liners

1,8

Cover

15,2

Draining

0,3

Intake and outlet

2,7
0,8

Control system
Other costs 10%

2,8

Total

31

Table 2:

Estimated plant price for 100 000 m³ storage incl the intake and
outlet arrangement.

It is concluded that it seems to be possible to reduce construction costs to less
than 35 /m³. The calculations in Table 2 has been made with same price/unit as
the 10.000 m³ storage.
For more information see [19] and www.solarmarstal.dk

5.2

Long term storage using tubes in soil

First projects on borehole storages and on gravel storages were performed at the
Technical University around 1990.
Ellehauge & Kildemoes,
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5.2.1 Borehole storage
A comprehensive study on a 100.000 m³ water equivalent soil storage using
tubes in boreholes was performed in 1995. As part of the study was also performed the testing of a single borehole.
In 1995 prices it was found that the cost of the storage would be around 15-30
/m³ water equivalent. However a later study in 1996 compared the cost efficiency of different types of studies and concluded that due to higher efficiency
the water pit study would have the best cost efficiency and a borehole storage
was never realised.
5.2.2 Gravel storage
A gravel storage using tubes in soil has been investigated by a 3.500 m³ storage
at Marstal district heating plant (1999), that was built as a pilot plant at the Marstal district heating plant in 1999.
A pit was dug and lined by a Polypropylene membrane. The membrane was
welded on site to a large sheet. The pit was than filled with layers of gravel and
sand. In the sand layers PEX-pipes were installed and connected to a control
shaft, placed central in the pit. The heat exchanger length (length of the piping)
was found by TRNSYS-calculations.

Figure 21:

Gravel store Marstal [46]

The storage was established and in use in April 1999 without major problems
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Economy
The prices for the storage were used to estimate the price of 100.000 m³ storage.
It was in the design phase expected that this could be established to a price of 22
/m³.
However, after having realised prices from the deliverers it was necessary to adjust the estimate for a 100.0000 m³ storage to 32 /m³.
Conclusions
This storage type cannot compete with pit water storage by neither price nor the
thermal performance. The maximum temperature is reduced by the thermal inertia of the construction, dominated by the slow heat conduction in the storage medium.
Experiments were carried out at DTU where pipes were placed into different
sand materials. Temperatures were measured in pipe and surrounding material.
By this experiment, maximum heat transfer rates of 180 W/m pipe were found
for at cold storage and an inlet temperature 40 °C above the storage temperature.
The draw-off is even more inert. Here 70 W/m were measured. No convective
heat transport was found in the sand material under these experiments. On the
other hand, gravel storage is a static construction and can therefore be applied in
locations with secondary usage of the ground.

5.3

Other experienced constructions:

Around 1990 a 3000 m³ storage tank was established at the central heating plant
of Tubberupvænge. The store was constructed by steel walls and a concrete lid.
The storage was tightened by an EPDM rubber liner.
The storage had problems with tightness and the rubber liner was later on replaced by a stainless stele liner.
Other experienced predesign were the use of standard slurry tanks from agriculture.
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Consequences of establishing solar heat in
CHP areas

The establishment of solar heat in CHP areas has an impact, not only on the heat
production, but also on the electricity production at CHP plants. This section describes these consequences, including also a Danish case study quantifying the
consequences. Furthermore, the section describes an ongoing project on implementing solar heat in a Danish CHP area, and finally the section describes some
advantages of having heat storages in CHP areas.
The section includes the following sub-sections:
•

Influence on the electricity side

•

A Danish case study

•

A Danish example of implementation

•

Use of heat storages in CHP areas.

6.1

Influence on the electricity side

By establishing solar heat in CHP areas, the heat production at the CHP units
decreases, and thereby also the fuel consumption for heat production as well as
the emissions from heat production decrease.
Apart from the heat side, also the electricity side is influenced by solar heat in
CHP areas depending on the type of CHP unit. In this respect, it is in particular
relevant to distinguish between the type of CHP unit, i.e. whether the CHP unit is
of the back-pressure type or the extraction type.
A back-pressure unit is characterised by having a fixed power to heat ratio. When
the heat production is reduced, also the electricity production is reduced.
An extraction unit is more flexible and can operate in condensing mode (electricity only), full CHP mode (same mode as back-pressure units), and in different
combinations of condensing and full CHP mode.
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Figure 22 below illustrates the operation possibilities of a back-pressure unit and
an extraction unit, respectively.
Figure 22:

Operation modes at back-pressure unit and extraction unit

Back pressure units
At back-pressure units, where there is a constant ratio between power and heat
production, a reduced heat production from Q1 to Q2 (due to e.g. the heat contribution from solar heat) will lead to a decreased electricity production from P1 to
P2 as illustrated in the left-hand side of the figure. This can be economically efficient, both for the plant operator and for the overall system, if the electricity price
is low due to e.g. a low electricity demand or a large power production from
wind turbines. Opposite, a reduction in electricity production may not be efficient when the electricity price is high, and therefore, in situations with high
electricity prices, it may be profitable not to utilise the heat production from the
solar heat units - or to store the heat in a heat storage for later use.
Extraction units
At extraction units, a decrease in heat production does not necessarily lead to a
decrease in electricity production. Instead, it leads to an increased flexibility, and
P2 can be both higher and lower than P1, as illustrated in the right-hand side of
Figure 22, depending on the electricity prices and thereby how favourable it is to
produce electricity. Thereby, in situations with low electricity prices, the electricity production at extraction units will, similar to back-pressure units, decrease as
a consequence of the heat contribution from the solar heat units. Opposite, in
situations with high electricity prices, the increased flexibility at the CHP unit
(due to the heat contribution from solar heat) will be used to increase the electricity production.
Heat-only boilers
The increased flexibility resulting from solar heat units on the electricity side can
also be obtained by shifting from CHP production to heat-only boilers. In Denmark, there is a large share of decentralized CHP units connected to the overall
electricity network and supplying heat to local district heat systems. Previously,
these units optimised their production according to a set of electricity tariffs announced by the Transmission System Operator. Since 2006, however, many decentralized CHP plants have changed to another settling system and are now opEllehauge & Kildemoes,
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erating and settled according to real electricity market prices. Sometimes the
electricity price is very low, and therefore the CHP plant operators may, and
more often than previously, shift from CHP production to heat only boilers.
Figure 23 below illustrates how the heat production prices at a CHP unit depend
on the electricity price, and also that the heat only boiler becomes the cheapest
heat production option when the electricity price is low. This also means that a
solar heat unit will substitute different types of heat production in the CHP area
depending on the electricity price.
Figure 23:

Heat price at CHP and HOB depending on the electricity price

Heat price

Heat boiler

Electricity price
Here the solar
heat displaces
boiler production

Here the solar heat displaces
CHP production with an electricity
production price larger than zero

CHP unit

It appears from the figure that when the electricity price is low, the plant operator
will choose to shift from CHP production to heat-only boilers, so in these situations, the solar heat replaces boiler production. When the electricity production is
higher, between P1 and P2, the solar heat replaces CHP production with a positive production price between 0 and the boiler price. When the electricity price is
even higher, i.e. higher than P2, the income from electricity sale becomes so high
that the heat production price at the CHP plant actually becomes negative. In
these situations, it will be advantageous not to utilise the heat from the solar heat
plant, or to store it for later use, unless the CHP unit is of the extraction type so it
is possible to decrease the heat production and still generate electricity.

6.2

A Danish case study

In the following, the results from a Danish case study are referred. The study illustrates in quantitative terms the consequences of establishing solar heat in selected CHP areas in Western Denmark. The study was carried out in March 2006
as part of the work carried out by a solar heat task group set down by the Danish
Transmission System Operator, Energinet.dk, in 2005/2006.
A number of analyses were carried out for a central and decentralised area, respectively. The CHP units in the central area are mainly extraction units (based
on different types of fuel), whereas the CHP units in the decentralized area are all
gas fired back-pressure units. The analyses were carried out by the power system
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analysis tool SIVAEL1, which is used by the Danish Transmission System Operator. This tool simulates the electricity and CHP production on an hourly basis
during the year. The analyses were carried out for year 2006 and 2015.
6.2.1 Main assumptions
In both the central and decentralized analysis was assumed an annual heat production from the solar heat units of 500 TJ. In the central analysis, the solar heat
was assumed to be established in the city area of Aarhus, which is the second
largest city of Denmark, and in the decentralised analysis, the solar heat was
spread out on a number of CHP areas based on natural gas. In all areas, it was
furthermore assumed that there is an available capacity at the heat accumulators
that makes it possible to equalize the heat production from the solar heat units
within each 24 hours.
The analyses were carried out for two different electricity price scenarios as illustrated in Table 3 below:
Table 3:

Annual average system price in /MWh2
Nord Pool

EEX

Low electricity price scenario

36,3

43,0

High electricity price scenario

53,8

53,8

The electricity prices are the average system prices on an annually basis at the
Nordic (Nord Pool) and Central European (EEX) electricity exchange. The electricity price in Western Denmark is linked to these electricity prices depending
on the transmission capacity at the cross-border interconnections. A high electricity price makes is advantageous to produce electricity at the CHP plants, and
therefore (in the decentralised analysis with back-pressure units, where a reduced
heat production at the CHP units will also result in a reduced electricity production), the solar heat units will be most feasible in the scenario with low electricity
prices. In the central areas with extraction units, the solar heat units can also turn
out to be feasible in the high-price scenario because the extra flexibility in electricity production resulting from the solar heat units can be used to increase the
electricity production.
For the socio-economic analyses, the fuel prices as presented in Table 4 below
were used. The fuel prices were based on the latest IEA fuel price prognosis at
that time.

1
2

For further information, see www.energinet.dk
1 DKK approximately equals 0.13 EUR
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Fuel prices (basis) in /GJ
Coal

Fuel oil

Gas oil

Natural
gas

Natural
gas,
dec.

Straw

Wood
chips

2006

2,00

4,09

7,14

4,22

4,98

4,44

4,35

2015

2,16

4,72

8,27

5,39

6,40

4,44

4,35

It should be mentioned, however, that today's real fuel prices are substantially
higher than the fuel prices presented above. During 2006, the average gas price
for the decentralised units in Denmark was more than 8 /GJ (excluding taxes).
The analyses were carried out assuming an allowance price of CO2 of 20,2 /ton.
The annual solar heat production of 500 TJ corresponds to a solar panel area of
approximately 300,000 m2. By an assumed price of 188 /m2, the investment
costs are 56,5 million . Assuming a lifetime of 25 years and an interest rate of
6%, the annual capital costs are 4,42 million . The annual operation and maintenance (O&M) costs were assumed to be 0,34 /MWh, corresponding to 47.000 .
Thereby, the total annual capital and O&M costs are 4,48 million .
6.2.2 Results
The analyses showed that the solar heat leads to a change in fuel consumption,
emissions and electricity production as illustrated in the tables below.
Table 5:

Change in fuel consumption, emissions and electricity production in
Western Denmark - Low electricity price scenario 2006
Coal

Oil

Natural
gas

CO2

SO2

NOx

Electricity production

GJ

GJ

GJ

1000 ton

ton

ton

GWh

Central

608.2

-9.3

-34.4

54.9

18.0

73.0

96.8

Decentralised

889.8

-31.2

-977.5

25.4

27.0

116.0

11.1
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Table 6:

Change in fuel consumption, emissions and electricity production in
Western Denmark - Low electricity price scenario 2015
Coal

Oil

Natural
gas

CO2

SO2

NOx

Electricity production

GJ

GJ

GJ

1000 ton

ton

ton

GWh

Central

-641.7

-16.8

-7.6

-62.5

-18.0

-36.0

-43.7

Decentralised

357.7

5.0

-971.5

-21.6

14.0

-1.0

-41.2

From Table 5 and Table 6 concerning the low electricity price scenario, it appears that the solar heat in 2006 leads to an increased electricity production,
whereas it in 2005 leads to a decreased electricity production. The reason for this
is that the electricity prices at Nord Pool and EEX were assumed to be the same
in 2006 and 2015 at the same time as the fuel prices increase from 2006 to 2015.
Therefore, the thermal plants in Western Denmark are more competitive in 2006
than in 2015, and in 2006 the extra flexibility caused from the establishment of
solar heat is used to increase electricity production.
Table 7:

Change in fuel consumption, emissions and electricity production in
Western Denmark - High electricity price scenario 2006
Coal

Oil

Natural
gas

CO2

SO2

NOx

Electricity production

GJ

GJ

GJ

1000 ton

ton

ton

GWh

Central

-56.3

0.2

-48.8

-.82

-.10

-22.0

15.3

Decentralised

-202.7

2.2

-910.0

-71.7

-6.0

-35.0

-115.4

Table 8:

Change in fuel consumption, emissions and electricity production in
Western Denmark - High electricity price scenario 2015
Coal

Oil

Natural
gas

CO2

SO2

NOx

Electricity production

GJ

GJ

GJ

1000 ton

ton

ton

GWh

Central

-111.2

-3.7

-39.9

-13.2

-4.0

-13.0

1.3

Decentralised

214.1

-6.8

-912.0

-33.1

15.0

-12.0

-73.3

From Table 7 and Table 8 concerning the high electricity price scenario, it appears how the solar heat in the decentralized areas leads to a decreased electricity
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production, whereas it in the central areas leads to an increased electricity production.
From the four tables with changes in fuel consumption, emissions and electricity
production, it appears how something goes up and something goes down. For
instance, in some situations, a reduction in fuel consumption and emissions is
counterbalanced by a reduction in the electricity production.
In order to give an overview of the total consequence, the table below shows the
total socio-economic benefit in each analysis (in monetary terms) calculated from
the changes in Table 5 to Table 8 and based on the assumptions in Section 6.2.1.
Table 9:

Socio-economic benefit excluding annual capital costs, million
2006

2015

- central

0,56

1,52

- decentralised

1,95

4,18

- central

1,32

1,09

- decentralised

1,72

2,82

Low electricity price scenario

High electricity price scenario

It appears that the benefit is in general higher in 2015 than in 2006, which is due
to higher fuel cost. It also appears that the benefit is larger in the decentralised
areas than in the central areas.
The benefit of between 0,5 and 4,2 million per year, however, should be held
up against the annual capital costs of establishing the solar heat units of approximately 4,4 million . This indicates that the solar heat units, by use of the
assumptions as presented in Section 6.2.1 (including low fuel prices), are not
profitable seen from a purely economic point of view.
6.2.3 Sensitivity analysis - higher fuel costs
The benefit of the solar heat plants depends heavily on the used fuel prices. The
fuel prices used for the analyses are, as described in Section 6.2.1, based on the
most recent IEA prognosis (at that time). Apart from the "basis prognosis", however, IEA also operates with two alternative fuel price prognoses based on a "Deferred Investment" scenario and a "World Alternative Policy" scenario. The Deferred Investment scenario describes a situation with insufficient investments in
production capacity in the oil and gas producing countries (the MENA3 countries), which leads to increased coal, oil and gas prices. The World Alternative
Policy scenario describes a situation with large investments in energy savings

3

MENA: Middle East and North Africa
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and alternative fuels (renewable and nuclear) as a consequence of political measures, which will lead to lower coal, oil and gas prices.
The IEA fuel prices in 2015 based on the Deferred Investment scenario are presented in Table 10 below.
Table 10:

2015

Fuel prices (basis) in /GJ
Coal

Fuel oil

Gas oil

Natural
gas

Natural
gas,
dec.

Straw

Wood
chips

2,34

5,65

9,92

6,28

7,45

4,44

4,35

A sensitivity analysis of the scenario with low electricity prices in 2015 and by
use of the higher fuel prices presented in Table 10 shows that the socio-economic
benefit from the solar heat units in the central analysis increase from 4,18 million
as presented in Table 9 to 5,27 million . Thereby, the annual benefit exceeds the
annual capital and O&M costs. With even higher fuel prices, as for instance today's level in Denmark, of more than 8 /GJ for natural gas in decentralised areas, the benefit from solar heat will be higher.
6.2.4 Conclusion
The analysis of solar heat in the Western Danish electricity and CHP system has
shown that the solar heat has an impact not only on the heat side but also on the
electricity side. In hours with very low electricity prices, when the CHP plant
operator has shifted production to heat only boilers, the solar heat units do not
influence the electricity side. But in these hours, the solar heat replaces heat from
heat-only boilers (instead of CHP) with relatively high production costs and relatively strong environmental impacts.
The analysis shows that the benefit from solar heat is largest in the decentralised
areas and in situations with low electricity prices. However, the analysis has
come to the result that by use of the main assumptions set up in Section 6.2.1, the
solar heat units seem not to be profitable from a purely socio-economic point of
view. The annual benefit from the solar heat units has been estimated at between
0,56 and 4,17 million , which is less than the annual capital costs and O&M
costs of approximately 4,44 million .
The benefit of the solar heat units, however, depends much on the assumed fuel
prices, and it should be noted that the socio-economic fuel costs used for the
analyses at the time when the analyses were carried out are much lower than today's level. A sensitivity analysis for 2015 shows that by use of higher fuel costs
in the scenario with low electricity prices, the benefit from solar heat in the decentralised areas increases from 4,18 million to 5,27 million , and thereby the
benefit exceeds the annual capital and O&M costs. With even higher fuel prices,
as for instance today's level in Denmark of more than 8 /GJ for natural gas in
decentralised areas, the benefit from solar heat will be higher.
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The analyses were carried out for two selected CHP areas. One is the Aarhus city
area (central area) and the other is the group of decentralised natural gas CHP
units seen as an average group. An analysis of other central areas might lead to
other results, and furthermore each individual decentralised area may differ from
the average. For instance, a gas fired plant in one specific area may have a lower
fuel efficiency than the average, which will draw in the direction of increased
benefit from the solar heat unit, if established in that specific area.
It should also be mentioned that in the socio-economic analysis, when it comes to
the environmental impacts, only the value of saved CO2 has been taken into consideration. The solar heat units may in some situations also lead to reductions in
the SO2-, NOx- and particle emissions. Inclusion of such aspects would increase
the benefit from solar heat further.
Furthermore, it has not been taken into consideration that in a future balanced
system, the entrance of solar heat in the CHP system may lead to a decrease in
the optimal size of the CHP unit. If so, some capital costs at the CHP unit will be
saved.
Finally, it should be stated that an increased market for solar heat may lead to a
further optimisation of the price/performance ratio. During the last ten years, this
ratio has increased by 33%, and there may still be some potential for improvements.

6.3

A Danish example of implementation (Brædstrup)

In Denmark, a large solar heating plant is presently under construction in connection with an existing local gas fired CHP plant in the city of Brædstrup. The decision was taken in August 2006, and the plant is expected to be in operation on
1 July 2007. The plant will be the third largest in the world, with an effective collector area of 8,000 m2. The annual heat production is expected to be approximately 4,000 MWh, corresponding to the heat consumption of approximately
300 households, and corresponding to approximately 10% of the district heating
demand in Brædstrup.
6.3.1 Brædstrup DH
Brædstrup DH is a co-operative company owned by the district heating customers in the city of Brædstrup. The company supplies heat to about 1,260 households, thus covering about 95% of the city's heat demand. Brædstrup Totalenergianlæg A/S is a limited company, 100% owned by Brædstup DH. The company
owns a CHP gas engine, which produces 40,000 MWh heat a year to the local
district heating customers, and 30,000 MWh electricity sold on the electricity
market. About 90% of the heat is produced at the CHP gas engine, whereas the
rest is produced at natural gas fired boilers.
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6.3.2 The project
The aim of the project is to reduce the use of natural gas and the CO2-emission,
to increase the flexibility, and to improve the economy. Furthermore, an important part of the project is to measure, analyse and optimise the operation of the
solar system in combination with the CHP plant.
The calculations made during the preparation of the project have estimated that
the solar heat system will reduce the district heating price for the present customers by 70 EUR per year. These savings have been calculated on the basis that no
grant is given to the realization of the project, and that natural gas prices remain
unchanged. With subsidised construction costs, or increased natural gas prices,
the customers' savings will be even bigger.
Apart from saved fuel and O&M costs, the solar collector system also results in
an increased flexibility at the CHP plant, which can be used for participating in
the regulating power market. By offering such regulating services by entering
into agreement with the Danish Transmission System Operator (Energinet.dk), or
by placing regulating power bids (via a balance responsible party) when the
company finds it attractive, the economic benefit from the solar system can be
increased even further.
In connection with the project, a further development of the existing technology
of solar collector is also taking place. New models are being set up to optimize
the operation of the CHP plant, and calculations are being made of the possibility
to establish seasonal heat storage and heating pumps, which can further increase
the flexibility of the system. The project also contains a presentation part which
among other things consists of workshops, and an adjacent information pavilion.
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Architectural illustration of the solar collector system in the city of Brædstrup

Source: www.braedstrup-fjernvarme.dk

6.4

Use of heat storages in CHP areas

6.4.1 General use of heat storages
The presence of heat storages in connection with CHP plants makes it possible to
allocate the heat and electricity production to hours when the electricity price is
highest. Thereby, the income to the CHP plant from sale of electricity can be
maximised.
The more the electricity price varies from time to time, the more important is the
presence of heat storages. One thing that highly contributes to variations in electricity prices is the penetration of some Renewable Energy (RE) sources in the
power system, such as e.g. wind power. Therefore, in a future energy market
with a larger share of RE than today, heat storages may be even more important.
Figure 25 below shows a typical production pattern at a CHP plant equipped with
a heat accumulator. The upper part of the figure shows the production at the CHP
plant and the heat boilers, and the lower part of the figure shows the utilisation of
the heat storage.
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Figure 25:

Time series for heat demand and production and utilisation of heat storage
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The figure illustrates an example where the electricity price is so high that the
CHP unit is always the cheapest heat production unit. Therefore, the heat boiler
only produces in peak-load hours and when the CHP unit is out of operation due
to breakdowns or maintenance.
The heat accumulator is only rarely used during winter time when the CHP unit
operates almost full load day and night (due to a high heat demand).
From the figure it also appears how the CHP is operating either full load or is
stopped. This is partly due to the wish of operating to the largest possible extent
in hours when the electricity price is high, but also due to the fact that the CHP
plant is often more efficient in full load than in part load.
In Figure 26 below, the heat demand and heat production is sorted according to
descending heat demand (a so-called "duration curve"). In this figure, it is even
more clear to see how the CHP unit is operating "start/stop" due to the presence
of the heat storage.
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Duration curve - heat demand and production
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6.4.2 Seasonal storages
The heat storages mentioned in Section 6.4.1 are small storages with a typical
storage capacity corresponding to 6-10 hours of full-load operation at the CHP
plant. These storages are often loaded and unloaded as also illustrated in Figure
25.
Another type of storage is seasonal storages which can store heat from one season to another. Such type is in particular relevant in connection with solar heat
units, due to the fact that the largest heat production is in summer time whereas
the largest demand for heat is during winter time.

Ellehauge & Kildemoes,

COWI A/S

44/50

7

Solar heat storages in district heating networks

Price development and economics

The development in Denmark within collector fields and large storages for district heating networks has meant that solar energy for district heating now can
compete economically with other energy sources.
The indicative prices of collector fields and storages that are given in paragraph
3.1 and 4 and the prices for the Marstal pit given in paragraph 5.1 results in that
solar heating can be integrated in conventional district heating systems giving an
energy price of about 0,045 /kWh for solar fractions up to 30%.
In Marstal, the latest collector field on 8.019 m² solar collectors and the 10.000
m³ water pit storage was established for less than 2,28 mio . The production is
around 3.800 MWh/year and with a financial cost on 6,7 % /year the heat price is
0,045 /kWh.
The above calculation was done on the extension of the Marstal plant with the
8000 m² collectors and the 10.000 m³ water pit which gives a solar fraction on
30%. A calculation for a complete new plant with 19.000 m² of collector and
10.000 m³ water put also with a fraction on 30% will show even lower heat production prices.
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Appendix 1 Danish companies
Danish companies involved in development, design and construction of storages
for district heating purposes.

Consultants and knowledge centres:
PlanEnergi consultant engineers
www.planenergi.dk
Jyllandsgade 1
9520 Skørping
Contact person: Per Alex Sørensen
+45 96 82 04 00
Rambøll
consultant engineers
www.ramboll.dk
Englandsgade 25
5100 Odense C
Contact person: Flemming Ulbjerg
+45 65 42 58 87
Niras
consultant engineers
www.niras.dk
Vestre Havnepromenade 9, Postboks 119
9100 Ålborg
Contact person: Carsten Wesenberg
+45 96 30 64 00
COWI A/S consultant engineers
www.cowi.com
Parallelvej 15
2800 Lyngby
Contact person: Thomas Engberg Pedersen
+45 45 97 22 11
Marstal Fjernvarme
www.solarmarstal.dk
Jagtvej 2
5960 Marstal
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Solar heat storages in district heating networks

Contact person: Leo Holm
+45 62 53 15 64
Brædstrup district heating utility
www.braedstrup-fjernvarme.dk
Fjernvarmevej 2
8748 Brædstrup
Contact person: Per Kristensen
+45 75 75 33 00
GEO geotechnical Institute
www.geoteknisk.dk
Maglebjergvej 1
DK-2800 Lyngby DK
+ 45 45 88 44 44
BYG* DTU Technical University of Denmark
www.byg.dtu.dk
Bygning 118
2800 Lyngby
Contact person: Simon Furbo
+45 45 25 1857
Energinet.dk electricity and gas utility
www.energinet.dk
Fjordvejen 1-11
7000 Fredericia
Contact person: Lise Nielson
+45 70 10 22 44
Industries:
ARCON Solvarme A/S Solar collectors for district heating
www.Arcon.dk
Jyttevej 18
9520 Skørping
Contact person: Jan Runager
+45 98 39 14 77
GJ Vietnam Company Ltd. Solar collectors for district heating
DK company situated in Vietnam
www.gjvietnam.com
Bladt Industries A/S manufactorer of steel tanks
www.bladt.dk
Nørredybet 1
9220 Aalborg Ø
Contact person: Troels Jensen
+45 96 35 37 28
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