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Executive summary

In this report, the potential role of largecale thermal energy storag€BES the FLEXYNETS concept

has been analed. The report focuses on four storage types; tauik,aquifer and borehole storage
(TTES, PTES, ATES and BTES respeclitelpforagetime scales, temperatures, volume, storage
medium and investment costs have been described and quantified in the context of FLEXYRETS.
required storage volume andvestment costs are highly dependent on the temperature difference in

the storage. As the FLEXYNETS concept works with very low temperature differences between forward
and return temperatures (approx.-86 K difference), this would require afmge$hat work at the
FLEXYNETS network temperature to be laage more expensivehan storagesof the same energy
storage capacityvorking at conventional district heating temperaturddowever, i the amount of
surplus heat is significantly higherlatv temperature it may be mordeasibleto choose a connection

to this low temperature heat source. Also in this case it may be feasible to include a stdtage
description of TES technologies also includes sections on spatial requirements and considerations on
heat bsses.

The utilization of surplus heat is an important aspect of the FLEXYNETS corarephissiopipeline

costs for he utilization of surplus hedtave been anabedin connection with the thermal storages

The results suggest that sourcing surpluath@ evenseveralkilometres away from the FLEXYNETS
network canbe economically feasible, as long as the surplus heat source is suffi¢éé&gt# compared

to the networkdemandand as long as the assumptions of the model are applicdbleeality the

actual feasible transmission distance depends on local conditions and boundary conditions and must
be evaluated individually in each case.

Stuations have been identified in which largealeTEScould be most relevant in the FLEXYNETS
concept. This is inase surplus heat is available at temperatures higher than the FLEXYNETS network
temperature, and this heat is directly transferred, via a transmission pipelinel E53 he storage can

in that casetake advantage of the larger temperature difference beem the surplus heat
temperature and the FLEXYNETS cold pipe temperature, which lowers the required storage volume
and investment compared to operating only at FLEXYNETS temperatures.

This system has been modelled in the simulation softiid@&ISY. S he ginulations have been carried

out for all fourTESypes and for three reference cities; Rome, London and Stuttgart. The simulations

have been performed for different operating temperatures and for different amounts of surplus heat
availability. The results of the simulations have been evaluated basédmimdicators the average
GKSNXYIFf SySNHe 3ISYSNIraGdA2y O2al kgmisdidgaSarising BoimSY 0 Ay
satisfying the heating and cooling demand in the system (in kton/ydatilitionally, the Sankey

diagrams of the energy flows fatifferent locations and different TES technologies are shown, to
quantitively describe how the energy is transferred between the different components of the system.

A storage carin generalbalance fluctuations in surplus heat supply and network heatirdyaoling
demands, thereby facilitating more efficient usage of the incoming surplus heat and reducing the
requiredauxiliary energy supply the network(and any associated @missions).

The results of the simulations show that especially ATES buPaE8 and BTES can be very relevant
as seasonal storage in the FLEXYNETS concept, in case surplas teegieratures above the
FLEXYNETS operating temperatsi@vailable. Investing in sutdrgescaleTESan significantly lower
0KS &eéai s v.emissibny gssatidted with heating and cooling (by up to 95% in investigated
scenarios), and either lower the thermal energy price (in investigated scenarios up to 50%) in the
system or at least keeping it at a similar level compared to a system withewgttihage The storage

types all have different benefits and drawbacks depending on the system they are a part of. The
conclusion is therefore that although largeale thermal energy storages are not always relevant for
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the FLEXYNETS concept, they candrg beneficial to the system in certain cases, in particular if
surplus heat above the network temperature is available in large quantities, and are therefore worth
considering when evaluating specific cases in more detalil.
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1 LYUONRRAZOGA2Y

This reportdescribes howdrge thermal storage system¢TEStan be used not only in general for
district heating and coolinPHQ networks but also in the context of the lower temperature levels of
a FLEXYNEThe aim is to provide answers to the questiband in what contexts largscale thermal
storages could be beneficial for the FLEXYNETS conteet.analysis includeboth spatial
requirements, energy performance (temperature dependency) and econamspectsof such
storages.

Four types of larg&ESare considered in this report. These are tank storage (TTES), pit storage (PTES),
aquifer storage (ATES) and borehole storage (BTES&3e storages are considered to be relevant in

the content of FLEXYNETS grids/@an®HC networks in generdh all andysed cases the energy
storage medium is assumed to be liquid wateince water has a relative high heat capacity. A short
sectionin the following chaptedescribes this choice.

In chapter 2 of this report, some general principle3 Bfare introducedand discussed iretms of the
FLEXYNETS concept. These are principles related to storage time scale, categorization, temperature,
volume, storage medium and economics of scale. In chapter 3, a more detailed description of the
physical and economical paratees for each storage type is given and discussed in terms of storage
temperature levelsas well as spatial requirements and considerations on heat loBsekapter 4, the
utilization of surplus heag¢.g from industrial sources is discussed, with a o the transmission
pipeline costs related to thif.e. how long a transmission pipeline could feasible to connect the

heat source and the storayieln chapter 5, a model system with surplus heat and lsage thermal
energy storages is describeddamodelledusing theTRNSYS&mulation softwareData from chapter

3 and 4 areused as inputs for the model. The performance of the different thermal energy storage
technologies in the modelled system is evaluated economically (in terms of the resulgéngyeprice

in the network) and technically (in terms of the £@nissions reduction). In chapter 6, the main
findings of the report are summarize@vhich results in guidelines for use of laigmale TES in the
FLEXYNETS concept




2 DSY SBONAfy OANILKESHNGY 2 HNF I S &
2.1 Storage tme scalecategorization temperature and volume

2.1.1 Time salefor storing

The idea oh TESsto utilize energy being generateshile the production conditions are as effective
and favourable as possiblExamples include tharoduction of solar thermal during the daheating
or cooling generation in heat pumps while electricity prices are mwdthe production of electricity
and heat in a CHP plawhile electricity prices arkigh

Energystorage helps deouplingthe productian from the demand, which is useful in systewtsere it

is difficult to regulate the production profiles. This is the case in systgthdighshares ofluctuating
renewableenergysuch as solar thermarhis can also béhe casefor systems with a constant inflow

of surplusheat from industrial processes, which does not necessarily match the daily or seasonal
variations in the heating and/or cooling demarithe storage thereby increases the flexibility to utilize
sources of enengthatcannot be regulated to fithe demandprofile.

The basic principle afeparating the production and demand in tinsan beeither on a shortterm
basisor onaseasonal timescale While smaliscalestoragedor very short periods (e.g. only ¢rourly
basig may be useful on local levehe term éshort-term storages is usedin this reportfor storages
from daily variations up teveeklystorage capacitydlongterm storages refer to storage capacities
that can account for seasonal variatiorfhe caacity of shoriterm and longterm storages in this
regard, dependon the systenproperties (including production technologies and specific demand) to
which the storage is connected

2.1.2 State of thestorage nedium

Thermal energytorages can be divided infour physically different technologiesccording to the
state of the storage medium

Sensible storagetise the heat capacity of the storage material. The storage materiabgt often
water due to itsfavourable properties e.g. havindhah specific heat per voluma)ow cost andbeing
anon-toxic medum (see next section)

z A

Latent storagesMl { S dzaS 2 F (K a02N)r3S YFGSNARAIfQa 0SSy

a constant temperature.
Chemical storagedtilize the heat stoed in a reversible chemical reaction.

Sorption storagesUse the heat of ador absorption of a pair of materials such as zeeler
(adsorption) or watetithium bromide (absorption).

This report focuses on sensible heat storages only, since theatyyse of storages in DHC networks
does not involve latent, chemical or sorption heat storages. Furthermore, the aim of the FLEXYNETS
concept is to use existing and proven technology if possible, and latent, chemical and sorption heat
storages are still ieg developed and have not been widely demonstrated or adopted for {scgke

heat storage.

2.1.3 Temperatureévelandvolumerequirements

The temperature level in storages can range from cold storages used for cooling purposes to hot
storages, where the tempature in the top of the storage corresponds to the supply temperatiure o
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the DHnetwork. The heat storage capacity depends on the temperature levialshe storage The
energystorage capacitjor sensibleheat storages

1 & 2o Y'Y (Equation 1)

wherem is the mass of the storage mediurpiscthe specific heat capacity of the storage medium and
Y"Yis the difference between the maximum and minimum operating temperature of the stofidge.
larger the temperature difference, the higher thieat storage capacityis for a fixedmass of the
storage mediumUsing Equation 1he volume @ required forstoring one unit of energy (i.e. the
specific volumegan be written as

© © P Equation2
0O & QJo JYY ” Qo Y'Y (Equation2)
where” is the den§ity ofhe storage mediun{’” & ¥w). Theabsolute volume required for storing
the energy content with a temperature difference a¥"Vis thus
, 0 .
w WY (Equation3)
These results apply to a storage medium at ambient pressure, regardless stbthge technology,
and excludes any additional volume required for containing the storage medium (i.e. storage walls and

insulation).

2.2 Water as astorage medium

Existing Danish heat storages DH systems are usually with water as the storage medium. The
reasons include that water is ndoxic, allows for temperature layering (stratification), can provide
large effects when charging and discharging, has good heat transfer propbesahigh specific heat
capacityand is relatively cheapihe specific bat capacity of water iapproximately4.18 kJ/(kiK),
which is higher than that of most other leeost, abundant materials such as sand, iron and concrete.
Some examples of specific heat capacities are givéalite 2.1

Table2.1 ¢ The volumetric specific heat capacities of a ie@xpensiveabundant materials (PlanEnergi, 2013).

‘ Material Capacity (KWh/n¥/K)
Water 1.16

Steel 1.07

Concrete 0.58

Soll 0.8-0.9

In some systems, a mix of glycol is used in order to avoid freezing. That is for instance seen in solar
thermal fields, cooling systems aifshallow)geothermal systems. However, the use of glycol is not
without drawbacks; théneat capacity is lower thanater and the viscositgnd densityis higher than

water, which results in a need for higher pumping energy in the system, compared to Raj@zrties

of water and different migsof propylene glycol is seen in the following tafde comparison
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Table2.2 ¢ Properties of water and different mixes of propylene glycol.

Density Constant pressure heat capacity Kinematic viscosity
30% 40% 50% 30% 40% 50% 30% 40% 50%
Propylene Propylene Propylene Propylene Propylene Propylene Propylene Propylene Propyleng
Water glycol glycol glycol Water glycol glycol glycol Water glycol glycol glycol
T ! ’ ’ ! cp cp cp cp A A A A
[°C] [kg/m® [kg/m’ [kg/m®] [kg/m? |[kJ/kg K] [kd/kg K] [kd/kg K] [kd/kg KI[1P s 108 mPs 1P ms 18P mls
-30 1.074 3,26 180,00
-20 1.056 1.069 3,54 3,31 48,00 75,00
-10 1.040 1.053 1.064] 3,75 3,57 3,35 13,00 23,00 35,00

0 1.000 1.037 1.049 1.058 4,22 3,78 3,61 3,39 1,75 7,40 12,00 17,50,
10 1.000 1.033 1.044 1.053 4,19 3,81 3,65 3,43 1,30 4,80 6,30 10,00,
20 998 1.029 1.038 1.046 4,18 3,84 3,68 3,47 1,00 3,30 4,30 7,20
30 996 1.024 1.033 1.040 4,18 3,88 3,72 3,52 0,80 2,40 3,00 4,30
40 992 1.018 1.027 1.033 4,18 3,91 3,76 3,56 0,66 1,75 2,20 3,10
50 988 1.013 1.020 1.026 4,18 3,94 3,80 3,60 0,55 1,40 1,75 2,20
60 983 1.007 1.013 1.019 4,18 3,97 3,83 3,64 0,47 1,10 1,40 1,75
70 978 1.000 1.006 1.012 4,19 4,00 3,87 3,68 0,41 0,90 1,10 1,40
80 972 993 999 1.005) 4,20 4,04 3,91 3,73 0,36 0,78 0,95 1,20
90 965 986 992 997 4,21 4,07 3,94 3,77 0,32 0,70 0,81 0,99

100 958 979 985 989 4,22 4,10 3,98 3,81 0,29 0,60 0,72 0,88

Due to its advantages, water is the most widely used storage medium for storing heat at temperatures
below 100 °C. If pressurized, water can also be used for gtbaat at temperatures above 100 1@.

Figure 1 Equation 2 has been used to plot the dependence of the specific energy storage volume on

w "Yor the case of water as the storage medium. Due to the inverse proportionality of the specific
volume and the temperature difference between the storage inlet and outbefy(it is considerably

Y2NB aodz {@¢ G2 &02NB K Sdluésokyvhai fisrargd \aiNggs ap2YF & 0 S NJ

Specific storage volume as a functiomadf

200
180
160
140
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80
60
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5 10 15 20 25 30 35 40 45 50
nT (K)

Figurel ¢ The required volume for sensible storage of one MWh of heat as hot water shown as a function of the
temperature difference between the maximum and the minimum storag@¢eatures
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Large volumes are required to store large amounts of heat with a small difference between the
maximum and minimum storage temperature.Rigure 2 Equation 3 has been used for plotting the
required storage volume as a function of the requistdrage capacity for different values @f"YAs

can be seen ithefigure, the difference in the required absolute volume can be very latgn storing

large amounts of heat in the form of water at differeqt"Walues The benefit of an increased
temperature difference becomes less pronounced at higher values (e.g. changing from 40 K to 50 K)
compared to the lower examples (e.g. changing from 10 K to 20 K). In other words, at the low operating
temperatures of FLEXYNE&Slight increase il"Ycan have a big impact when it comes to storages

Volume as a function of storage capacity for differgit

1,000,000
900,000
800,000
700,000
600,000
500,000
400,000
300,000
200,000
100,000
0

N O O O ® O O O O S O
S $ S $ ¢ $ $ S S ¢
S S R S A AN

Volume (n9)

Storage capacity (MWh)

——NT=10 K—nT=12 k—nT=14 k—nT=16 k—npT=18 K
——NT=20 k—nT=25 K—NT=30 K—nT=40 k—nT=50 K

Figure2 ¢ The required storage volunass a function of the heat storage capaaithen storing leat in the form of hot
water, shown for a few different values af"Y

2.2.1 Network as storage

As shown in the previous section, water can be used to store large rather large amounts of energy.
However, the stored capacity is dependent on the temperature differead@HC network can itself
contain large amounts of heated or cooled water. This section serves to look into the potential of using
the network as a storage.

For this purpose some basic assumptions have been made using the same amount of heat demand, as
the TRNSYS calcutats later in this report (see Sectidand forward). The heat demand is in these
calculations 100 GWHBased orrough assumptions, like an average pipe dimension 8.3 mm
(corresponding to a DN150 pipe), the network volume has been estimatabtond2,000m?. In the
following, the total heat capacity of the network has been estimated based on the properties of water
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and mixes of propyle glycol, showedTiable2. The mix of propylene glycol depends on the specific
system, normally more than 30 % mix is not necessary, but higher percentages is included here for
demonstration. Fronthe numbers inrable2 it is evidence, that water has the highest storage capacity.

If the 50 % propylene glycol mix should have the same capaxiyater at a differerestemperature

of 45 K, the difference temperature should be betweer488K.

It is also clear that the temperature difference is of highest significance, and not the supply and return
temperature.

Table2.3 ¢ Estimated strage capacity of a network supplying 100 GWh

Storage capacity [MWh]
30% 40% 50%
propylene |propylene |propylene
'|'SuppIy [Oq Tretum rql Taitr [K] Water glycol glycol glycol

20 10 10 24 23 22 21
30 15 15 36 34 33 31
40 20 20 47 45 44 42
50 25 25 59 57 55 53
60 30 30 70 69 66 64
70 35 35 82 80 78 74
80 40 40 93 92 89 86
90 45 45 104 103 100 97

In some DH systems, the temperature differences in the netvasekused to reduce peaks. This
methodis forinstanceseen in Denmark, where the DH plants use the method to reduce mornaig pe
loads by raising theupply temperature well in advance to supply in the morning p&akelation to

the FLEXYNETS projeidtmay not be possible to raise the supply temperature dudrenwvbacks such

as increased heat los by use of minimum pipe insulationstead the retun temperature can be
lowered to increase the temperature difference. In this case, a mix with propylene glycol may be
necessary, if the temperature is lowered telbw the freezing point of water.

In the following example it is shown that a change in thmperature difference can increase the
capacity of a network. As illustration for a FLEXYNETS system a supply temperature ofig8d°C is
and the temperature difference is varied frasnto 15 K. The demand of 100 GWh is still used and the
network stora@ volume is the 00 m3. The results of the network storage capacity is seen in the
following figure.

It is seen that it is possible to dubble or triple the capacity in the network in this example. However, as

it is also the case for DH plants in Denmdhlere is not sufficient capacity to use the network as
storage capacity in the purpose of optimizing production from for instance solar thermal plants, heat
pumps, etc. Volume capacities used for the same heat demand in the TRNSYS calculations later on is
for instance up to 1,0 mio. hwater equivalent PTES.




60 60%

MWh

50 50%

40 40%

30%

30

20 20%

10 10%

0%
Water 30% propylene glycol
Capacity difference +5K in percentage (2nd axis) E=== Capacity difference + 10K in percentage (2nd axis)

Tdiff 5 K Tdiff 10 K
Tdiff 15 K

Figure3 ¢ Network storage capacities at different temperature differences for a guppiperature of 20 °C.

A general remark on utilizing the network as storage is tih@eems to be necessary to have rather
large dimensions in the network and the temperatutégferenceis of significance to the network
storage capacity. The network volume in itsislf not consideredsufficientto have the necessary
capacityo be used a storage for optimization, but can be used for peak shaving in some peak loads
period (e.g. morning peak load)t should however be kept in mind, that the network should not be
dimensioned for this purpose. Other things to keep in mind, is the possifteihheat losg especially

in the FLEXYNETS and similar corscetere the pipe insulation is kept to a minimum, the thermal
stress of the pipes if the temperature is varied too much and the higher use of pumping #reengix

of propylene glycol isaed due to high viscosity of the fluid.

2.3 Energy srageeconomics ofscale

Similar to most other energy conversion and/or storage facilittesspecificinvestment cost®f hea
storageqdefined as cost€per unit of voluméare dependent on its dimensioisthe form of a power
law:

0 .
" W 0 ww (Equatiord)

For a given type of storagehe constantgdand wcan be found by fitting a powedaw to a data set
containing investment cost data for an arraydifferently sized storages.

By combining Equation 4 and the expression for the required storage volume from Equatien 3,
following expression for the economics of scale as a function of the energy storage capacity and the
temperature differencecan beobtained

V)

S — Equation 5
T oYY (Eq )

6 O

Thismethodof evaluating the economics of scale is used lat¢his reportfor the investigated storage
types.
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3 tKaaAOlt |y MNRABNGRABROIRT 1St SO0 SR
3.1 Investigated storageypes
The following largescale storages are investigated:
f Steeltanksdentralizedd RIF Af @€ 6 GSNJ ad2N)F 3Sa0
f Water pit storagesdentralizedd R Af 8 ¢ G2 aaSlazylrfté ad2NF3Sao
1 Borehole storagescéntralizedd R Af € ¢ G2 aaSlazylrfeé adz2NI 3Sao
Aquifer storagescentralzeda R At 8¢ (G2 daaStazylté adz2Nra3ASaov

=

These storage types aenalyed and described in terms of energy density, costs etc. depending on
the temperature levels. A thing to consider in a given conigwthether it is more feasible to store at

a) low temperatures (because the investment in insulation can be reduced and/or rsanelus
heat may be available at low temperatures)

or

b) high temperatures (because this will mean higher energy density and thereby a smaller storage
volume for the same energy content).

Tank thermal energy storage (TTES) Pit thermal energy storage (PTES)
(60 to 80 kWh/m®) (60 to 80 kWh/m?®)

L
R e
- "!!_,’E'.E!"" — '%f

LA

B

Borehole thermal energy storage (BTES) Aquifer thermal energy storage (ATES)
(15 to 30 kWh/m?) (30 to 40 kWh/m?)

— -
— =

Figure4 ¢ Concepts ofour different thermal energy storageBigure reproduced frorfMangold, 2007)

Figure 3 from(Mangold, 2007)s reproduced to illustrate the principles of tank storage, water pit
storage borehole storageind aquifer storage
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Storing at low temperaturewill imply a limitedp “#nd thereby a limited energy density in the storage.
This will also depend on the available heat supply (i.e. if high temperature heat is directly available or
not).

Some largesale storages occupy free space whereas others can be integrated with recreational areas.
In case the storages must be located in the outskirts of (or outside) the city, transmission pipes have
to be includedSee more on spatial requirements of the diffet@ ES irsection3.7.

3.2 Tank Thermal Energy StoragESTEp

3.2.1 TTES technology description

Cylindrical steel tanks assoknownasTTES, which is an abbreviatmfrtankthermal energy storage.

This type of storage can be located above ground level, which is the most common case, but it can also
be located below ground level. This is for instance seen in Germany, where tarsiksraemesused

evenas seasonal storagesdonnection to e.g. solar thermal, supplying smaller residential atete

storage is placed as steel tank above ground, it can be dominant in the landscape. If the storage is
below ground level, imay bepossible to use the area for other purpos&e moreinformation on

spatial requirements of TTESsiaction3.7.

Nearly 300 DanisPHplants have heat accumulation tanks. These are not buried underground, but
aremade as insulated freestanding cylindrical steel tanks located next t®Hhglant. The average
size is approx. 3,000 {PlanEnergi, 2013). Thmumulated storage capacityof all thesetanks is
approximately 50 GWh. The tanks were initially installed togewith CHFplants to enable flexible
production, optimizing the revenues from the electricity production. Due to the increased electricity
production from wind turbines in Denmark, the annual operation hours of the CHP plants are
decreasing. Now theseanks are in many cases utilized for solar heating plants, where they are
sometimes supplemented by additional tank capacity.

The tank is typically made of stainless steel, concrete or fjlaesreinforced plastic and contains
water as storage materialnsulation of the storages is determined accordingh® environment and
application. For steel tanks, 3045 cm of mineral wool is typically used to keep heat losdesn
acceptable level

In most installations théemperature supplied to the storage chosen to make it able to providee
supply temperature in the DH networkhe temperature distribution in the storage is managed by a
pipe system, shown irFigure4 by the blue pipes. This systestrivesto keep the efficiency of the
storage as high as possibkevertical temperature distribution is seen in the steel tank, where the hot
water is in the top. This is referred to as thermal stratificatlois passible for some tanks (with several
outlets, eventhough they are not as many ahown inFigured) to extract heat at different heights. In
such tanks water at theasired demand temperature level can be used (e.g. from the middle part of
the tank) while maintaining high temperature water in the top of the tank if the temperature in the
top of the tank is higher than what is needed. This is especially wsb&n operating with very large
storages, where it is important to maintain a good thermal stratification, meaning a high temperature
differencein the tank from top to bottom in order to avoid having a large volume of too low
temperature to beutilized directlyin the network.

3.2.2 TTES economics of scale

Figure5 shows the specific investment costs for cylindri€aES&s a function of their volume. &h
storage technology shows very good economics of scale for tartke size of @; 5,000 nf, but for
much larger tank sizes the cost curve is quite flat. The data in the figure is for TTES in Denmark. No




datais shown fofTTES larger than 10,006 since this is quite uncommaithough tanks up to 60,000
m? exist in GermanyThe heat losses depd on the volumeand the surface area of the tanknd are
estimated to benthe order of 2oper week for 500 rhstorages and %oper week for 5,000 #storages
(PlanEnergi, 2013).

TTES specific investment costs

500 y = 52946843
Y R2 = 0.8837

500 | %

400 | @

300 e
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100 8 s

Specific investment coste/(?)

0O 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
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Figureb ¢ Economics of scale for a few TEESages in Denmark. Data from (Danish Energy Agency, 2014) and (PlanEnergi,
2013). The data was fitted using a power curve (see Equation 4). The fit shows good agreement with the data points

3.3 Pit Thermal Energy Storage (PTES)

There are different techni¢@oncepts for seasonal heat storage. One of the concepts is the pit thermal
energy storage (PTES), which has been developed since the 4988e Technical Universitpf
Denmarkwhere a test storage was built. The first pilot demonstration storage weabkshed in
Ottrupgard Denmark il995 (1,500 ) andthe second pilot demonstration storageas constructed

in Marsta] Denmark ir2003 (10,000 /). The first full scale storage was built in Marstal 202012
(75,000 m), and the second fuicale stoage in Dronninglund, Denmark duri@@13- 2014 (60,000

m?) ¢ both in connection to large solar collectfields, covering around0 - 50%of the DHdemandin

each network PTESs a rather inexpensive storage foqmer n?, developed in conjunction with solar
heating. In Denmark PTE@realready in placerad more are expected to follow.

3.3.1 PTES Technology description

APTESs a large pit dug in the ground fitted with a membrane, typically of plastithe bottom and
walls of the pit to keep the storage from leaking. Like for the TTES, the PTESessamites as the
storage medium. The pit is covered with an insulatingidich floats on the surface of the watéo,
reduce the energy losses. The side walls and bottothefstorage are often not insulated because
the ground soil has an insulating effect itself and the additional costs for improving the insulation are
not feasible considerinthe reduced energy losseSee more on heat losses in sectiB.

Figure6 shows a cross section of the PTES and details of the construction. Liners are applied both as
part of the lid and in the top of the PTES. The slope of the sides is relatively low, but depends on the
local soil conditions.

Similar to TTES, PTES &lweeca vertical temperature distribution in the storage to increase the total
efficiency of the storage. The same kind of system to manage this temperature distribution is also
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fitted here, and indicated in the blue pipes in Fig8rdhe PTES requireseatively large amount of
area, compared to other thermal storage technologi®ee more on spatial requirements of PTES in
section3.7.

For largescale thermal storages this the most common technology in Denmahough not a large
number of them have been established y&XTES is currently used and planned for use as seasonal
storage primarily (but not only)n conjunction to solar thermal DH production. In Marstal #és in

total 85,000 miof PTES installed where the first 10,00thave been operated fanore than a decade

and the additional 75,000 fwasconstructedin 2012 In the case of Marstal theolar fraction (i.e. the
shareof solar thermal energy for the sirict heating supplyis around41% (Marstal District Heating).

_—Side-wall = N

Lid Inlets/outlets
Figure6 ¢ The pinciple of pit thermal energy storage (PTE®)ure by PlanEner(fflanEnergi, 2013)

APTES of 60,000%mas been constructeith Dronninglundandin Gram a larg@TEStorage of 22,000
m?3is constructed recentlyToday the largest PTES is constructed in Vojens, with more than 200,000
m? capacity in connection to aolar heating system with a total collector area#f,000 ni. The
seasonal staxge ensures that around %8of the annuaDHdemand can be covered by solar heat.

ForconventionalDHtemperature levels, e specific capacity of the storage is-@D kWh/n¥ similar

to TTES. Theeat losses dependn the temperature level in thetorage, the insulation of the lid and
the volume/surfaceratio, and whether a heat pump is used to discharge the storbggeneralthe
dimensioning of insulatiorsisubject to economical optimisation, i.e. does it make more sense to invest
in insulation or more solar collector&§ee more on heat loss considerations in secB@Examples of
storage efficiencies in the range 8#6to 95%have been seen

Key poins for PTESre choice of material and water chemistry. Water treatmenmemoval of salts

and calcium, raise of pH to 9¢8is important to reduce/avoid corrosion. In addition, choice of steel
quality of the pipes is crucial to ensure long technical fifeti The insulation material in the lid should

be resistant to water in g of a leakage, so that thesuiation effect is not lost. Leakages can be found
and repaired by divers. A key component of the pit thermal energy storage is the liner. The technical
lifetime of the liner depends on the temperature of the watghe higher the temperature the shorter

the lifetime.

3.3.2 PTES GeometryConsiderations regarding design, soil balances etc.

When establishing a&ery large pit heat storage, for instance dfmillion m?, it can be beneficial to

consider establishing two pit heat storages of Bfilion m® each and located just next to each other.
In this case, the two storages are connected in sevidsgchwill correspond to having the two storages
on top of each otherTypicallyponce a year, the connection is reversed. The benefits of this include

I Redundancy
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The two storages can be established and commissioned separately
One storage can be taken out ofrgiee in case of maintenance

1
1
1 The lifetime of the topliner increases
1

Improved s$ratification

PTES are normally constructed as excavations designed as an inverted truncated pyrafiglreee

7. The excavated land is laid in a bank around the excavation, thus achieving soil balance, and the
volume of the storage is partly below and above the original terrain.

The sides and bottom ohe storage are planned to avoid sharp stones, which can damage the liner.
Then Geotextile lanes are laid to further protect the liner and eventually lanes off HDPE liner are
welded together to provide a watertight surface. The lanes typically have a wfidh7 m. The length

of the lanes must be large enough to reach from the top to the bottom of the storage to avoid welding
along the sides of the storage. The liner is held in drains/banks arbengearing as shown iRigure

7.

1,5 mm HDPE Geomembrane
Hypernet
80 mm insulation above edge
Extrusion welding

/

Hyperhet
2 mm HDPE Geomembrane
2,5 mm HDPE Geomembrane
Geotextile 500 g

Figure7 ¢ Cut through the lid and lockers. The locking gates are channels dug free around the storage. In these channels, the
ends of the liners are placed and then filled with soil that locks the liner (PlanEnergi).

Depending on the size of the storage, typig#ihree tubes are introduced through the bottom or side
of the storage to three diffusers placed in respectively the top, middle and bottom of the storage in
order to move the water to and from the storage.

When the storage is filled with water, the workth the top is initiated, which typically consists of an
HDPE liner floating on top of the water that is welded and pulled over the water surface so that the
entire surface is covered. The bottom cover of the lid is locked as the sideliner fixed iril thands.

At the top of the bottom line of the lid, a drain line is placed, then insulation, and at the top another
drain line before closing the lid with an HDPE top liner. The top liner is welded to the bottom of the lid
along the edge of the bearing.mumber of vacuum valves are attached to the top line, which secures
the liners against wind impact and, in combination with the drainage valves, ventilates the lower
structure. An HDPE liner is not steam diffusion proof, and ventilation is therefore aegdssavoid
build-up of moisture in the lid that destroys the insulation properties.

The lid is a major part of both the investment and the heat loss. The lid should therefore be as small
as possible, which is achieved by making the (inner) slope asdampessible, as well as making the
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storage as deep as possiliegure8 shows the relative lid are@ompared toa reference with a depth

of 40-45 m and a slope df.2) as a function of water depth for a rectangular t8lion m? pit storage,

for two different slopes of the storage siddtsis apparent that the higher the slope, the smaller the
area (the red curve is below the blue curvEhis means that for axgn volume and a certain depth,

a significant share of the lid area can be saved if the slope can be incr@asethaximum slope is
limited in practice by geotechnical conditions &od working conditions in connection to
establishment of the bottortsideiner. It is difficult to have a steeper side than {23 ratio between
height and width of the sideslt is also apparent that the greater the depth of water, the smaller the
area (the curves fall to the right). However, the curves eventually flat authe gain is limited for
water depths greater than respectively 30 m and 45 m approximately for the two slopes shown.
However, the maximum water depth will usually also be limited by the groundwater level and the
desired level of soil balancEigure9 shows possible shapes for PTES of two different depths.

0.5 million m3 PTES

160%
\
140%
1209»‘: \\N
100% \
80% AN

60% —_— .

s Slope 1:2

Relativte lid area

s Slope 1:1

40%
20%
0%

0 10 20 30 40 50 60 70 80
Water depth [m]

Figure8 ¢ Lid area relative to thareaof a PTES with a depth of 45amd a slope of 1:3as function of water deptfor a 0.5
million m? PTESThe figure shows that for depths larger than approx. 35 m (1:2 slope) and approx. 50 m (1:1 slope), no
reduction of the lid area is obtained.
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Figure9 ¢ PTES of water depths of appx. 45(left) and 15 m(right). Notice the different scales ohgsecondaryaxis
(sketch by PlanEnergi)

3.3.3 Soll balance

It will often be expensive for RTESH the excavated material is to be disposed of (if the storage is
placedonly under ground levglor if external material is to be supplied (if the storage is locatsale
ground level. The surplus soil / soil deflection is shown as a function of thiéce position of the
storage fora storageof 0.5 millon m?®in FigurelO. If the storageis buried completely (the sketch to
right [

the

250

200 A

150 4

100 4

50

0

-2
50 4

-100

pcC

Banl
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Banl
=== \Water

n

Figurel1) the soil surplus is obviously approximatél$ million m? (the complete water volume)f

the storageisreversed across the terrain (the sketch on the iefEigure 10), approximatelyrillion

m? material needs to be added. The storage must be buried approxima®el20 m down to achieve

soil balance (where the red curve intersects the bluBigurelQ). The depth of the PTES has a rather
large impact on the soil balance. In the given case, a change of depth by +1 m changes the soil balance
by around +®,000 nt of material.
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PTES of 0.5 million m3
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FigurelO¢ Soil surplus as function of the bottom depth under terrain.
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Figurell ¢ PTE®f the same volumabove and under terrain. The water depth is 30 m in each case and the slope is 1:2
Notice the different scales on tisecondaryaxis(sketch by PlanEnergi)

3.3.4 Storage depth

It is often the groundwater level that determines how deep the excavation camngaddition, it is
desirable that the storage is cooled as little as possible by flowing groundvrigerel2 shows that
a hole depth below 19.7 m gives a water depth 8 m, see sketch on the left on

100 150
50 1 100 4
o4+
200 7 —— - P <100 2P0 50 1
-50 H :
] ] Bank 0 - r — - Bant
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_10c 4 H H ——— Water -160  -10C 50 = = Qe = = BQ 100 150 _ _ _ \water
1 N e (U
! H -50 H 3
-15C 1 [ !
] ' i
H H 100 d |
o i [ 1 = - . Spppp——_
206 (I
-25C -150

Figurel3. Similarly, a hole depth of 10 m gives a water depth of 19.8mh a hole depth of 5 rgives
a water depth of 12.7 m. At the sanime, it can be seen that the deeper buried underground, the
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smaller the lid area. As mentioned previously, it will often be the conditions of the soil or the
groundwater that will determine the depth under terrain.

0.5 million m3 PTES - Soil balance
30 \ 160%
25 150%
= (4]
-E-zo \ - 140% £
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g 15 130% o
: / 2 = \Nater depth
% 10 120% o .
2 N &  e=lidarea
5 \\ 110%
0 ~— | 100%
0 5 10 15 20
Depth under terrain [m]

Figurel2 ¢ Water depth and relative lid area as function of hole depth for PTES with soil balance.
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Figurel3¢ PTES with water depths of approximately 10 and 30 m. Notice the different scalessendhdanaxis(sketch
by PlanEnergi)

3.3.5 PTES economics of scala investments

Pit thermal energy storages has@nificanteconomics of scalbenefitsasshown inFigurel4. They

are primaily suitable as largscale facilities and the tendency has been that every new PTES that is
constructed is larger than those already eixigt For largescale heat storage, PTES has considerably
lower specific investment costs than TTES.

The total invesnent of a storage solution depends strongly on the geometry of the storage, which is
shown in the previous sections but also factors as location and work salary. Especially the lid has a high
price per area. Some estimated costs are showahle3.1. The costs were collected in connection

with a project by PlanEnergi for two storages of 0.8iom m? each.
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Table3.1 The specific investment costs for the main components of PTES systems.

Component Value Unit

Digging and rebuilding (chalk) 13 € K3
Bottom and sides 27 € K2Y
[ AR 6AyadzZ ISR 6A0GK onndYY 111 € K2
2 G§SNJ ONI ¢ bl @S NISNIPYy NERVY YSy 3 € K3

PTES specific investment costs
160

140 y = 2266.78374
120 |} R2 = 0.995

’ Ottrupgard (DK)

100 |

80 | Marstal (DK)

- ¢ Dronninglund (DK)
e Marstal (DK)

40 e o.... | LTRSS R Vojens (DK)

0 i s e S B

Specific investment costs/(n?)

o

0 25,000 50,000 75,000 100,000125,000150,000175,000200,000225,000
Storage capacity (fi

Figurel4 ¢ Economics of scale for PTES systems. Data from (PlanEnergi, 2013) and (PlanEnergi, 2015). The data was fitted
using a power curve (see Equation 4). The fit shows an excallealation with the data points

3.4 Borehole Thermal Energy Storage (BTES)

3.4.1 BTES technology description

A borehole thermal energy storage (BTES) consists of a number of boreholes in the ground in which
pipes are placed. The storage is charged by pumpingvatgr through the pipes in théoreholes,
whichthen transmitsheatto the ground surrounding the boreholes. The storage medium here is the
soilsurrounding the boreholes and not the water in the pipes which is just a transfer medium. There
is usually a ker of insulation on top of the boreholes to reduce heat lossese more on
considerations on heat losses in sectiB.

Figurel5shows acrosssectional and #hree-dimensional drawing illustrating how the BTES is located
in the ground. When discharging, cold water is pumped through the pipes in the boreholes and the
stored energy in thergund is absorbed in the water.

A number of BTES facilities exist today in a number of countries, including Germany, Sweden, Canada,
USA ad Denmark. The first BTES in Denmark was constructed in 2012 and put in operation in
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Braedstrup for district heating supply in conjunction with a large solar thermal capacity. The facility
consists of 48 boreholes of 45 m in depth with a total storage velofrl9,000 mMsoil. At the time of
construction, the Braedstrup BTES was the largest BTES facility for district heating in Europe.

Figurel5¢ Threedimensional drawing of BTES; left: BTES summer operation (cooling), rightviBleE operation
(heating) (http://undergrouneenergy.com/outechnology/btes/)

The capacity of BTES can be anything between one borehole for thé ose single household to
large-scale storages of several hundred boreholes. However, a dingiole for a single household

is typically not used asstorage, but simply as ground heat source. In this case, energy can be extracted
from the ground to supply heat pump evaporators at higher temperature levels than ambient air in
winter and thus impove the seasonal performance factor (SPF) of the heat pump. Vice versa, the
geothermal heat exchangers can be used for heat rejection of the chiller condensation energy at lower
temperature levels than ambient air or cooling towers, which again improkieschiller energy
efficiency ratio. The boreholes can also be directly used.

Direct use of thermal enerdgyom the undergroundor building cooling or heating & veryefficient
way to useundergroundheat exchangerge.g. boreholes)as only electricitfor energy distribution
(pumps and fans) is required. The heat carrier media eaaittor water brine. A specifioaling power

in the range of 485N//m was reached with an agjeothermal heat exchanger in an office building in
Weilheimin Germany whereasonly 25W/m were recorded in a brinébased system. Data for the
power as a function of ambient temperature for this system is showignrel6. Data for the power
as a function of the brine temperature for a brilmsed system is shown kigurel?

In (Biermayr, 2013), a 2 yeaimulation of a tshape ground heat exchanger designed for seasonal
storage of solar heat shows that specific charging powers of over 130 W/m are reached, because of
the high temperature difference between the ground temperature {C2n average) and theutlet
temperature of the solar field of 70C With a discharge temperature e °C(heat pump evaporator),

the specific discharge power of only 40 W/m are reached. The storage efficiency can be increased with
geometrical distribution of several groutngtat exchangers. The results can be founBigurel8.
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Figurel6 - Power of the eartko-air geothermal heat exchanger in the Weilheirficaf building as a function of ambient air

temperature, which corresponds to the inlet temperature to the ground heat exchanger.
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Figurel? - Measured geothermal power in 2006 as a function of brine inlet temperature to thad@ffice building in

Freiburg)
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Figurel8- Specific heat transfer rate peratne of borehole length of a common U shape double pipe ground heat
exchanger for 2 year ¥ar 1: charging period with a temperature level of"@year 2: discharge with @mperature level
of -2 °C The orange line represents the discharge specific power without stoeiagpreviouslyBiermayr, 2013)

(Biermayr, 2013) shows that the combination of a BTES with a short term TTES can be ¥yinanciall
interesting by increasing the direct use of solar h@dte TTES can act as a buffer between variations

in solar heat production (varies from day to night) and BIEEEQwhich cannot be charged as fast as

the solar heat is produced)Also for largescale installations, experience shows thahe best
economical performances of BTES are achieved when a buffer tank is included in the system.

The most suitable geology for BTES is saturated soils with no or very limited groundwater flow and a
high heat capacjt The specific capacity of the systems is estimated to bein@Q&Wh/n? of storage
materialfor conventional Dkemperature levelsFlanEnergi, 2013 he efficiency depends on the size

of the storage. For smaystemsthe efficiency can be as low 68%where for large systems of above
100,000 nithe efficiency can reach 8%0%

The charge and discharge effect is limited by the convection from or to the storage material in the
ground and the transferring medium in the ground pip@ss is whyBTES mainly is used for base load
capacity. The investment costs are sensitive to the ground properties of the location where the storage
IS to be constructed. Since it requires many boreholes for |gag#ities,any difficulty in drilling the
boreholescan increase the investment costs significan@pmpaed with other storage options (e.g.
PTES) examples mfo and con arguments for BTES are: BTES does not take up a large area (since the
top surface can be used for other purposes). The heat cannagxracted at a sufficiently high
temperature level to supply conventional district heating directly. Hence a heat pump is needed even
if the heat is injected at higher temperatures, and an exergy loss is thereby introduced. The outlet
temperature issue bemmes less important in the context of the (lower) FLEXYNETS network
temperatures.
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3.4.2 BTES economics of scale

The storage volume BTESs not as well defined as for TTES and PTES. It is often assumed that 3 m
of soil volume BTES are equivalent tolofrwater storage volume because the soil has a lower specific
heat capacity than water (Mangold, 201%)ough in practice this will depend on the local conditions
After making this conversion from soil volume to water equivaleBfEBESstorage volume can be
compared directly with the volumes of TTES and PTES.

As shown irFigurel9, BTES does not have as vekdfined economics of scale as TTES and.AHES
ALISOATAO Ay @SaiyYsywateOgj@valentifar folr b afzihdrfivansystemrsthe
examples used. An increased amount of data points wpoidide amore reliable estimate of the
economics of scale of BTES. The investment cosufdr systems is also locatispecific, as it relies
on the geological suitability of the soil for drilling the holes and on the composition and péeitibe
of the soil with regardo heat exchange and storage.

BTES specific investment costs

100 :
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80 k

70
Braedstrup (DK)
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30/} e
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y = 167268649
R2 = 0.5021

Specific investment costs
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Figurel9 ¢ Ecoromics of scale for BTES systems. Data from (PlanEnergi, 2013) and (CIT Energy Management, 2011). The
data was fitted using a power curve (see Equation 4). Note that thesbiewhatunreliable due to the large scattering of
the data points

Detailed caital costs were available for the two 134 m boreholes of the heatpsgstem in

Ostfildernin Germany, shown in
Figure20. The investment costs correspond to 12% of earth heat exchanger with the drilling
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