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Executive summary

In thisreport, the potential role of largacale thermal energy storagéBES) the FLEXYNETS concept
has been analed. The report focuses on four storage types; tank, goijuifer and borehole storage
(TTES, PTES, ATES and BTES respeclielptoragetime scales, temperatures, volume, storage
medium and investment costs have been described and quantified in the context of FLEXYRETS.
required storage volume and ingment costs are highly dependent on the temperature difference in
the storage. As thellEXYNETS concept works with very low temperature differences between forward
and return temperatures (approx.-55 K difference), this would require affSthat work & the
FLEXYNETS network temperature to be laage more expensivehan storagesof the same energy
storage capacityvorking at conventional district heatin@H)temperatures. However, i the amount

of surplus heat is significantly higher law temperature, it may be morefeasibleto choose a
connection to tlislow temperature heat sourcthan a higher ongAlsq in this case it may be feasible

to include a storageThe description of TES technologies also includes sections on spatial requirements
and considerations on heat losses.

The utilization of surplus heat is an important aspecthef ELEXYNETS concépansmissiopipeline
costs for he utilization of surpls heathave been anabedin connection with the thermal storages
The results suggest that sourcing surplus heat at eseareralkilometres away from the FLEXYNETS
network canbe economically feasible, as long as the surplus heat source is suffidaegd compared

to the networkdemandand as long as the assumptions of the model are applicablecality the
actual feasible transmission distance depends on local conditieddaundary 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 in case surplus heat is available at temperatures higher than theNEIESXnetwork
temperature, and this heat is directly transferred, via a traission pipeline, to aESThe storage can

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

This system has been modelled in the simulation softWi@&SY I he simulations have been carried

out for all fourTESypes and for thee reference cities; Rome, London and Stuttgart. The simulations
have been pdormed for different operating temperatures and for different amounts of surplus heat
availability. The results of the simulations have been evaluated based omaiindicators: the

F @SNF 3S GKSNXIE SySNH& 3ISySNIF anfudl COenssionsiansingl K S
from satisfying the heating and cooling demand in the systerkil@onne/year i.e. million kg/yeaj.
Additionally, the Sankey diagrams of the enefftpws for different locations and different TES
technologies are shown, guantitively describe how the energy is transferred between the different
components of the system.

A storage carin generalbalance fluctuations in surplus heat supply and netwelkting and cooling
demands, thereby facilitating more efficient usage bé tincoming surplus heat and reducing the
requiredauxiliary energy supply the network(and any associated G@missions).

The results of the simulations show that especialie8but also PTES and BTES can be very relevant
as seasonal storage in the FLEXYNETS concept, in case surplas teegteratures above the
FLEXYNETS operating temperatsi@vailable. Investing in sutarge-scaleTESan significantly lower

0 KS & adniaSCE@niissions associated with heating and cooling (by up to 95% in investigated
scenarios), and either lower the thermal energy price (in investigated scer@arigs to more than

50%) in the sstem or at least keeping it at a similar level comghie a system without the storage

The storage typeall have different benefits and drawbacks depending on the system they are a part
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of. The conclusion is therefore that although lasgaleTESare rot always relevant for the FLEXYNETS
concept, they came very 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 speiic cases in more detail.
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1 LYGNRRdAzOGAZ2Y

This reportdescribes howdrge thermal storage system¢TEStan be used not only in general for
district heating and coolindHG networks but also in the context of the lower temperature levels of
FLEXNE® The aimis to provide answers to the questidf and in what contexts larggcale thermal
storages couldbe beneficial for the FLEXYNETS conc&pe analysis includes both spatial
requirements, energy performance (temperature dependency) and ecina@spectsof 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 (BTES3e storages are considered to be relevant in

the content of FLEXEY'S grids aidr DHC 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 ngort, some gengal principles off ESre 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 moreedetikcriptionof 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 industial sources is discussed, with a fean the transmission
pipeline costs related to thi§.e. how long a transmission pipeline could feasible to connect the
heat source and the storayjeln chapter 5, a model system with surplus head sargescale hermal
energy storages is describeddamodelledusing theTRNSYS&mulation softwareData from chapter

3 and 4 araused as inputs for the model. The performance of the different thermal energy storage
technologies in the modelled systemegaluated econmically (in terms of the resultingnergy price

in the network) and technically (in terms of the £énissions reduction). In chapter 6, the main
findings of the report are summarize@vhich results in guidelines for use of lagmEale TE® the
FLEXYNBTconcept




2 DSy SONAfY ONILKESONGEY 2 NF 3 S &
2.1 Storage tme scalecategorization temperature and volume

2.1.1 Time salefor storing

The idea oh TESsto utilize energy being generateghile the production conditions are as effective
and favourable apossible Examples itiude theproduction of solaheatduring the day heating or
cooling generation in heat pumps while electricity prices are kwdthe production of electricityand
heat in a CHP plamthile electricity prices arhigh.

Energystorage helps deouplingthe production from the demand, which is useful in systevhere it

is difficult to regulate the production profiles. This is the case in systgthdighshares ofluctuating
renewableenergysuch as solar thermalhis can also béhe casdor 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 tdize
sources benerg/ thatcannot be regulated to fithe demandprofile.

The basic principle afeparating the production and demand in tisan beeither on a shortterm
basisor onaseasonal timescale While smaliscalestoragedor very short perids (e.g. only mhourly
basig may be useful on local leveéhe term éshort-term storages is usedin this reportfor storages
from daily variations up teveeklystorage capacityolongterm storages refer to storage capacities
that can account for seasal variations.The c@acity of shortterm 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 divida into four physically different technologiesccording to the
state of the storage medium

Sensible storagetlse the heat capacity of the storage material. The storage materiabg& often
water due to itfavourable properties e.g. hagrahigh specit heat per volumealow cost ancbeing
anon-toxic medum (see sectior?.2).

Latent storagesMake use of thé G 2 N 3S YIF GSNAI t Qa tF4G4Syd KSIF G RdzN
a constant temperature.

Chemicaktorages:Utilize the heat stored in a reversible chemical reaction.

Sorption storagesUse the heat of ador absorption of a pair of materials such alte-water
(adsorption) or watedithium bromide (absorption).

This report focuses on sensible hastdrages onlysince the typical use of storages in DHC networks
does not involve latent, chemical or sorption heat storages. Furthermore, the aim GfLIBXYNETS
concept is to use existing and proven technology if possible, and latent, chemical andrsgmt
storages are still being developed and hgweesentlynot been widely demonstrated or adopted for
largescale heat storage.

2.1.3 Temperature¢velandvolumerequirements

The temperature level in storages can range from cold storages used for coalipgsps to hot
storages, where the temperature in the top of the storage corresponds to the supply temperdture o

www. flexynets .eu Page?2 of 92




the DHnetwork. The heat storage capacity depends on the temperature levalshe storage The
energystorage capacitjor sensibleheat stolageis

1 & 2o oYY (Equation 1)

wherem is the mass of the storage mediurgiscthe specific heat capacity of the storage mediurd an
Y"Yis the difference between the maximum and minimum operating temperature of the stofdge.
larger the tempeature difference, the higher théneat storage capacitys for a fixedmass of the
storage mediumUsing Equation 1 he volume & required forstoring one unit of energy (i.e. the
specific volumegan be written as

© © P Equation2
T & 3 oyy T ab oyy | (Equation?)
where” is the density of the storage mediuth & Fw). Theabsolute volume required for storing
the energy contend with a temperature difference of"Yis thus
0

w WY (Equat|0n3)
These results apgp to a sbrage medium at ambient pressure, regardless of the storage technology,
and excludes angdditional volume required for containing the storage medium (i.e. storage walls and

insulation).

2.2 Water as astorage medium

Existing Danish heat storages DH systens are usually with water as the storage medium. The
reasons include that water is ndnoxic, allows for temperature layering (stratification), can provide
large effects when charging and discharging, has good heat transfer propbasesighspecific heat
capacityand is relatively cheaplhe specific heat capacity of waterapproximately4.18 kJ/(kiK),
which is higher than that of most other Iegost, abundant materials such as sand, iron and concrete.
Some examples of specific heat cafias are gven inTable 2.1

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

‘ Material Capacity (KWh/ni/K)
Water 1.16

Steel 1.07

Concrete 0.58

Sall 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 alfshallow)geothermal systems. However, the use of glycol is not
without drawbacks; théneat cagacity is laver than water 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 Propyleng 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 Heatgdratures
below 100 °C. If pressurized, water casodbe usedor storing heat at temperatures above 100 €.

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

function ofthe temperature differencéetween the storage inlet and outl¢t or the cag of water
as the storage medium. Due to the inverse proportionality of the specific volumeusidt is
considerablyx 0 dzf tp &tdeNiat in the form of water for smalvalues ot "Y¥han forlarger @ Y

Specific volume (AAMWh)

Specific storage volume as a functiomadf

200
180
160
140
120
100
80
60
40
20

10 15

20

25
nT (K)

30 35

40 45 50

Figurel ¢ The requiredvolume 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 storage temperatures
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Large volumes are required to store large amounts of heat with a sniédreinice betwen the
maximum and minimum storage temperature.Higure 2 Equation 3 has been used for plotting the
required storage volume as a function of the required storage capacity for different valuesSyais

can be seen ithe figure, the diference in the required absolute volume can be very lavgen storing

large amounts of heat in the form of water at differeat”¥alues The benefit of an increased
temperature difference becomes less pronoudcat higher values (e.g. changing from 4@ K0 K)
compared to the lower examples (e.g. changing from 10 K to 20 K). In other words, at the low operating
temperatures of FLEXYNETS, a slight increa&&@an 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 volunaes a function of the heat storage capacithen 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 sectiomater can be used to store rather large amounts of energy. However,
the stored capacity is dependent on the temperature differen®@®HC network can in itself contain
large amounts of heated or cooled water. This section serves to look into the potehtiaihg the
network as a storage.

For this purposesome basic assumptions have been made using the same amount of heat demand,
as the TRNSYS calculations later in this report (see SBetirmionwardg. The heat demand is in the
calculations 100 GWHBased orrough assumptions, like an average pipe dimension of 168.3 mm
(corresponding to a DN150 pipe), the network volume has been estimatabtsnd2,000m?. In the
following, the total heat capacity of the network has beerirested based on the properties of water
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and mixes of propylee glycol, showed iffable2.2. The mix of prpylene glycol depends on the specific
system, normally more than 30% mwould not be relevanas this provides a freezing poof around
-13 6C FromTable2.3 it is eviden that water has the highest storage capacitfya 50% propylene
glycol mix should have the same capaeisywater at a difference temperature of 45 K, the difference
temperatureshoud be 4849 K.

From the comparison of table 2.2 and 2.3 itséen that the temperaturedifferenceis of highe
importance compared tathe supply and return temperaturievels.

Table2.3 ¢ Estimated strage capady of a network suplying 100 GWh

Storage capacity [MWh]
30% 40% 50%
propylene |propylene |propylene
Tsupply [°Cl Tetum rcl Taire. [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 mornakg pe
loads by raising the supptemperature wellm advance to supply in the morning pedk.relation to

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

as increased heat $sfrom the use of minimum pipénsulationg instead the eturn 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 its shown that a change ithe temperature diffeence can increase the
capacity of a network. As illustration for a FLEXYNETS system a supply temperature ofu28dC is
and the temperature difference is varied frorto 15 K. The demand of 100 GWh il ssed and the
network sbrage volume is the,200m?3. The results of the network storage capacitg seen inFigue

3. It is seerhow it is possible tdncreasethe cepacity in the network. However, as it is also the case
for DH plants in Denmark, there ot sufficient capaty to use the network as storage capagitith

the purpose of optimizing production from for instance solar thermal plants, heat pumpsreta
with the assumption of higher network dimensions (e.g. 3 times the total volume) thagst capacity

is limted compared to what would be relevant for load balancing of such network .siz@ame
capacities used for the same heat demand inTRNSYS calculations later on is for instance u@to 1
million m® water equivalent PTESigue 3 also shows how the glycalater mix lowers the storage
capacity slightlywhich meansthat the use of glycol would require even a highetemperature
differenceto reach the same storage capacity as waissides this, the would bea higher use of
pumping energy if a mix of propylene glycol is usdae toits higher viscosity Another drawback is
that the cost issignificantlyhigher for a glycol mixturgle.g. of30%99 than for water used for DHC
networks (around 10200 times moreexpensive)




40

MWh

35

30
25
20
15
| l l

Water 30% propylene glycol
ETdiff=5K m®mTdiff=10K mTdiff=15K

=]

%]

o

Figue 3 ¢ Network storage capacities at different temperature differences for a guppiperature of 20 °C.

The network volume in itsei§ in generalnot consideredsufficientto have the necessary capacity

be used as storage faptimized opeation but carbe used for peak shaving in some peak loads period
(e.g. morning peak load)it should however be kept in mind, that the network should not be
dimensioned for this purpose. Other things to keep in minthegossible higherdmat loss; especially

in the FLEXYNETS and similar corsseyttere the pipe insulation is kept to a minimuas well aghe
thermal stress of the pipes if the temperature is varied too much

2.3 Energy sorage economics ofscale

Similar b most other energyanversion and/or storage fdiies, the specificinvestment cost®f hea
storageqdefined as cost€per unit of voluméare dependent on its dimensiofsthe form of a power
law:

0 .
o O 0 W (Equatiord)

For a given type oftsrage, he constantgband 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 volumeHquation 3the
following expression for the econpics of scale as a function of the energy storage capacity and the
temperature differencecan be obtained

0 .
O D) —————— Equation 5
6 0O 5—=r—=wy (Eq )

Thismethodof evaluating the economics stale is used latén this reportfor the investigated storage
types.
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3 tKEaAOolt I yR2IBNIASKEOIRIT WSt SOGS

3.1 Investigated storageypes
The following largescale storages are investigated:
02

QX

f Steel tank Centralizedd Rl A £ & £ rages) (1 S NJ
f  Water pit stoages ¢entralizedd R At @¢ (G2 daaStrazylfté aid2Nr3Saov
1 Borehole storageséntralizedd R Af &8¢ (2 aaSrazylfé aG2Nr3Sao
f Aquifer storagescentralizedd RIF A f @ ¢ (G2 aaSlazylrfté¢ aidz2Nlr3ISao

These storage types aendysed and described in terms afhergy density, coststc. depending on
the temperature levels. A thing to consider in a given conigewthether it is more feasible to store at

a) low temperatures (because the investment in insulation can be reduced andio surplus
heat may be availablat low temperaturep

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 storageBigurereproduced fron{Mangold, 207).

Figure4 from (Mangold, 2007)s reproduced to illustrate the principles of tank storage, water pit
storage borehole storagexnd aquifer storage
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Storing at low temperaturewill imply a limitel w Yand thereby dimited 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 largescale storages occupy free space whereas others can be integrated eriglational areas.
In case the storages must be locatedhe outskirts of (or outside) the city, transmission pipeay
have to be includedSee more on spatial requirements of the different TESationO.

3.2 Tank Thermal Bergy StoragegT TEp

3.2.1 TTES technology description

Cylindrical steel tanks assoknownasTTES, which is an abbreviatmfrtank thermal energy storage.

This type of storage can be located above ground level, which is the most common case, but @ can als
be located below grond level. This is for instance seen in Germany, where tanksoanetimesused
evenas seasonal storagesy.in connection to solar thermal, supplying smaller residential ané#se
storage is placed as steel tank above grounhdan be dominant in th landscape. If the storage is
below ground level, imay bepossible to use the area for other purpos&ee moranformation on

spatial requirements of TTESsiactionO.

Nearly 300 DanisBHplants have bat accumulation tanksThese are not buried underground but are
made as insulated freestanding cylindrical steel tanks located next tDitmant. The aveage size is
approx. 3,000 rh (PlanEnergi, 2013). Theumulated storage capacityof all these tanks is
approximately 50 @/h. The tanks were initially installed together with Gbidhts to enable flexible
production, optimizing the revenues from the eleciiycproduction. Due to the increased electricity
production from wind turbines in Denmark, the aral operation hours othe CHP plants are
decreasing. Now these tanks are in many cases utilized for solar heating plants, where they are
sometimes supplemesetd by additional tank capacity.

The tank is typically made of stainless steel, concrete or -fjlassreinforced plasic and contains
water as storage material. Insulation of the storages is determined accordihg nvironment and
application. For el tanks, 30 45 cm of mineral wool is typically used to keep heat logdean

acceptable level

In most installatios thetemperature supplied to the storage chosen to make it able to providee
supply temperature in the DH networkhe temperaturdlistribution in the storage is managed by a
pipe system, shown ifrigure4 by the blue pipesThis systenstrivesto keep the efficiency of the
storage as high gmssible A vertical temperature distribution is seen in the steel tank, where the hot
water is in the top. This is referred to as thermal stratificatlbis posible for some tanksafth several
outlets, evenif they are not as many ahown inFigured) to extract heat at different heights. In such
tanks water at the desired demand temperature level can be used (e.g. from the middlefphe
tank) while naintaining 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 usdfah operatng with very large
storages, where it is important to maintain aaf thermal stratificion, 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 imstment costs for cyldrical TTESs a function of their volume. #h
storage technology shows very good economics of scale for tgmks5,000 nd, but for much larger
tank sizes the cost curve is quite flat. The data in the figure is for TTES in ReNmaatas shown
for TTES larger than 10,006 since this is quite uncommaaithough tanks up to 60,000 hexist in
Germany.The heat losses depd on the volumeand the surface area of the tamgnd are estimated
to be in the order of 26 per week for B0 m® storages and % per week for 5,000 rstorages
(PlanEnergi, 2013More on heat losses found in sectiorB.8.
o
TTES specific investment costs

y = 529468435
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Figure5 ¢ Economics of scale for a few TTES storages in Denmark. Data from (DanishAgency, 2014) dn(PlanEnergi,
2013). The data was fitted using a povesirve (see Equation 4). The fit shows good agreement with the data points

3.3 Pit Thermal Energy Storage (PTES)

There are different technical concepts for seasonal heat storage o®ifne concepts ide pit thermal
energy storage (PTES), which has beereldged since the 1980at The Technical Universityf

Denmarkwhere a test storage was built. The first pilot demonstration storage was established in

Ottrupgard Denmark il995(1,500 ni) andthe second pilot demonstration storageas constructed
in Mardal, Denmark ir2003 (10,000 ). The first full scale storage was built in Marstal 202012

(75,000 m), and the second fuicale storage in Dronninglund, Denmark du@g3 - 2014 (60,000
m?®) ¢ both in connection to large solar collectfields, cowering around40%- 50%of the DHdemand
in each networkPTE$ a rather inexpensive storage fopar n¥, developed in conjunction with solar
heating. In DenmarB PTE@re already in place ad moreare expected to follow.

3.3.1 PTE$echnologydescription

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, thaRo&E®rmally)useswater
as the storage medium. The pitdsvered with an insulating ljdvhich floats on the surface of the

water, to reduce the energy losses. The side walls and bottom of the storage are often not insulated

because the ground soil Baan insulating effecitself and the additional costs for impving the

insulation are nofeasible considerinthe reduced energy losseSee more on heat losses in section

3.8

www. flexynets .eu Page10 of 92




Figure6 shows a crossection of the PTES @mnletails 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 |lawisliepends on
the local soil conditions.

Similar to TTES, PTES alseea verticaltemperature distributon in the storage to increase the total
efficiency of the storage. The same kind of system to manage this temperature distribution is also
fitted here and indicated irthe blue pipes in Figurg The PTES requiresaatively largeamount of

area, compard to other thermal storage technologieSee more on spatial requirements of PTES in
sectionO.

For largescaleTEShis is the most common technology in Denmattkough not a large number of
them have ben established yetPTESs currently used and planned for use as seasonal storage
primarily (but not onlyjn conjunction to slar thermal DH production.

_—Side-wal~_ N

Lid Inlets/outlets
Figure6 ¢ The pinciple of pit thermal energy storage (PTE®)ure ly PlanEnerdiPlanEnergi2013)

A PTES of 60,000°%has been constructeéih Dronninglund andn Gram a largePTESstorage of
122,000m? has beerconstructed.Today the largest PTES is constructed in Vojens,anithiume of
more than 200,000 /in connetion to asolar heating gstem with a total collector area @0,000 n.
The seasonal storage ensures that aroun#40the annuaDHdemand can be covered by solar heat.

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

to TTES. Theheat losses dependn the temperature level in the storage, the insulation of ttik the
volume/surfaceratio, the use of the storage (charge/discharge over the yaad whether a heat
pump is used to discharge the stomagn general,the dimengoning of insulationd subject to
economical optimisation, i.eanswering a question if it makasore sense to invest iadditional
insulation or more solar collectorSee more on heat loss considerations in sec8d Exampés of
storage efficiencies in the range 8%to 95%have beenseen o dzi f 246 SNJ 2y Sa | NB
Oe Ot S¢ aSrazyltft dzaSs

Key points foPTE&rethe choice of material and water chemistry. Water treatmememoval of sak

and calciunmandraise d pHvalueto around9.8¢ is important to reduce/avoid corrosion. In addition,
choice of steel quality of the pipes is crucial to ensure long technical lifetime. The insulation material
in the lid should be resistamo water in @se of a leakage, so thtte insulationis not damaged by this

and the insulatioreffect is not losor at least can be recovered by drying out the insulaticgakages

can be found and repaired by divens periods where the temperature igot too high A key
component of the githermal energy storage is the liner. The technical lifetime of the liner depends
on the temperature of the wateg the higher the temperature the shorter the lifetime.
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3.3.2 PTE$eometry¢ considerations regarding desigsoil balance etc.

When establishing large pit heat storage, for instance bfmillion m3, it can be beneficial to consider
establishing two pit heat storages of Oriillion m® each and located just next to each other. In this
case, the two storagesan beconnectal in serieswhichwill carespond to having the two storages
on top of each otherTypicallyponce a year, the connection is reversed. The benefits of this inthede
following:

Redundancy
The two storages can be established and commissioned separately

1
|
I One storage can be taken baf service in case of maintenance
1

The lifetime of the topliner increases

1 Improved $ratification

PTES are normally constructed as excawatigesigned as an inverted truncated pyramid, Bagire

6. Theexcavated land is laid enbank around the excavation, thpstentially achieving soil balance,
and the volume of the storage is partly below and above the original teriidin.sides and bottom of
the storage are planned to avoid sharp stones, whichdzmage the liner. Then @Geextile lanes are
laid to further protect the liner and eventually lanes 8fDPE liner are welded together to provide a
watertight surface. The lanes typically have a width effén. The length of the lanes must be large
enoudh to reach from the top tdhe bottom of the storage to avoid welding along the sides of the
storage. Tie liner is held in drains/banks aroutite bearing as shown iRigure?.

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

Hyper'net
2 mm HDPE Geomembrane
2,5 mm HDPE Geomembrane
Geotextile 500 g

Figure7 ¢ Cut through theitl and lockers. The lockjryates 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 tHETEStypicallythree tubes are intoduced through the bottonor 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 work Withe top is initiaéd, which typically condss 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 in thengsil

At the top ofthe bottom line of the ki, a drain line is placed, then insulation, and at the top another
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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. A nber of vacuum valveare attached to the topihe, which in
combination with the drainage valves, ventilates the lower structure. An HDPE liner is not steam
diffusion proof, and ventilation is therefore necessary to avoid bugdof moisture in the lid tat
destroys the inslation properties.

The lidis 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 as large as possible, as well as making the
storage asleep as possibl€&igure8 shows the relative lid are@ompared toa reference with a depth

of 40-45 m and a slope of 1)2s a function of water depth for a reetgular 0.5million m? pit storage,

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

a significant share of the lid area can be saved if the slope can be incr@dsethaximum slopés
limited in practice bygeotechnical conditions amdr working conditions in connection to
establisiment of the bottonisideliner. It is difficult to have a steeper side than (B2 ratio between
height and width of the sideslt is also apparent thate greater the depth of war, the smaller the

area (the curves fall to the right). However, the cunaventually flat out, so the gain is limited for
water depths greater than respectively 30 m and 45 m approximately for the two slopes shown.
However, tle maximum water depth willisually also be limited by the groundwater level and the
desired level ofail balanceFigure9 shows possible shapes for PTES of two different depths.

0.5 million m3 PTES

160%
\
140%
1209: \N
100% \
80% N

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 reléive to theareaof a PTE with a depth ©45 mand a slope of 1:as 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 odined.
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Figure9 ¢ PTES of water depths of apg. 45(left) and 15 m(right). Notice the different scales ohasecondanaxis
(sketch by PlanEnergi)

3.3.3 Solil balance

It will often be expensive for RTESH the excavated materias to be disposed off(the storage is
placedonly under ground levibr if external material is to be supplied (if the storage is locatemie

ground level. The surplus soil / soil deflection is shown as a function of thigéce position of the

storage fora storageof 05 milion m3in FigurelO. If the storageis buried completely (the sketch to

the right inFgure 11) the soil surplus is obviously approximatélp million m? (the complete water
volume). If the storageisreversed across the terrain (the sketch on the lieffFigure 1), approximately

1 million m® material needs to be added. The storage must be buried approximagi20 m down

to achieve soil balance (where the red curve intetsabe blue inFigurelQ). 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 byround +%,000 n¥ of material.

PTES of 0.5 million m3
600,000
400,000 e
200,000 ——
E 0
S -200,000
= -
5 -400,000 -
= 600,000 ~
'a '’ /
“ 800,000 //
-1,000,000 4
-1,200,000
0 5 10 15 20 25 30
Bottom depth under terrain [m]

FigurelO¢ Soil surplus asifiction of the bottom depth under terrain.
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Figurellc 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 tlseconday axis(sketch by Planingi).

3.3.4 Storage depth

It is often the groundwater level that determines how deep the excavation camgaddition, it is
desirable that the storage is cooled as little as possible by flowing groundvrégerel2 shows that

a hok depth below 19.7 m gives a water depth offB0see sketch on the left digure 13. Similarly,

a hole depth of 10 m gives a water depth of 19.3amd a hole depth of 5 rgivesa water depth of
12.7 m. Athe sametime, it can le seen that the deeper buried underground, the 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%
E \ :
= 20 " 140% g
o -
815 130% ‘o
: / 2 == \\ater depth
% 10 120% o .
2 N &  e=lidarea
5 \\ 110%
0 | Jo00%
0 5 10 15 20

Depth under terrain [m]

Figurel2 ¢ Water depth an 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 scalessendhdaraxis(sketch
by PlanEargi).

3.3.5 PTES economicé scaleand investments

Pit thermal energy storages hasgnificanteconony of scalebenefitsasshown inFigurel4. Theyare
primarily suitable as largscale facilities and the tendencya$ been that every neWwTES that is
constructed is larger than those already eixigt For largescale heat storage, PTES has considerably
lower specific investment costs than TTES.

The tdal investment of a storage solution depends strongly on the geoyneftthe storage, whicks

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 showhahle3.1. The costs were collected in conniect

with a project by RinEnergi for two storages of 0.5 lliin m® each.It should be mentioned that the

cost estimation erdils some uncertainty both due to the specific soil properties of any given case, and
the limited number of examples realised totda

Table3.1 The specific investment costs for the main components of R$ESS.

Component Value Unit

Digging and rebuilding (chalk) 13 € K
Bottom and sides 27 € K%Y
[ AR 6AyadZ ISR ¢gA0GK onn?dyYyYy 111 € K2
2 §SNJ ONY ¢ 3l @S NISNDPYI NEBDVYSy 3 € K3
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Figurel4 ¢ Economics of scale for PTES systems. Data from (PtghR04.3) and (PlanEnergi, 2015). The data was fitted
using a power curve (see EquatignBhe fit shows an excellent correlation with the data points

3.4 Borehole ThermaEnergy Storage (BTES)

3.4.1 BTES technology description

A borehole thermal energy storadBTES) consists of a number of boreholes in the ground in which
pipes are placed. The stage is charged by pumping hot water through the pipes inkbieeholes,
whichthen transmitsheatto the ground surrounding the boreholes. The storage medium hetteeis
soilsurrounding the boreholes and not the water in the pipes which is just a transédium. There

is usually a layer of insulation on top of the boreholes to redheat losses.See more on
considerations on heat losses in secti®B.

Figurel5shows acrosssectionaland athree-dimensional drawing illustrating how tH&TES 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 exisilay in a number of countries, including Germany, Ssme€anada,

USA and Denmark. The first BTES in Denmark was constructed in 2012 and put in operation in
Braedstrupfor district heating supply in conjunction with a large solar thermal capacity. Theyfacili
consists of 48 boreholes of 45 m in depth withotat storage volume of 19,000%=oil. At the time of
construction, the Breedstrup BTES was the largest BTE®& facidistrict heating in Europe.
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Figurel5¢ Threedimensimal drawing of BTES; left: BTES sumwperation (cooling), right: BTES winter operation
(heating) (http://undergrouneenergy.com/owtechnology/btes/)

The capacit of BTES can be anything between one borehole for the Liseesingle household to
large-scale storages of several hundred &ooles. However, a single borehole for a single household

is typically not used asstorage, but simply as ground heat sourcethis case, energy can be extracted
from the ground to supply heat pump evaporatorshégher temperature levels than ambieatr in

winter and thus improve the seasonal performance factor (SPF) of the heat pump. Vice versa, the
geothermal heat exchange can be used for heat rejection of the chiller condensation energy at lower
temperature levels than ambient air or cooling towe which again improves the chiller energy
efficiency ratio. The boreholes can also be directly used.

Direct use of thermal mergyfrom the undergroundor building cooling or heating & veryefficient
way to useundergroundheat exchangerge.g. boreloles) as only electricity for energy distribution
(pumps and fans) is required. The heat carrier media eaaitor water bme. A specificaoling power
in the range of 48N//m was reached with an agjeothermal heaexchanger in an office building in
Wellheim in Germany whereas only 25V/m were recorded in a brinébased system. Data for the
power as a function of ambient tempegture for this system is shown Figurel6. Data for the power
as a function of the brine temperature for a bribbased system is shown figurel?.

In (Biermayr, 2013), a-year simulation of a dhape ground heat exchanger designed for seasonal
storage of solar heat shows that specifiadding powers of over 130 W/m are reached, because of
the high temperature difference between the ground tparature (12°Cin average) and the outlet
temperature ofthe 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
geometrcal distribution of several ground heat exchangers. Tlalte can be found iRigurel8.
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Figurel6 ¢ Power of the eartho-air geothermaheat exchanger in the Weilheim office building as a function of ambient air
temperature, which corresponds to the infemperature to the ground heat exchanger.

10
8‘“ L] 0 i

t ventilation system
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Figurel7 ¢ Measued geothermal power in 2006 as a function of brine inlet temperature to the ground (office building in
Freiburg)
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Figurel8¢ Specific heatransfer rate per retre of borehole length of a common U shape double pipe griwead
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 thésdharge specific power without storihgat previouslyBiermayr, 2013)

Biermayr(2013) shows that the combination of a BTES with a shemn TTES can be financially
interesting by increasing the direct use of solar h@dte TTES can act as a buffemleen variations
in solar heat production (varies from day to night) and BIEEEwhich cannot be charged as fast as
the solar heat is produced)Alsq for largescale installations, experience shows thhe best
economical performances of BTES areeddd when a buffer tank is included in the system.

The most suitable geology foiTBS isaturated soils with no or very limited groundwater flow and a
high heat capacitylhe specific capacity of the systems is estimated to bein@Q&Wh/n? of storage
materialfor conventional DHemperature levelsRlanEnergi, 2013 he efficieng depend on the size
of the storage. For smallystemsthe efficiency can be as low as%®here for large systems of above
100,000 nithe efficiency can reach 8b- 90%

The charge and discharge effearelimited by the convection from or to the stage mateial in the
ground and the transferring medium in the ground pip@ss is why BTES mainly is used for base load
capacity. The investment costs are sensitive toglaund properties of the location where the storage

is to be constructed. Sincergquires many boreholes for largacilities,any difficulty in drilling the
boreholes can increase the investment costs significa@bmpaed with other storage optionse.g.
PTES) examples fo and con arguments for BTES are: BTES does not takiange aea (since the

top surface can be used for other purposes). The heat cannot be extracted at a sufficiently high
temperature level to supply conventional district hiwgt directly. Hence a heat pump is needed even

if the heat is injected at higheemperatues, and an exergy loss is thereby introduced. The outlet
temperature issue becomes less important in the context of the (lower) FLEXYNETS network
temperatures.
















































































































































































































