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Abstract. This paperpresentshe experimental resulfeom the EnergyNest 2 x 500 kWithermal energy storage (TES)
pilot systeminstalled aMasdar Institute of Science & Technologglar Platform. Measured datee shown and compared

to simulationsusing a speciallydevelopeccomputer prograrto verify the stability and performance of thES. The TES

is based on a solistateconcretestorage medium (Heatcréjewith integrated steel tube heat exchangast into the
concreteThe unique concrete rgee used in the TES has been developed in collaboration with Heidelberg Cemsent
materialhassignificantly higher thermal conductivity compared to regular condrafgying veryeffective heat transfer,

at the same time being chemically stable at high temperafitresdemonstrated and measured performance of the TES
matches the predictions based on simulations, and proves the operational feasibility of the EnergyNeshasettieES

A furthercase study is analyzed whexrtargescale TES system presented in this article is comgar®eb-tank indirect
molten salt technology

INTRODUCTION

Masdar Institute of Science & Technology and EnergyNestasiitiated a comprehensjoint research project
for building and testinga2x500kWh her mal ener gy storage (TES) upiqué ot .
TEStechnologyusing individualTESelements connected in series and parallel. Each element comprisesstagolid
storage medium (Heatcr&ewith integrated steel tube heat exchang#slihe system design is modular, and thereby
fully scalable to cater to a wide rangeTES capacity requirement€onstruction of the TES and piping interface
was successfully executed within ar®nth period and completed May 2015. The holamp at Masdar Institute
Solar Platform (MISPhas beemupgraded and instrumented to allow operation with synthetic thermal oil up to 393
°C, the same conditiorasin most commercial concentrated solar power (CSP) plEntrgyNest designed, installed
and commissioned the entire TiE$stem by Oct 2015, aftevhich the first thermal cycles were completed by-mid
November. After several further improvement upgrades to the oil loop sy=sdyn 2016 the TES iscurrently
operated on a 24 5 daysbasis with seven fullime Masdar Institute stafinder supervisn of EnergyNest.

SYSTEM TESTING FACIL ITY

The section of thehot oil-loop at MISPdedicated tgerform research and testing the TES undercontrolled
conditionsusing DowthermA heat transfer fluid (HTF)s heated by an electrical heaf@00 kW) to reach max
temperature of 393C under pressurized conditiofd. With an electric oil heater arait-cooledoil cooler, the system
allows full flexibility in emulatingoperationconditionsin commercial CSP plantbpth charging the TES from a solar
field and discharging the TES to a power blaedth a steam turbine generatdihe test facility enables validation of
developedimulation tools and capabiliti@saddition to run various specific storage scenarios, and further link results

The



to simulation tools for precise and projasgtecific system design. A simplified diagram of the MISP oil langthe
Energ/Nest TES pilot is shown in Figufie
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FIGURE 1. Simplified diagram of MISP HTF oiloop (left) whichis upgraded and instrumented to perform researc
and testing of TES systems under real solar radiatnd controlled conditionBhotograph of fully commissioned
EnergyNest thermal energy storage vtk 500 kWh, capacityinstalled at MISP

STORAGE SYSTEM DESIGN

As mentioneckarlier, the TES pilot has an estimated total energy storage capacity of 2 x 50QddtWtonsists
of four separate thermal cores (250 kiWwinodulesusingtwo different heat exchanger desigabenclosed in thermal
insulation.Multiple cylindrical heat exchanger elements are placed inside a steel frame (f@rassdtt@) which is
manufactured, assembled and pressure tested in a workshop before shipsitenThe cassettasedimensioned to
fitinside astandard20r 400 container for easy transport.areUpon
casted with Heatcrete Once casted they are termed modulgsich arethen assembled onto a thermally insulated
loadbearindoundation. These modules can be stacked vertically and horizontally, allowing for a very efficient system
with low footprint and minimal heat losses. In the Tg®t at MISP each moduleomprises24 five-meterlong
elements connected in seridscrosssection of onesuchelementwith carbonsteeltubescast in Heatcrefeis shown
in Fig. 2a The tubesin each element are configured so that the HTF flows in and out of one element through two
parallelU-shapedubes. This design ensures minimal thermal stiresbe axial direction of thelemens since the
dominatingtemperature gradient is in the radial direstibhe thin steel cylindrical casting form remains in place after
casting, as it represerds optimum geometry for reinforcementd support of th@ ESelement

Inside the TES pilot,hie modules rest on a 450 mm thick loadbearing insulatmstructedusing Foamgla®,
with temperature sensors strategically located for monitoring the he#a khescast concrete foundation. Around the
modules, including the top, a layer of 600 mm thick Rockwool is used for thermal insulation. The entire assembly is
protectedrom the elements bysteel cladding attached to a sugaucture mounted on a cadtoncrete foundatign
as shown in Fig. 2blro control andmonitor the performance of the Tp8ot, there are 98 temperature sensors inside
the TESmodulesandat various levels adheloadbearing insulatigrB2temperature sensoosithe externaHTF pipes
combined with pressure amgassflow instrumentationAll data is collected through a data acquisietupdirectly
in the SCADA control systerand through an external data logdesr research purposes and convenieadditional
accessibiliy to sensocablingconnectorsnside the external claddingas includedn the design of the superstructure
in addition to a removable roof structure for future aceessinspection of thenodulesIn summary, the complete
TES comprise ofthe following main components: carbon steelbespipes Heatcret®, steel cassette frames,
insulation materiatogether with the concrete foundation and steel clagdithgvhich have a high expected lifetime
andrepresenmaterials that can beasily sourced anecyded.
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FIGURE 2. (a) Photograph of a crosectionectylindrical heat exchangerlementshowing the steel tubes cast in Heat&et
(b) lllustration of EnergyNest thermal energy storgmiet, with insulation surrounding the modules

Storage Medium Performance

The uniqueHeatcret& concrete recipe used in the TE3levelopedr collaboration with Heidelbe@ement and
differs significantly from reglar structural concrete; it hashigherthermal conductivitgompared to regular corete
for effective heat transfer, at the same time being chemically stable at high temperatures (designed for operation up to
450 °C) and with sufficient strength to withstand repeated thermal stress Adtlpsrameters relevant to the
performance of thenaterial havebeenthoroughlytested and characterizéa parallel with the construction of the
TES The mechanical strengthompressive strength at high temperatuees) thermal propertigd PS method3])
of the concrete were measured by independent lab facilities at NTNU in Trondiiwayand The Fire Research
lab atSP Technical Research Institute of Sweden

Normal concretes have rather poor thermal cotidity; in fact, in most applications such as in buildings one
prefers concrete to be as thermally insulating as possillemparing thethermal performance to earlier
demonstrations of concrebmsed TES by DLR4] (Fig. 3a & b)Heatcret& has bothsignificantly higher thermal
conductivity and heat capacitiigh heat capacity idesirablesince it reduces the storage volyraed high thermal
conductivityenhanceshe heat transfedynamics in the systerd][ The results shown in Figure 3ab clearly show

thatfor a giventhermal energgtoragecapacity less concrete wilbe requiredusingthe currenHeatcret& than by
previously available concretes.
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FIGURE 3. Measured thermal conductivity (a) and heat capacity (b) of Hedtafiea thermal conditioningver a
temperature range from 20 to 450 °C (compaoedLR demonstrated concrgt4]).

As for anyconcrete, Wien Heatcrefeis first heated to high temperatures, free water and some chemically bound
water will evaporate, diffuse and escafée initial moisture contendf concretenfluences the chemicakactions
includngwat er di | at i o;rhe logs of free armhemicalybo8nd gafefrom 100 to 200 °C depends
on reactions,section size and heatingte, followed by loss of temically boundwater p]. Losing water by
evaporationdoes not affect porosity, however, as the temperature incredsl@gdrationand shrinkagecreate
additional pore spa&cin the case ofeatcret& the watercement ratio is very lowy designand hence the porosity



remainsvery lowensuring good heat transfer capability and suitabfidityhermalenergystorage applicationfuring
the thermal conditioning procegBrst startup), the TES's heated in a slowndcontrolled wayin order to control the
water vapor pressuiaside the concretdensity measurements by SP shows a mass loss offdr3#mples heated
to 200 °C in accorénce withthis prescribedheatingprocess Further heating to 550 °C only marginally redsice
density (0.39%) proving that nearly all the free water has been remav@80 °G and that theadditionalloss is
probably due to release of some chemically lowater Similar resultsverealso reported ing] by thermal stability
analysisperformedon small norconditioned Heatcretesamples

Furthermore, from compression testiatgtemperatureHeatcret® attains twice the strength of normal structural
concrete at 200 °C, increasing from MiPa as casand cured upo 84 MPaat the higher temperature. The strength
alsoremains high afurtherelevated tmperatures (>70 MPa at 400 @)is is an important result since it implies that
the Heatcret& has strong mechanical integrity at operational temperatures.

STORAGE SYSTEM RESULTS

The individual elements in the modslexchange energy with ¢hHTF flowing throughthe steeltubescast in
Heatcret& during operation of the TERs typical for sensibleTES system$ hi s r e s uslitdse 6i na nad
sided with a di f(betaTeaver the storaget TherDelanedudes as ¢he TES is being charged,

subsequently discharged, and the rate of chdagends on the HTF mass flow and duration of charge and discharge

TheHTF inlet temperaturgand mass flow for theharge/dischargeyclesduring testing of the TES chosen based
on a prescribed set of conditiomsulating asolar field and @ower blockin a typical parabolic trough CSP plaht

finhcoot |

such plantshe steam generator is typically operated in a sliding pressure and temperature mode following a decrease

in HTF temperatureThis results in a decreasing outlet temperature (kuseasingnlet temperature to the TES) as

the TES outlet temperature decreases during dischaigee 4 shows the measured HTF temperature and mass flow

from one week of continuous opéion. The HTF is heated to 89C in the installationby the electrical heater
however thermal losssin the oil loop facilityreduce the inlet temperaturdeliveredto the TESmodulesto about
375 °C; thesethermal losses mainkgrise from umg smaltdiameter pipind 3 /azda) arddbaving relativelylarge
piping distancs (>50 m) with severatlliscreteheatlossedetween the heater and TH®provements are ongoing to
reduce these lossdsigure 5showsthe measured internal concrete temperatuiresn sensorgasts50 cminto every
fourth element (in the series of 24 elemeraached to the H-tubes. Therecorded datahows thathe TES elements
providestableandrepetitive responsever time.
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FIGURE 4. Measured HTF temperature and mass flomone module ovea period ofive days
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FIGURE 5. Measured internal concrete temperatusemgors cast into tledemens) and inlet/outlet temperaturésr one
moduleover a period of five days showing the repeatable perfornafribe storage

The gross charged and net discharged energy and podieedtly calculated based on measured mass flioyv (
and enthalpy differencén) of HTF from inlet/outlet of the individuahoduleduring cycling "Gross" in this respect
refers to energy supplied thet TES, not accounting for the heat losses from the TES during charging, whereas "net"
means the actual energy extracted from the TES, taking into account heat losses. In other words, during cycling where
the TES goes froragiveninitial state (internalemperature distributioatt = to) through a complete charge/discharge
cycle and ends up at the same state= t,), the difference between gross charge and net discharge over theteompl
cycle equals théotal heat losqdeycielosy). The relative cgled energyis therefore calculated from integrating power
over time accounting for the measutethl heat losper cycle(egns. 1, 2):

0E0QIa Q 0 1)
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TheTES ischarged aiming at reachiragighest possible inlet temperature while maximizing power by adjusting
the HTF flow. Since the inlet temperature is fairly stable at arountiC378e charge power is also relatively stable.
The TES is dischgedwith an inlet temperature controlled according to the TES outlet tempenafieetingthe
behavior ofa steam generatan atypical CSP plantEach module is charged/discharged to meet the designed 250
kWh, capacity.Figure 6 shows the measuneéltrelative energy and power over five days of continuous operation
with approximately A:30mcharging and B:00mdischarging time
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FIGURE 6. Calculatedelative storage energy (black) and related podasltfed lingbased on measurétTF mass flow ad
inlet/outlet temperaturesr one 250 kWi module over a period difve days



STORAGE SYSTEM PERFORMANCE AND VALIDATION

Validation of system performance is done through direct comparison between measured sensor values and
numerically simulated performae. An advancedMatlab-Simulink modelwith a fluid structure interaction model
based on the finite element methioals been developed for accurately predicting the TES systeiormance By
simulating and comparing the THSet/outlet temperaturprofiles after commissioning to later resulggoves the
stability and robustness of the TEBigure 7 showsone charge/dischargeycle after the system was fully
commissionedandFigure8 shows results fromycling after more than 1000 hours of operatidhe dfference in
simulated versus measured performaafter operationfor 1000 hoursis nearly indistinguishable Even more
importanty, the TES as wholeshowsabsolutelyno sign of degradationThe difference between measured and
simulated cold sideetperatures during charge Fig. 7 is due to differences between real and modelled initial
temperature conditions of the TEBowever, the match is near perfettthe end of charge period and during
discharge, thus the model represents the true TESyeardgtemperature state when the discharge begins.
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FIGURE 8. Simulated and recordédiTF inlet/outlettemperaturefor 250 kWhn cyclesafter> 1000operatinghours

PERFORMANCE OF LARGE -SCALE STORAGE SYSTEM

As reported in the previous sectjdinergyNesh simulation tool calculates performance of the TES with high
degree ofaccuracy. Tts tool hasalso, among other casdmen used to simulaperformance of garticularlarge
scale TES in a commerciapplication The casestudyconsiders d300 MWh, TES in a 50 MW (net) parabolic
trough CSP plantvith thermal oil HTF. A reference twtank indirect moltersalt TES is used for performance
comparison and benchmamg of the EnergyNest technologyhe simulationmodel used to calculate gross power
block output during TES dischargetiased on aempirical modebf a 30 MW SEGS VIpower block scaled to 50
MWeg as reported in{]. The performance comparison is based on gross power block output during TES discharge
adjusted folTES parasitic losses in botharige, discharge and standimpdes Table 1 displays calculated parasitic



losses for an EnergyNest and moltesalt TES for the case of nominal charge/dischar§ke design conditions for
nominal energy input of 1300 MWittonsiders a charge of 8h:45andisharge of 11h:15mand a standby period of
4h:00mfor both TES systems.

TABLE 1. TES systems parasitic losses and power block output with design conditions of 1300dié\¢¥targe.

Parameter Unit EnergyNest Molten salt
Gross power block output MWhg| 480.4 492.7
HTF pumps; charge (additional HTF for TES) MWhg| -17.2 -16.8
HTF pumps; discharge MWhg -17.3 -16.1
Salt pumps & auxiliaries; charge MWhg -8.4
Salt pumps & auxiliaries; discharge MWhg -8.8
Salt auxiliaries; stanty (4 hours) MWhe -1.8
Gross power block outpiitTES parasitic losse: MWhg| 445.9 440.8

Performancéas beesimulatedover fourdays with variable solar energyneday with nominal energy arttiree
partload daysHTF outlet temperature from the solar fieddassumedo be 392C at all times whereas thé&dTF
discharge temperature from moltealtis assumed to be 3709. Figure9 shows the HTF inlet/outlet temperature for
EnergyNest TES anflable 2presentsa comparison othe gross and net output for both TES systérhs. parasitic
losses during nominal conditions (Table 1) of charge and discharge are converted to specific lossegviidh
and staneby losses are converted to specific losses indMWhese specific losses are then used to calculate overall
parasitic losses for the three pdaad days based on energy charged/discharged and number ebgthodrs.The
total electricity outputis 1.6% higher from EnergyNest TES than from molsait TES due tosignificantlyreduced
parasitic losses, mainly due teetavoidanceof electricity consumed by thealtpumpsand staneby heat tracing

Future work related to performanegaluationwill include: 1) the use of anore accuratenodel of a50 MW
power blockrepresenting moder@SP plants2) days with abovenominal energy available for TES) heat losses
from the TESsystemsand 4) parasitic losses calculated for part load operation.

FIGURE 9. SimulatedHTF temperature profile for EnergyNes300 MWhn TES forfour days with variable solar conditions

TABLE 2. Perfomance comparison of EnergyNest moltensalt
Charge/ EnergyNest Molten salt
Day discharge  Stand-by Gross el. Gross eli TES Gross el. Gross ell TES
[MWh ] hours [h] [MWhe] parasitic [MWHh] [MWhe] parasiticMWhe]

1 1300 4 4804 445.9 492.7 44038
2 629 10 230.8 2141 2384 209.7
3 757 8 279.7 259.6 286.9 2%4.1
4 465 14 1666 154.3 1762 152.0

TOTAL 3151 1073.9 1056.6







