Electric Thermal Energy Storage based on Packed
Beds for Renewable Energy Integration

Vom Promotionsausschuss der
Technischen Universitdt Hamburg
zur Erlangung des akademischen Grades

Doktor-Ingenieur

genehmigte Dissertation

von

Michael von der Heyde

aus Kiel

2022



1. Gutachter: Prof. Dr.-Ing. Gerhard Schmitz
2. Gutachter: Prof. Dr.-Ing. Stefan Will
Priifungsvorsitzender: Prof. Dr.-Ing. Alfons Kather

Tag der miindlichen Priifung: 26.01. 2022

DOI: https://doi.org/10.15480/882.4165
URN: urn:nbn:de:gbv:830-882.0172904

The text is licensed under the Creative Commons Attribution 4.0 (CC BY 4.0) license. This means that it
may be reproduced, distributed and made publicly available, even commercially, provided that the author, the
source of the text and the above-mentioned license are always mentioned. The exact wording of the license

can be accessed at https:/ [ creativecommons.org/licenses/by/ 4.0/legalcode.



Acknowledgments

This thesis is based on scientific work at the Institute of Engineering Thermo-
dynamics at Hamburg University of Technology for the joint research project
Future Energy Solution in collaboration with Siemens Gamesa Renewable
Energy and Hamburg Energie GmbH. The project was funded by Germany’s
Sixth Energy Research Program, which is gratefully acknowledged. Being
part of the project was a strong enrichment to me and I highly appreciate
the interesting insights and discussions, as well as the support of all project
partners by providing background information and measured data.

I am very grateful for the support, trust and encouragement of my advisor
Prof. Dr.-Ing. Gerhard Schmitz, who granted every freedom at daily work
to dive into the research area with my own focus and established excellent
working conditions at the institute. I also want to thank Prof. Dr.-Ing Stefan
Will for being the second reviewer of the thesis and Prof. Dr.-Ing. Alfons
Kather for taking over the chairmanship of the examination board.

All colleagues at the institute contributed to a great working atmosphere
and I appreciate the support, interesting discussions and wonderful times we
spend together at breaks. I especially want to thank Lisa Andresen for the
initial work on the project and for motivating me to join it.

Many students have contributed to the research project through their thesis
or as research assistant. Their commitment, ideas and feedback is highly
appreciated.

Last but not least I want to thank my wife Jasmin for the strong backing
during the thesis writing and for making our life as it is, as well as our two
sons, Enno and Jonas, who motivate us everyday with their happiness and
confidence in the future.

Hamburg, February 22, 2022






Summary

Energy storage allows to balance electricity generation from wind and solar
energy with the energy demand over time. The discharged energy can substi-
tute fossil fuel combustion in times of low wind or solar energy availability in
order to reduce CO,-emissions. But energy storage is subject to cost, energy
losses and environmental footprint. A mix of various storage technologies
according to their capital cost and efficiency as well as an enhanced integration
of energy sectors is likely to be part of the optimal solution to wind and solar
energy integration.

Carnot Batteries convert electricity to heat at charge, store thermal energy
and reconvert heat to electricity at discharge upon demand. A particular
Carnot Battery concept named Electric Thermal Energy Storage is investigated
in this work. It uses electric heating of air at charge, a packed bed of crushed
rock for low-cost high-temperature thermal energy storage and a heat recovery
steam generator to provide steam for a turbine or other consumers at discharge.

This work is based on numerical simulation of the storage concept on three
scales, which are 1. dynamic system simulation in Modelica for the energy-
based evaluation of the storage concept, 2. three-dimensional CFD simulation
to further investigate the heat and mass transport in the packed-bed storage
and 3. particle-resolved CFD simulation to derive correlations for the heat
and mass transfer on the particle scale. Measured data from a 130 MWhy,
demonstration plant in Hamburg, Germany, has been used for validation of
the models.

The energy-based efficiency of steam supply upon demand according to
simulation results is 78 to 96 %, depending on the way of system integration,
operational schedule and design. It has to be multiplied to the water-steam
cycle efficiency to complement an electric energy storage round-trip efficiency.
As the packed-bed storage outlet temperatures on the hot and cold side must
be kept in a limited range and a thermocline occupies a share of the packed-bed
volume, the storage has a limited depth of charge and discharge. According to
simulation results, the ratio of usable to nominal storage capacity is at 63 to
83 %.
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Glossary

Marked (*) symbols possess a mass-specific variant in which the symbol is written in
lowercase and the unit is extended by kg~

Symbols

Roman
A

a

B

Description

Area

Area per Volume

Constant

Biot Number

Cost

Cost per Energy Unit

Inertial Coefficient

Courant Number

Cost per Power Unit

Isobaric Specific Heat Capacity*
Isochoric Specific Heat Capacity*
Sauter Mean Diameter
Diameter

Hydraulic Diameter

Volume Equivalent Diameter
Energy*

Euler Number

Exergy*
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Body Force

Exchange Factor

Force

Frequency

Enthalpy*

Index

Moment of Inertia

Permeability

Ratio of Thermal Conductivities
Mass

Count

Nusselt Number

Pressure

Prandtl Number

Heat

Rayleigh Number

Reynolds Number

Interest Rate

Radius

Specific Gas Constant

Entropy*

Temperature

Time

Internal Energy*

Velocity

Volume

Work

First Cartesian Coordinate (length)
Second Cartesian Coordinate (width)
Third Cartesian Coordinate (height)

m/s

m3

J

m
m
m



Greek

€ € X € A 9 ™ T > % = v o R

> M

Description

Heat Transfer Coefficient

Porosity

Exergetic Efficiency
Efficiency

Ratio of Specific Heats
Thermal Conductivity
Dynamic Viscosity
Density

Standard Deviation
Time Constant

Usable Capacity Ratio
Aspect Ratio
Sphericity

Angular Velocity
Emissivity

Temperature

Description

Absolute Value of i
Arithmetic Mean of i
Derivative of [
Difference of i}

Flow Rate of i
Identity Matrix

Partial Derivative of i

Vector of partial derivatives of i}

Cross Product

Vector

Symbols | ix

W/(mK)

Pas

kg/m?3

1/s

°C

Unit

(/s
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Numbers

Symbol

e

9 A %

Description

Euler’s number
Standard Gravity

Pi

Stefan-Boltzmann Con-
stant

Phys. Qtt.
~2.72
~9.81 m/s?
~3.14

~5.67 x 1078 W/(m?2K*)



Subscripts

0 At Stagnant Fluid
a Annual

ac Air Cycle

air Air

ap Approach Point
bed  Packed Bed

c Charge

cap  Capital

cond Conduction
contact Contact

cross  Cross Direction

cs Cold Side

d Discharge

e Energy

efc Equivalent Full Cycles
eff Effective Properties

eh Electric Heater

el Electric

env Environment

f Fluid

fan Fan

fw Feed Water

h Hold

hs Hot Side

I Series Connection
11 Parallel Connection
in Inlet

irr Irreversible

loss Loss

max
mech
min
mix
net
nom
o&m
out

pzh
p2p
poly
ppP
rad
ref
rel
rev

sat
sby
sC

sd

set

sg
steam
stop
surf
th

Subscripts | xi

Maximum
Mechanical
Minimum
Mixing

Net Value
Nominal
Operation And Maintenance
Outlet

Particle

Power to Heat
Power to Power
Polytropic
Pinch Point
Radiation
Reference
Relative
Reversible
Storage
Saturation
Standby

Steam Cycle
Self Discharge
Setpoint

Steam Generator
Steam

Stop

Surface
Thermal

Wall



xii | Abbreviations
Abbreviations

Notation Description

CAES Compressed Air Energy Storage

CFD Computational Fluid Dynamics
cor Coefficient of Performance

CRF Capital Recovery Factor

CSp Concentrated Solar Power

DEM Discrete Element Method

EES Electric Energy Storage

ETC Effective Thermal Conductivity
ETES Electric Thermal Energy Storage
HRSG Heat Recovery Steam Generator
HT Heat Transfer

LCOS Levelized Cost of Storage

MAE Mean Absolute Error

MEAS Measurement

P2H Power-to-Heat

P2P Power-to-Power

PD Pressure Drop

PHPES Power Heat Power Energy Storage
PTES Pumped Thermal Energy Storage
pPv Photovoltaics

RCV Representative Computational Volume
SDR Self Discharge Rate

SIM Simulation

SOC State of Charge

TES Thermal Energy Storage

VRE Variable Renewable Electricity

WEC Wind Energy Converter



List

2.1
2.2
2.3
2.4
2.5
2.6

2.7
2.8

3.1
3.2
3-3
3-4
3-5

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17

of Figures

Energy Flow Chart for a General Energy Storage System . .. 10
Comparison of PHPES and PTES General Concepts . . . . . . 19
Heat Pump and Heat Engine Efficiency for PTES . . . . . . .. 21
Nlustration of Packed-Bed TES . . . . . .. ... ......... 24
Flow Directions in Packed-Bed TES . . . . . ... ... ... .. 28
Packed-Bed Aspect Ratio Examples . . . . ... ... ... ... 29
Modes of Heat Transport in Packed Beds . . .. ... ... .. 37
ETC Model According to Krischer . . . ... ... ....... 43
Flow Chart for ETESConcept . . . ... ............. 48
Characteristic Packed-Bed Temperature Distribution . . . . . . 50
Overview on Application Cases for ETES . . .. ... ... .. 52
ETES demonstration plant in Hamburg-Altenwerder, Germany 54
Ilustration of Usable Capacity Ratio . . . ... ... ... ... 59
Overview on Multi-Scale Workflow . . . . . ... ... ... .. 64
Modelica Diagram: ETES System Integration . . . . . ... ... 68
Modelica Diagram: AirCycle . . . . . . ... ... ... ..... 70
Modelica Diagram: State Graph Controller . . . . . .. ... .. 72
Modelica Diagram: Packed-Bed Storage . . . . . . ... ... .. 72
Mesh Independence Study for One-Dimensional Model . . . . 75
Heat Recovery Steam Generator Temperature Profile . . . . . . 81
Boundary Conditions for Porous-Media CFD . . . . . ... .. 86
Static Pressure Profile at Hot and Cold Side Boundary . . . . . 87
Mesh Independence Study for Porous-Media CFD . . . . . .. 88
Overview on DEM-CFD Workflow . . ... ... .. ... ... 90

Trend of Packed-Bed Porosity with Particle Injection Velocity . 91
Sensitivity of Porosity on Number of Available Particle Shapes 91

Sensitivity of Pressure Gradient on RCV Size . . ... ... .. 91
Velocity of Particles at Packing Process . . . . .. ... .. ... 94
Multi-Sphere Approximated Particle Shape . . . . .. ... .. 94
Particle Size Distribution Used at Validation . . . . . ... ... 95



xiv

List of Figures

4.18 Variation of Porosity with Size Distribution Width . . . . . ..
4.19 Overview on Particle-Resolved CFD Boundary Conditions . .
4.20 Mesh Independence Study for Particle-Resolved CFD . . . . .
4.21 Dispersion of Results for Repeated Simulation . . ... .. ..

5.1 Validation of DEM-CFD Workflow: Monodisperse Spheres . .
5.2 Validation of DEM-CFD Workflow: Crushed Rock . . . .. ..
5.3 Pictures of Packed-Bed Storage Units used for Validation . . .
5.4 Validation of Packed-Bed Models: TestSite . . . .. ... ...
5.5 Validation of Packed-Bed Models: Demo Plant Charge . . . . .
5.6 Validation of Packed-Bed Models: Demo Plant Hold . . . . . .
5.7 Comparison of HRSG Model with Manufacturer’s Specification
5.8 Comparison of Fan Model with Manufacturer’s Specification .

6.1 Operational Schedules Based on Wind and Solar Variability

6.2 Exemplary Sections of Temperature and Velocity Field . . . . .
6.3 Effect of Packing Direction on Packed Bed Properties . . . . .
6.4 1D Model Sensitivity to Packed-Bed Correlations . . . . . . . .
6.5 Variation of Particle Size and Storage Aspect Ratio . . . . . . .
6.6 Variation of Storage Outlet Temperature Deviation Tolerance .
6.7 Variation of Packed-Bed Storage Insulation Thickness . . . . .
6.8 Comparison of 1D and 3D Packed-Bed Models . . . . ... ..
6.9 State of Charge at 1D-3D Comparison . . ... .........
6.10 Packed-Bed Temperature Field on Symmetry Plane . . . . ..
6.11 Efficiency and Usable Capacity Ratio for Test Cases . . . . . .
6.12 Air Cycle Energy Losses for TestCases . . . . . ... ... ...

A State of Charge for Tested Operational Schedules . . . . . . ..

114
115
117
118
119



List of Tables

2.1
2.2

4.1
4.2
43
4.4
4.5

6.1
6.2

A1

Exemplary Nominal Packed-Bed Volumetric Energy Densities 25

Operating Conditions of Rock-Bed Experiments . . . ... .. 26
Thermodynamic Storage Material Properties . . ... ... .. 76
Boundary Conditions in Porous-MediaCFD . . . . . . ... .. 86
Computational Requirements of DEM-CFD Workflow . . . . . 93
Mechanical Storage Material Properties . . . .. ... ... .. 95
Mesh Parameters for Particle-Resolved CFD . . . . . . ... .. 100
Operating Temperatures For Test Cases . . . .. ... ... .. 122
Packed-Bed Properties at Horizontal Flow . . . . . .. ... .. 127
Parameters of the Air-Cycle System Simulation Model . . . . . 173






Introduction

The atmospheric CO,-concentration has grown significantly since the begin-
ning of the industrial era [165]. A majority of experts identifies this as the main
cause for the mean earth temperature increase according to the greenhouse
effect, observable since the mid 2oth century [141]. Further temperature in-
crease may cause severe and unpredictable consequences for many regions of
the earth. As fossil fuel combustion is the main source of CO,-emissions [141],
its replacement with sustainable energy in the electricity, heat and mobility
sectors as fast as possible is an essential contribution to mitigate the climate
change.

Wind Energy Converter (WEC) and Photovoltaics (PV) are the fastest growing
technologies for electricity generation, accounting for around 73 % of the world-
wide added capacity in 2020 [89]. According to Memmler et al. [123], their
specific greenhouse-gas emissions in CO,-equivalents are 67 kg/MWh for PV
and 11 kg/MWh for onshore WEC, whereas Germany’s hard coal power plants
are at 870 kg/MWh. Furthermore, the levelized cost of electricity generation
for these technologies has decreased significantly, reaching 40 to 60 €/ MWh
for ground-mounted large-scale PV and 40 to 80 €/ MWh for onshore WEC in
Germany in 2018 [99].

A major disadvantage of WEC and PV is the restricted availability of wind
and solar energy in time. The variation can be seasonal, diurnal or weather-
dependent and in general does not match with the variation of electricity
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demand. In Germany, PV achieves 800 to 1020 and onshore WEC 1400 to 3200
full load hours per year [95]. The reader may refer to websites of system
operators or network agencies such as the California Independend System
Operator [32] and German Federal Network Agency [66] to see time series
data of electricity generation from wind and solar energy. In consequence,
electricity from WEC and PV is referred to as Variable Renewable Electricity
(VRE) in the following. WEC and PV furthermore have a high land use and
their rural placement increases the demand for energy transport.

The electricity generation has to meet the demand at all times, as the electricity
grid itself has a low ability to store energy. The flexibility measures to balance
generation and demand in the electricity sector are

. load-following generators,

. grid expansion to level out local imbalances,
. demand side management and

. Electric Energy Storage (EES).

HWN R

Hot or cold reserve of fossil-fueled power plants have been the main source of
flexibility in the past, as fossil fuel can be stored on site and used to generate
electricity upon need. Lower VRE shares on the electricity consumption can
be integrated using these load-following fossil-fueled power plants as backup,
even though it has negative consequences for the economics and machinery
of these plants [159]. But the availability of wind and solar energy is still
restricted to times of electricity generation from PV and WEC in this case.

Further reduction of CO,-emissions through higher shares of VRE requires the
other means of flexibility in the electricity grid in order to avoid curtailment of
VRE at some times and fossil-fueled electricity generation at others [46, 192].
Besides grid expansion and demand side management, an increasing need
for EES is projected in many scenarios, such as 11.89 to 15.72 GWh in 2030 by
the International Renewable Energy Agency [87]. But EES has been rarely
implemented so far, due to its high costs and energy conversion losses. The
worldwide storage capacity in 2017 is estimated at 4.67 GWh [87], which is
only about 0.2 % of the generated electricity.

An enhanced integration of the electricity sector with the heat and mobility
sectors is another flexibility measure to increase the overall share of VRE on



the final energy demand, as it enables

1. the replacement of fossil fuel with VRE as primary energy source in
these sectors in order to reduce their CO, emissions and

2. an possibly more economic or efficient utilization of VRE and avoidance
of VRE curtailment.

The conversion of electric power to heat can be implemented with direct electric
heaters or heat pumps. The mobility sector may use VRE stored in batteries
or as chemical energy carriers. But the additional electricity demand has to
be transported within the electricity grid and especially has to coincide with
times of VRE availability in order to reduce the overall CO,-emissions without
requiring further flexibility in the electricity sector. Consequently, energy
storage in the heat and mobility sector is needed as well. Advantageously,
Thermal Energy Storage (TES) is normally cheaper than EES and mobile
applications require energy storage anyways. Integrated energy sectors in
general require a holistic view on the energy system to optimize the overall
efficiency.

As the available EES technologies are either restricted by geographical pre-
requisites, costly per storage capacity or have a limited efficiency, there is an
ongoing search for technology improvement or novel storage technologies. In
this manner, Carnot Batteries, which convert electric energy to thermal energy
at charge, store thermal energy and convert it back to electricity at discharge,
gain significant interest recently. This interest led to an International Energy
Agency technology collaboration program on Carnot Batteries in 2019 [85].

In the joint research project Future Energy Solution a specific Carnot Battery
concept called Electric Thermal Energy Storage (ETES) is investigated. It is
based on direct electric heating of air at charge, which then flows through a
high-temperature packed-bed TES. A blower is used to circulate the air. Elec-
tricity can be generated at discharge from the stored heat with a conventional
water-steam cycle. Optionally, the steam can also be used for other purpose.
Project partners are Siemens Gamesa Renewable Energy, Hamburg Energie
GmbH and Hamburg University of Technology. The project is funded by
Germany’s Sixth Energy Research Program. Goals of the project are

» further technology development and construction of a demonstration
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plant with a thermal storage capacity of 130 MWhy,, which is operated
up to 750 °C,

= operation and market integration of the demonstration plant and analysis
of future economic perspectives as well as

» development of simulation tools for design optimization and evaluation
of the storage technology.

Content of This Work

The performance of the ETES technology has not been evaluated in literature
yet taking into account irregular operation, as necessary for VRE and load
balancing, and the transient thermal behavior of the packed-bed storage. But
the time-variant temperature field inside the packed bed has a strong impact
on the overall system performance. The packed-bed storage component is
furthermore beyond the state of art, as

= it is operated at high temperatures,

» a horizontal air flow direction is chosen for economic reasons,
= the economically necessary scale is large,

= the application requires an irregular operation and

s it is operated in a closed cycle.

This thesis presents dynamic system simulation models in Modelica for the
energy-based evaluation of ETES units with different designs and operational
schedules. The operational schedules include electricity price and VRE gener-
ation data based schedules as well as cyclic schedules according to characteris-
tic wind and solar energy fluctuation. All relevant energy loss mechanisms
of ETES units are taken into account. The developed component models
are included in version 1.4 of the open-source TransiEnt library [71]. Com-
putational Fluid Dynamics (CFD) simulation of large-scale horizontal-flow
packed-beds is further applied to investigate the effect of natural convection
and temperature-induced density and thus flow field variations on the tem-
perature field. The relevant packed-bed properties, such as the local pres-
sure gradient and particle-to-fluid heat transfer coefficient, are derived from
particle-resolved CFD simulation in order to reduce the dependency on costly
experiments.



The packed-bed models are validated with experimental data from the demon-
strator plant in Hamburg-Altenwerder and a second packed-bed storage unit
in Hamburg-Bergedorf, both build by Siemens Gamesa Renewable Energy.
The particle-resolved CFD simulations are validated with correlations from
literature.

The structure of this thesis is as follows. In Chapter 2 the relevant back-
ground on energy storage systems, especially on Carnot Batteries and high-
temperature packed-bed TES is reviewed, along with the necessary back-
ground on the modeling of packed-bed TES. Chapter 3 introduces the ETES
concept. The developed system simulation and CFD models are outlined in
Chapter 4, followed by their validation results in Chapter 5. In Chapter 6,
simulation results for the ETES unit performance at a selection of designs and
operational schedules are shown. The results are used to compare the ETES
concept with other storage options in the concluding Chapter 7.






Background

This chapter covers the relevant background for the thesis. At first the charac-
teristic quantities to evaluate energy storage systems are defined. The state
of art in EES is reviewed, in order to benchmark the ETES performance, fol-
lowed by an introduction to the general concept of Carnot Batteries in order
to reveal the specific ETES advantages and disadvantages compared to other
Carnot Battery concepts. An overview on high-temperature TES is also given,
with an emphasis on the advantages and design challenges of packed-bed
TES, as the ETES concept relies on this specific TES technology. Finally, the
equations needed to model packed-bed TES are introduced to provide a basis
for Chapter 4 and the programming language Modelica is briefly described.

2.1 First and Second Law of Thermodynamics

As the First and Second Law of Thermodynamics are frequently used in follow-
ing sections, they are introduced here. The First Law for an open and unsteady
system may be written as
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h;

OE _ 9Eun  9Epet  9U
- ot T o Tar

= Pi
W+Q+Zm u+p+zv +97 . [21]

The energy of a system is the sum of its kinetic and potential energy Ey;, and
Eot, as well as its internal energy U. Internal energy may be further classified
as thermal, chemical, nuclear or internal magnetic and electric field energy.
Based on the first law, a system’s energy can only be changed by flow of work
W, heat Q or matter 7iz, which can carry enthalpy h, kinetic or potential energy,
across the system boundaries.

The Second Law for the same system is

% Qrev
dt

Z fis; + Sy with S > 0. [2.2]

Based on the Second Law, energy may be divided into exergy and anergy.
Work is exergy, its conversion to other energy forms is not restricted by the
Second Law, as it does not change the system’s entropy. Heat on the other
hand contains an exergy and anergy part. Its conversion to work is limited by
the efficiency of the Carnot Process

Hearnot = T ’ [23]

depending on the temperature T, at which the heat is provided, and the
temperature of the environment T,,. Many text books may be used for further
reading, such as Schmitz [158].
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2.2 Quantities to Evaluate Energy Storage Systems

The evaluation and comparison of different energy storage systems require
consistently defined characteristic quantities. A selection, as relevant to this
work, is defined on a general basis in this section to provide a solid basis for
the later discussion of different technologies. More characteristic quantities
may be found in the book by Sterner et al. [171].

The optimal placement, sizing and operation or dispatch of energy storage
systems is subject of intense research [43]. The applied optimization tech-
niques, such as mixed integer linear programs [78], rely on these characteristic
quantities as well in order to mathematically describe energy storage systems
in a simplified way.

An energy storage system is defined here as technical plant serving the purpose
to shift the availability of energy in time. The operation of energy storage
systems therefore consists of charge, discharge and hold modes.

According to Equation 2.1 energy can be stored as kinetic, potential or internal
energy. As the required energy form to charge and discharge can be different
from the energy form of storage, an energy conversion process for charge and
discharge may be necessary. But, each energy conversion is subject to losses.
The energy form of charge and discharge itself can be different as well, in which
case the energy storage system serves the integration of energy sectors as cross-
sector storage unit. Energy storage systems are either classified according to
the form of stored energy, such as mechanical, chemical or thermal energy
storage, or according to the form of charged or discharged energy, such as
EES.

Figure 2.1 shows a schematic overview on a general energy storage system.
The stored energy is denoted as E*. Work, heat or energy transport by flow
of matter are denoted as E. Whereas the energy conversion losses E_ s and
Eq4 10ss only occur at charge or discharge, the storage unit loss remains at hold.
It is therefore referred to as self discharge loss Eyq. Examples are heat transfer
to the environment for thermal energy storage or friction loss in the case of
flywheel energy storage. Additional work or heat may be needed to keep
the operational readiness of an energy storage system, which generally does
not contribute to the stored energy. This demand is referred to as standby
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Energy Storage System Esby
Charge Storage ‘ Discharge
. Process Unit Process i

Figure 2.1/ Energy storage system comprising a storage unit as well as a charge
and discharge process.

losses Esby. Common examples are electric energy demand for lighting, safety
measures or the control system.

The efficiency of energy storage systems may either be defined

» with respect to energy flow values at the nominal operating point or
= based on integrated energy flow over an representative observation time
period.

In this work an energy-based evaluation is preferred, as self-discharge and
standby losses, eventual part-load operation or a dependency of the conversion
losses on the state of charge are inherently taken into account. A flywheel
energy storage for example may be highly efficient at charge and discharge
based on nominal power values, but unusable for long hold operation due to
its high self-discharge rate.

An energy-based evaluation requires the definition of an observation time
period and operational schedule, which should be reported together with any
results in order to allow comparison with values of other authors. A related
source of error is a difference in stored energy at the beginning and end of
the observation time period. It can be misleading when comparing different
experimental results and should therefore be kept as small as possible. This
can be done by either choosing a long observation time period to minimize
it’s influence or by choosing the start and end of each experiment in a very
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similar state.

Instead of energy, exergy or exergy flow rates may be used to evaluate energy
storage systems, which leads to the definition of an exergetic efficiency. Exergy
as measure is especially useful for energy storage systems, if the energy form
of discharge is work, in which case the exergetic efficiency indicates the storage
system loss mechanism more precisely than energetic efficiencies [98, 178].

The variables, as shown in Figure 2.1, are used in the following to define the
characteristic quantities for the evaluation of energy storage systems.

Technical Quantities

The energy-based round-trip efficiency of a storage system is defined with the
energy input and usable output as

E d,out

=% [2.4]

c,in +E sby

The storage capacity is defined by the difference of the minimum and maxi-
mum boundary values for the stored energy E® as

AE® = Eqnax — Equin - [25]

It limits the amount of energy that can be charged or discharged in one op-
eration cycle. But the minimum and maximum boundary values can change
over time for several storage technologies, such as lithium-ion batteries or
single-tank thermal energy storage. Thus, it is useful to define an invariant
nominal storage capacity AE;,,, which leads to a limited depth of charge or
discharge for these technologies in return. For the case of packed-bed TES a
possible definition of an invariant nominal thermal storage capacity can be
found in Equation 3.9. A usable capacity ratio ¢ can be defined accordingly
as

11
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AP
TOAES

nom

2 [2.6]

The State of Charge (SOC) relates the currently stored energy to the nominal
storage capacity

S _ s

ES—E
SOC = Fref . [27]

nom
A reference state E? ; is used for the definition here instead of the minimum
value, due to the minimum values variability. The nominal storage capacity is

also used to define the self discharge loss as Self Discharge Rate (SDR) over
the observation time period At as

E sd
AtAES

nom

SDR = [2.8]

An energy density may be defined for an energy storage system as volumetric
(J/m3) or gravimetric value (J/kg). For stationary energy storage systems the
volumetric density is important, as it defines the spacial requirement for the
storage unit. Mobile applications on the other hand generally require high
gravimetric densities in order to limit the vehicle mass.

The nominal rate of charge for an energy storage system E_ o, is used to define
the nominal charge time as

AES
Atc,nom = —. [2'9]

c,nom

The nominal discharge time is defined accordingly and is in many cases equal,
for example if the same machinery is used for the charge and discharge pro-
cesses. The nominal charge or discharge time is also referred to as energy-to-
power ratio. It may vary significantly according to the energy storage applica-
tion case and can be for example seconds in the case of ancillary services for
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the electricity grid or several months in the case of seasonal thermal energy
storage.

Load changes of the charge and discharge process are often subject to technical
restrictions. The power gradient or ramp rate for charge dE./dt and discharge
dE4/0t or the start-up or shut-down times can be used as measure.

Economic Quantities

In order to quantify the energy turnover of a storage system in an observation
time period the number of equivalent full cycles can be used. It is defined
here as the ratio of energy input to the nominal storage capacity to make it less
dependent on the storage efficiency

Ec,in + Esby
AES

nom

Nefe = [2.10]

The number of equivalent full cycles depends at least on the energy storage
application case and the usable capacity ratio.

To compare the cost of different energy storage technologies, the Levelized Cost
of Storage (LCOS) may be used, which is the overall energy storage system
cost divided by the amount of discharged energy. Capital cost C,,, operation
& maintenance cost C.,, and energy cost C, are taken into consideration in
this work. The consideration of energy cost is not handled consistently in

literature. It is taken into account by Jilch [94], but neglected by Abdon et al.

[1].

The capital cost of energy storage systems is often defined relative to the
installed storage capacity ($/MWh) or power ($/MW) in literature. But in
general, it is a function of both, installed power and storage capacity, and thus
to the energy-to-power ratio or nominal charge and discharge time, which has
to be considered when comparing the capital cost of different energy storage
plants

13
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Ccap =f(C6, AEflom' Cpr Enom) . [2.11]

The capital cost can be related to the observation time period by means of a
Capital Recovery Factor (CRF). For an observation time period of one year it
can be determined from the interest rate r and service life in years n, as

1 a
CRF = % [2.12]
' —

The energy cost can be expressed by means of the mean energy price at charge

Ce. and hold operation ¢,, as

Ce = CocEeiin + CThEsby : [2.13]

Neglecting the energy cost for standby demand and by means of Equations 2.4
and 2.10 the LCOS for an observation period of one year can be written as

CRF Coap + Cogem

LCOS = .
M Nege AEnom

Ce,
+—. 2.14
; [2.14]

In this form, the LCOS can be used to demonstrate the importance of the
efficiency and number of equivalent full cycles on the economics of energy
storage systems.

The capital cost for a storage system is divided by the number of equivalent
full cycles. In consequence, the relevance of the capital cost increases at low
numbers of equivalent full cycles.

The mean energy price at charge is divided by the efficiency, as more energy
has to be purchased for a less efficient storage system in order to discharge the
same amount of energy. Consequently, the relevance of the efficiency on the
LCOS decreases for low mean energy prices at charge. But as the efficiency is
an important factor in a storage unit’s marginal cost, it is also relevant to the
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merit order of storage dispatch.

Environmental Footprint

Besides the technical and economic quantities, the environmental footprint
should be taken into consideration when evaluating energy storage systems.
Possible measures are resource depletion, global warming potential or land use.
For the assessment the full life cycle must be taken into account, which includes
production, transport, use phase and recycling or disposal. Examples are
provided by Immendoerfer et al. [84], comparing the environmental footprint
of pumped hydro energy storage and batteries, and Scharrer et al. [154] for a
Carnot Battery concept including geothermal heat supply.

2.3 Review on Electric Energy Storage

EES can serve various applications in the electricity sector, such as

balancing of VRE and demand,

ancillary services such as frequency and voltage control,
peak load shaving,

transmission investment deferral or

uninterrupted power supply.

idwNR

Balancing of VRE generation and electricity load leads to a high demand for
energy storage capacity. But it also poses high requirements towards the EES
capital cost, as the number of equivalent full cycles per year can be relatively
low, according to the characteristic fluctuations of wind and solar energy
availability and electricity load. Higher numbers of equivalent full cycles can
be achieved for example when providing ancillary services, but the required
storage capacity is much more limited.

Each EES application leads to different requirements towards the nominal
charge and discharge time or energy to power ratio. According to Abdon et al.
[1], EES applications may be classified as short (~ 0.01h), medium (= 4.5h)
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and long term (~ 2160h). Different EES technologies are suitable for different
energy to power ratios and number of full cycles according to their capacity-
and power-specific capital cost and efficiency. An overview on the typical
energy to power ratios of several EES technologies can be found as Ragone
chart in the book of Sterner et al. [171].

A comparison of system cost for different EES technologies has been done by
Jilch [94]. A mix of energy storage technologies according to each specific
strengths is likely to be most economic, as shown for example by Schmidt et al.

[157].

Some frequently discussed EES technologies are briefly introduced in the
following.

Pumped hydro energy storage is the most common large-scale EES technol-
ogy today. It accounts for 96 % of the worldwide storage capacity according to
[87]. The round-trip efficiency is relatively high at 75 to 85 % and the service
life is larger than 40 years [43]. But it is restricted to sites offering geographical
elevation differences [149] and has a high land use as the volumetric energy
density is relatively low. For an elevation difference of 540 m the energy density
is 1.5 kWh/m? [171].

Compressed Air Energy Storage (CAES) stores energy as pressure increase in
an air volume, which increases the exergy fraction of the internal energy. The
first plant was commissioned in 1978 in Huntorf, Germany, a second in 1991
in McIntosh, USA. Both plants use natural gas to heat the air before expansion
at discharge. Adiabatic CAES uses TES to increase the round-trip efficiency,
values around 70 % are expected [169]. A first experiment on adiabatic CAES
has been published by Wang et al. [188]. CAES also requires geographical
prerequisites in the form of large natural caverns. The volumetric energy
density is in the range of 5 to 20 kWh/m?3 for pressures of 50 to 100 bar [169].
A range of 400 to 800 $/kW is estimated for the capital cost by Chen et al.

[35]-
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Flywheels store energy as kinetic energy of a rotating mass. The energy
density is around 20 kWh/m? for a steel flywheel at 5000 rpm. The maximum
speed of available units is 100 000 rpm [131]. Major drawback is the self dis-
charge due to friction losses. In an example provided by Ibrahim et al. [83]
the self discharge rate is at 55 % per day.

Electrochemical energy storage includes several different battery technolo-
gies, but lithium-ion batteries accounted for nearly 90 % of the worldwide
large-scale battery storage additions in 2017 according to [88]. Lithium-ion
batteries benefit from innovations in the mobility sector [86] leading to signifi-
cant cost reductions, but are still costly for grid-scale energy storage. In 2018
the installed storage capacity of large-scale battery storage systems in Germany
was 550 MWh with an accumulated power of 400 MW, mainly providing an-
cillary services [62]. A production cost in the range of 75 to 1130 $/kWh is
projected at a production capacity of 1 TWh per year by Schmidt et al. [157].
Resource limitations to lithium may restrict a cost reduction [36]. Lithium-ion
batteries have a limited cycle life. Their efficiency is in the range of 85 to 90 %
[43]. The volumetric energy density is around 0.3 MWh/m? [171].

Hydrogen can be generated from water by electrolysis and used as chemical
energy storage medium. It can be stored, fed into the natural gas grid up to a
limited mass fraction, further transformed to synthetic methane or used for
other purpose. Fuel cells or gas turbines can be used to regenerate electricity.
The volumetric energy density is high, being 0.4 MWh/m?3 for hydrogen and
1.2 MWh/m? for methane at 200bar [171]. The uninstalled system cost for
a proton exchange membrane technology electrolyzer is 230 $/kW at a pro-
duction capacity of 100 GW per year according to Mayyas et al. [120]. The
capacity-specific storage capital cost on the other hand is low. Main challenge
is to increase the efficiency of the conversion processes [28]. According to
Das et al. [43], the round-trip efficiency is in the range of 25 to 58 % for a H,
storage system with a fuel cell for electricity generation.
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2.4 Carnot Batteries

Carnot Batteries convert electric energy to thermal energy at charge, store the
thermal energy and convert it back to electricity at discharge. According to
Steinmann [169], Carnot Batteries can be categorized as thermo-mechanical
energy storage along with CAES. Carnot Batteries are seen as promising EES
technology for balancing of VRE and demand according to their general ad-
vantages of

= site independence,

= scalability to large units in the 100 MW range,

» independent scaling of nominal charge and discharge power as well as
storage capacity,

= low capacity-specific capital cost,

= long life expectancy and

= relatively high volumetric energy density, leading to a limited land-use.

Due to the interim thermal energy storing, Carnot Batteries are inherently able
to get integrated in thermal energy networks as well. In this way, they can
support the integration of the electricity and heat sectors. Possible options
are

1. the intake of low-temperature heat at charge to improve the efficiency or
provide cooling [153],

2. an output of low-carbon heat from VRE upon thermal demand or

3. cogeneration of heat and power at discharge in order to increase the
overall energy utilization rate.

The charge process can either be electric heating or a heat pump cycle [170],
leading to very different system characteristics. Therefore, Carnot Batteries
are further classified as Power Heat Power Energy Storage (PHPES) in the first
case and Pumped Thermal Energy Storage (PTES) in the second, according to
Steinmann [169]. Carnot Batteries further consist of at least one TES unit and
a heat engine as discharge process. Figure 2.2 illustrates both concepts.

A TES unit is used in most PTES concepts as low-temperature thermal reservoir
instead of the environment, as the temperature level of a low-temperature TES



2.4 Carnot Batteries

TES TES
= rca =
kO O (&)
= B ey = o 2 =
Electric Heat Heat Heat
Heater Engine l Pump Engine l

Environment / TES

) Electric Work ™= Heat

Figure 2.2 | Comparison of the PHPES (left side) and PTES (right side) concepts. For
PTES a low-temperature TES can be used instead of the environment, in which
case the environment may also work as upper-temperature thermal reservoir.

can be fitted to the process and it provides further storage capacity. But it is
not generally necessary. When using a TES below ambient temperature, as
for example in the case of cryogenic energy storage [79], it is also possible to
replace the upper-temperature TES with the environment.

In order to discuss the differences between the PHPES and PTES concept in
this section, the power-based efficiency for a heat engine 7 and Coefficient of
Performance (COP) for a heat pump are used

ZM and COP:'Q.&“.

in in

[2.15]
Additionally, an exergetic efficiency ( is introduced, which is defined as

_ |EX,0ut|

4 , [2.16]

EX,in

and quantifies the quality of both processes according to the Second Law of
Thermodynamics.
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As the heat output of an electric heater is limited by the electric work input
according to the First Law of Thermodynamics and the conversion of heat to
electric work in a heat engine is limited by the Carnot efficiency, as shown in
Equation 2.3, the round-trip efficiency of a PHPES system is also restricted by
the Carnot efficiency. Consequently, a thermodynamic cycle with a high upper
temperature level should be used for discharge and thus high-temperature
TES is substantial for PHPES systems in order to increase the round-trip
efficiency.

PTES systems on the other hand use a heat pump cycle at charge. The upper
limit for the heat pump COP according to the Second Law of Thermodynamics
is

T
COPcarnot = T _T . [2.17]

env

Figure 2.3 shows the heat engine efficiency 7 and heat pump COP for a PTES
system with the environment as low-temperature thermal reservoir as function
of the exergetic efficiency for these processes and the thermodynamic mean
temperature at heat transfer to and from the TES.

It can be seen, that the PTES round-trip efficiency is

n-COP=1 for (=1 [2.18]

at any TES temperature level, as the Carnot efficiency limit of the heat engine is
compensated by the ideal heat pump coefficient of performance. Consequently,
PTES system can reach higher efficiencies compared to PHPES systems and
may utilize TES with lower temperatures. However, a TES temperature level
closer to the environment leads to an increase of required thermal storage
capacity, as the exergy content is lower.

The efficiency advantage of heat pump utilization in comparison to direct
electric heating is reduced with increasing storage temperatures. For example,
at a thermodynamic mean temperature of heat transfer to and from the TES of
400 °C, the heat pump exergetic efficiency must be above 0.59 in order to even
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Figure 2.3 [ Heat engine efficiency 5 and heat pump coefficient of performance COP
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reach a COP > 1.

In exchange for the efficiency advantage, PTES systems are generally more
complex than PHPES, as the temperature levels of the heat pump, TES and
heat engine have to match in order to minimize exergy losses associated with
temperature differences at heat transfer. Therefore, PTES systems may require
several storage units at different temperature levels, or combinations of latent
and sensible heat storage. Some PTES concepts furthermore rely on compres-
sors with higher operating temperatures compared to the current state of art
[169], leading to a lower level of technology readiness.

A selection of recent PTES concepts described in the scientific literature are

s Desrues et al. [47] use two regenerators as TES and a closed Brayton
cycle,

» Howes [81] use packed-bed TES and reciprocating compressor and ex-
pansion unit,

= Mercangoz et al. [124] use hot water and ice storage and a transcritical
CO, cycle,

= Steinmann [168] use a combination of sensible and latent TES, a conven-

21
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tional steam cycle for discharge and a multistage ammonia and steam
compression cycle at charge,

= Morgan et al. [128] use liquid air as storage medium, an air liquefier for
charge and a Rankine cycle for discharge,

= Laughlin [110] use molten salt and cryogenic TES and a closed Brayton
cycle and

= Eppinger et al. [54] use pressurized hot water TES and an organic Rank-
ine cycle.

A further overview on Carnot Batteries is given by Dumont et al. [53]. The sim-
ulated efficiencies for several high-temperature PTES concepts are compared
by Steinmann et al. [170].

2.5 Review on High-Temperature Thermal Energy
Storage

The storage temperature is a key figure to TES. Whereas temperatures below
100 °C are generally sufficient for space heating, many heat engines and indus-
trial processes require higher temperatures. The common TES technology for
space heating is sensible heat storage in water [18], especially due to it’s low
cost. In accordance with Gasia et al. [65], high-temperature TES is defined as
above 150 °C.

High-temperature TES has been developed primarily for Concentrated Solar
Power (CSP). CSP plants store thermal energy to allow a load-following power
plant operation, with the main goal to also generate electricity during the
night. Other applications for high-temperature TES include adiabatic CAES,
waste heat recovery, power to heat for industrial processes or flexibilization of
thermal power plants.

Thermal energy can be stored in the form of sensible and latent heat or by
means of a reversible thermochemical reaction [68].

Sensible and latent TES are subject to self-discharge via heat transfer to the
environment. The rate of heat transfer depends on the storage temperature
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and surface area. Thermal insulation can be used to diminish the heat transfer,
it’s thickness is only restricted by the cost and spacial requirement for it. Larger
storage units have lower specific heat losses at the same thermal insulation
effort, as the surface area of a body grows weaker with size than volume.
Consequently, the capacity-specific cost of thermal energy storage generally
decreases with the size of the storage unit.

Sensible heat storage is based on a storage material temperature increase.
The energy density therefore depends on the achievable temperature differ-
ence. Molten salt in separate tanks for the hot and cold salt are a state-of-the-art
sensible high-temperature TES technology for CSP [59, 112]. But the restricted
operating range for molten salt due to its freezing point of 120 to 220 °C and
decomposition temperatures of 450 to 585 °C [112], its corrosive nature and
a relatively high price of 28 $/kWhy, for a two-tank molten salt system [112]
encourage the search for alternative technologies. In comparison with molten
salt, many solid materials are resistant to higher temperatures and have 90
to 95 % lower cost per heat capacity [169]. On the other hand, solid storage
material is generally not pumpable, thus a heat transfer fluid for charge and
discharge is required. Regenerators, such as hot blast stoves in the steel in-
dustry, store thermal energy for short time periods. Novel high-temperature
TES concepts for longer storage duration, which are based on solid storage
materials include custom-developed concrete with tubes inserted for the heat
transfer fluid [80], stacked bricks [104, 201], steel blocks [113] or packed beds
of various storage material, further reviewed below.

Latent heat storage with phase change materials offers the advantage of heat
transfer at nearly constant temperature and 5 to 14 times higher volumetric
storage capacities in comparison to sensible heat storage according to Wei et al.
[191]. Nevertheless, phase change materials for temperatures above 300 °C
are not technically mature [191], even though hundreds of storage materials
based on inorganic salts or metal alloys have been proposed [96]. A novel
phase change material for high temperatures used by a company named 1414
Degrees [ 45] is silicone.
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Thermochemical energy storage offers 5 to 10 times higher volumetric stor-
age capacities in comparison to latent and sensible heat storage according
to Pardo et al. [143]. But so far only laboratory and pilot experiments have
been done [143] and the complexity as well as cost of the technologies hinders
the application [3]. A recent example for high-temperature thermochemi-
cal energy storage is nano-encapsulated salt, developed by SaltX [151], in
combination with water.

2.6 Packed-Bed Thermal Energy Storage

Packed beds can be used as arrangement for particulate solid thermal energy
storage material. Furthermore, it is proposed for fluids encapsulated in small
solid containments, as for example by Or6 et al. [139]. The heat transfer fluid
flows through the packed-bed pores and is in direct contact with the solid
material or fluid containment. Figure 2.4 illustrates a packed-bed storage
unit.

Due to the large surface area of the storage material, the thermal resistance
between heat transfer fluid and storage material is low and any temperature
differences between them inside the packed bed quickly dissolve. This leads
to the formation of a thermocline in the packed bed, when charging and
discharging the TES in opposite flow direction with distinct inlet temperatures.
The thermocline moves with the fluid flow in charge or discharge direction at
a slower speed, which depends on the heat capacity of the storage material
and heat transfer fluid. As the thermocline separates the hot and cold part of
the storage, a single storage unit is generally sufficient, but it limits the usable
capacity ratio in return.
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Table 2.1/ Exemplary nominal volumetric energy densities AE;, ../ Vieq for packed-bed
thermal energy storage at AT = 500K, as well as the storage material density p, heat
capacity c,, at 400 °C and packed-bed porosity e.

. AE?\om

Material 0 Co € S Reference

kg ] MWhy,

m gk T m3
Crushed Diabase 2750 960 045 0.2 Soprani et al. [166]
Pebbles 2700 1000 0.340 0.25 Zanganeh et al. [198]
Alumina Spheres 3950 1100 0.375 0.38 Anderson et al. [10]
Steel Slag 2850 960 0.4 0.23 Cabello et al. [30]

Predominately gases are used as heat transfer fluids in high-temperature
packed-bed TES to avoid phase change in the operating range. Air offers the
advantages of environmental harmlessness in case of leakage or intentional
venting and low cost. Liquids, such as molten salt [142], thermal oil [29] or
liquid metal [108], have higher densities and therefore allow lower volume
flow rates. But as for molten salts, the operating range of thermal oil is limited.
For synthetic thermal oil, the limit is around 400 °C [18]. Naturally, a heat
transfer fluid already present in the target application is generally preferred.

Various solid storage materials have been proposed in the literature for high-
temperature packed-bed TES, such as natural rock [8, 135, 166, 198], silica sand
[142, 155], #-alumina spheres [10, 14, 34], steel slag [30, 101, 140], ceramic
pebbles [97] or perforated concrete blocks [103]. Table 2.1 shows exemplary
volumetric energy densities for some of the named materials at a temperature
spread of 500 °C.

Rock is an attractive solid storage material for large-scale stationary TES thanks
to low cost and high availability. Allen et al. [5] estimate the system capital
costs at 4 to 8 $/kWhy, for a storage unit with a power of 100 MWy,. However,
the rocks have to endure repeated thermal cycling without fragmentation and
the compressive strength must be high to bear the overlying rock pile. The me-
chanical stability of rocks is therefore an important indicator for the suitability
as high-temperature packed-bed TES material. Furthermore, many rock types
show degrading heat capacity and thermal conductivity at thermal cycling. A
heat capacity reduction of 20 to 30 % has been determined by Pedersen et al.
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Table 2.2 | Porosity ¢, rock diameter d,, maximum temperature &,,,, and superficial
air velocity v,

of the listed experimental setups for rock-bed TES with air as heat
transfer fluid.

Rock Type € d, Oax  Vair Reference

mm °C m/s
Pebbles 0.33-0.37 30 650 0.1-03 Zanganeh et al. [198]
Dolerite 0.45 53-73 530 0.1-0.7 Allen et al. [8]
Basalt 0.4 10-100 380 0.15-1 Odenthal et al. [135]
Diabase 0.45 16-22 600 0.01-0.09 Marongiuetal. [117]

[144] after repeated heating. Nevertheless, various rock materials have been
found suitable in the literature [9, 20, 26, 132, 175].

An early large-scale rock-bed TES has been built in 1986 for the Solar One CSP
plant in California, United States [60]. Recent experimental setups reported
in the scientific literature using rock as the storage material and air as the heat
transfer fluid are:

s Zanganeh et al. [197] built two vertical-flow pebble-bed storage units
with a thermal storage capacity of approx. 6.5 MWhy, and 100 MWhy,.

= Allen et al. [8] tested a vertical-flow packed bed with a thermal storage
capacity of approx. 0.4 MWhy,.

s Odenthal et al. [135] investigated a packed bed with horizontal air flow
direction, but later replaced the packed bed with bricks [136].

= Soprani et al. [166] built a horizontal-flow packed-bed storage unit with
a thermal storage capacity of 0.45 MWhy,,.

Table 2.2 shows the operating conditions as well as the porosity and rock
diameters of the listed experimental setups. It should be noted, that the
maximum temperature used in the published experimental setups does not
necessarily correspond to general temperature limits for these rock types.
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2.6.1 Design

The design of packed-bed TES has to deal with several challenges. First of all,
an uneven flow distribution in the packed-bed storage must be avoided, as
storage material is bypassed at charge or discharge and the thermal storage
capacity of the packed bed is reduced. Reasons for uneven flow can be a void
space above the packed-bed inside the storage containment due to the thermal
expansion of the packed-bed, porosity variations or abrupt changes of the flow
cross area. The thermal expansion of basalt and granite was found to be at 0.8
and 3.2 % respectively when heated from 0 to 1000 °C by Hartlieb et al. [75].
A characteristic porosity reduction is in the vicinity of rigid walls for spherical
particles.

The mechanical stability of the particles and packed-bed containment has to
be ensured, especially with respect to thermal cycling. The containment may
thermally expand and contract, leading to a densification of the packed bed and
possibly high forces [52, 152]. Furthermore, the particles may perform small
relative movements after their thermal expansion. Consequently, the tolerable
mechanical forces on the particles and containment limits the allowable packed-
bed height. A limit of 5 to 9 m has been calculated for example by DreifSigacker
[51]. A limit of 16 m is set by Pacheco et al. [142].

The flow of heat transfer fluid through the packed bed leads to a pressure and
associated pumping loss. Furthermore, the heat transfer modes in the packed
bed besides advection, which lead to a leveling of thermal gradients and thus
thermal destratification, must be minimized, as they reduce the usable storage
capacity.

In order to deal with these challenges, several design options are available.
One is the main flow direction inside the packed bed. It can be axial in either
horizontal or vertical direction, radial or a mixture of these. Figure 2.5 shows
the basic flow directions proposed for packed-bed TES in literature.

A vertical flow leads to better thermal stratification, if the charging is done
from the top, but leads to more constructional effort for the support structure
[135]. Especially the heat transfer fluid inlet from the bottom is elaborate for
large-scale units, due to the high storage material weight. A possible design
solution is the insertion of a vertical duct in the packed bed, as proposed by
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Allen et al. [5]. At horizontal flow, natural convection may lead to additional
thermal destratification and thus a lower usable capacity ratio, especially
for long hold periods. The effect can be reduced by smaller sized particles,
higher air velocities or optimized flow control [117]. Embedded horizontal
impermeable layers were also found to suppress the natural convection impact
[166].

Atradial flow, the charging direction may be either from the inside or outside of
the packed bed. The former option promises less heat losses, as the packed-bed
outside remains relatively cold. The second option offers lower air velocities
in the hot outer packed bed [8, 109]. A lower air velocity in the hot part of
the packed bed is beneficial, as it compensates the effect of low air density
in order to reduce the overall pressure loss. McTigue et al. [121] found, that
radial-flow packed-bed TES achieve similar efficiencies compared to axial flow,
but at a lower usable capacity ratio and therefore higher cost, as the large share
of outer storage material is only exposed to a small temperature variation.

At axial flow, the aspect ratio of the packed bed is an important design param-
eter. It is defined in this work with the length of the packed bed in main flow
direction Axp,eq and a characteristic cross area Apeg cross @S

A
x=——ed [2.9]

\/ Abed,cross

The effect of the aspect ratio on the performance has been investigated by
several authors [33, 118, 125]. High aspect ratios lead to high mean air velocities
at equal mass flow rates according to the low cross area, which increases the
pressure loss along with the increased length. On the other hand, low aspect
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Figure 2.6 | Examples for rectangular
axial-flow packed-beds with
different aspect ratio according to

‘ Equation 2.19.

ratios decrease the usable capacity ratio, as the large cross area increases the
internal heat transfer. An example for a packed-bed design with a very low
aspect ratio is given by Schlipf et al. [155], connecting multiple thin packed-bed
sections in parallel. The aspect ratio also effects the constructional effort for
the air in- and outlet of the packed bed, which should be designed to achieve
an even flow distribution at the packed-bed entrance. Figure 2.6 shows two
axial-flow packed beds with different aspect ratios as example.

A variation of the packed-bed cross area along the main flow direction has
been investigated by Zanganeh et al. [198]. A vertical-flow packed bed with
a conical shape and a larger diameter at the upper hot end has been used in
their experimental setups to reduce the normal force on the walls by guiding
the rocks upwards at thermal expansion. However, it was found later by Marti
et al. [118], that a smaller cross section at the hot end would lead to higher
exergetic efficiency due to the reduced heat loss.

The sensitivity of the packed-bed performance on the particle size has been
investigated by various authors as well [117, 118, 164]. Smaller particles signif-
icantly increase the packed-bed pressure loss, but offer several benefits to the
usable capacity ratio, such as

1. anincrease of the particle surface area per volume, leading to a higher
volumetric particle-to-fluid heat transfer coefficient and thus steeper
thermoclines,

2. areduction of the intra-particle thermal resistance effect on the particle-
to-fluid heat transfer coefficient,

3. areduction of the effect of radiant internal heat transfer in the packed
bed, which becomes more important than conduction at temperatures
above 150 °C for air-rock beds according to Zanganeh et al. [198], as
radiation can travel further for larger pore spaces and
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4. less advective mixing due to the packed-bed pores tortuosity.

Broader particle size distributions decrease the porosity compared to mono-
sized particles [107], with a positive effect on the nominal thermal storage
capacity. On the other hand, the porosity strongly affects the packed-bed
pressure loss. For example, at a porosity of 0.4, a deviation of 1% in porosity
causes a deviation of 4 % in pressure loss according to Achenbach [2].

In segmented packed beds, the air is only flowing through a small portion
of the bed, bypassing the other. The segmentation thus reduces the pressure
loss and diminishes internal heat flow [24, 121]. For example, a pressure loss
reduction of 1 to 4 % has been determined by McTigue et al. [121]. But the
efficiency gain comes at the cost of additional flow control fittings.

2.6.2 Modeling

For packed beds of a much larger size than the particle size, the macroscopic
behavior, such as the flow and temperature field, can be modeled by means
of a continuously distributed porous medium. In this way, it is not necessary
to resolve the irregular structure of packed bed pores, which significantly
reduces the complexity. The respective models are referred to as porous-
media models and are generally composed of a porous medium continuity
equation, momentum and energy balance.

Numerical simulation with the finite volume method is often used to inves-
tigate packed-bed macroscopic behavior. The main intention is to analyze
storage units larger than state of the art, thus reducing the cost for experiments,
to perform design optimization or investigate system integration. Models may
be categorized as one-, two- or three-dimensional.

1. One-dimensional models are only discretized in the main flow direction
of the heat transfer fluid and used by most authors. Examples are the
models described by Barton [16] and Hanchen et al. [74].

2. Two-dimensional models can account for gradients in lateral direction
for symmetrical packed beds, such as cylinders. Two examples, namely
the ay and A, (r) model are presented in the VDI Heat Atlas [13, section
Mh].
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3. Three-dimensional models offer the highest flexibility to describe the
temperature and flow field in packed beds, but are computationally most
expensive. Many CFD codes are able to model porous media. CFD codes
have been used for example by Zavattoni et al. [199] and Cascetta et al.

[34]-

The physical conditions at particle scale are accounted for as effective packed-
bed properties in the porous-media models. The most relevant packed-bed
properties in the case of TES are the

porosity,

particle surface area per unit volume,

local heat transfer fluid pressure gradient,
particle-to-fluid heat transfer coefficient,

effective thermal conductivity at stagnant fluid and
packed-bed-to-wall heat transfer coefficient.

Ok wWNRE

These packed-bed properties are generally derived from experimental results.
But according to the large number of influential quantities, such as

= particle shape,

= particles size distribution,
= material properties and

= packing process,

the correlations have a limited applicability [7]. Furthermore, the material
properties for natural rocks may vary from quarry to quarry or even within
one quarry.

An overview on the modeling of rock beds, including many empirical correla-
tions for the packed-bed properties is given by Esence et al. [59]. For more
details, the reader may refer to Nield et al. [133] or Lemos [111]. Many widely
used packed-bed correlations are also collected in the VDI Heat Atlas [13].

In the following, the packed-bed properties are introduced. Furthermore,
the porous-medium balance equations for mass, momentum and energy are
defined along with the relevant dimensionless numbers. According to the
targeted packed-bed TES application within the ETES concept, a gaseous
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heat transfer fluid is generally assumed. The fluid velocity and therefore also
the Mach number in the packed bed is generally small, as the pressure drop
and associated fan work is a significant loss mechanism for packed-bed TES.
In consequence, the flow can be modeled as incompressible, meaning the
partial derivative of density with respect to pressure is small. Nevertheless,
the fluid density is still variable according to the large temperature variation.
The particles are assumed as stationary, rigid, non-porous themselves and
polydisperse. Their shape may be irregular.

Porosity

The most important porous-medium property is the porosity, which defines
the local volumetric share of fluid in the packed bed

Vi
€= )
Vied

[2.20]

The porosity may vary across the packed bed, which may lead to an uneven
flow distribution as the flow will avoid packed-bed areas of lower porosity.

The porosity increases significantly in the vicinity of rigid walls for spheri-
cal particles, as they are in direct contact with the wall at a few points only.
The porosity increase is lower for non-spherical particles. Furthermore, the
porosity in beds of non-spherical particles levels in less than a distance of one
particle diameter from the wall according to Giese [67]. Measured porosity
variation in the vicinity of walls for spheres and irregular particle shapes are
shown in the VDI Heat Atlas [13, section Mh]. The effect on the overall pressure
loss can be neglected for large-scale packed beds, a limit of dy,.q/d, > 40 is
given by Meier et al. [122].

Beneath the particle size distribution, surface roughness and shape, the poros-
ity depends on the densification of the packed bed, which can be increased up
to a certain limit by mechanical processes, such as shaking. Packed beds of
monodisperse spheres have a porosity of 0.36 to 0.38 in a dense state and 0.4
to 0.42 in a loose state [13, section Mh]. Cyclic thermal expansion may also
lead to packed bed densification.
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Particle Size and Surface Area

The size of irregularly shaped particles is generally defined using equivalent
diameters. In this thesis the diameter of a sphere with the particles volume

3| 6

d, = %V [2.21]

p

is used. The sphericity of a particle is defined according to Wadell [183] as the
ratio of the volume-equivalent spheres surface to the particles surface

P = —a [2.22]

It can thus be used along with the volume-equivalent diameter to quantify
the surface of a single irregularly shaped particle. For a polydisperse set of
particles, the mean volume equivalent diameter is defined here using the
overall particle volume and count as

_ 6.V
d, = 3\ Ezn L [2.23]
P

In analogy to Equation 2.22, a mean sphericity can be defined for a set of
particles as well

1’1]37-[% (6271‘/13)5
T P
¥ = B [2.24]
P

It can be interpreted as the ratio of the surface of a set of monodisperse spheres
with the same number and overall volume as the particle set to the particles
set overall surface. It should be noted that the mean sphericity, as defined in
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Equation 2.24, does not solely depend on the particles shape, but also on the
particle size distribution.

Using the given definitions, the particles surface per unit volume for polydis-
perse and irregularly shaped particles can be calculated as

Apog = 6 —¢) [2.25]
bed l‘_bd—v . .

Other widely used definitions for the particle size are the Sauter mean diameter,
which is the diameter of a sphere with the same ratio of surface to volume as
the particle,

[2.26]

and the packed-bed hydraulic diameter, which refers to the flow channels in
the packed bed

dy = . [2.27]

Fluid Flow

The fluid velocity in porous media can be defined in two different ways. The
superficial or seepage velocity is the average velocity per packed-bed volume
and denoted as v in this work. It is smaller than the mean pore velocity by the
factor of porosity. With the superficial velocity, the continuity equation for
fluid flow in a porous medium is

sa—tf + V- (pv) =0. [2.28]
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In order to differentiate flow regimes, the dimensionless Reynolds number
can be used. It relates inertial to viscous forces in fluid flow and is defined for
a porous medium in this work by means of the hydraulic diameter and mean
pore velocity |v|/¢ as

Re = ‘0|V—|dh [2.29]
ue

At low Reynolds numbers the pressure loss in porous media is proportional
to the flow rate, as primarily revealed by Darcy [42]. For higher Reynolds
numbers, the influence of inertial forces on the fluid flow increases and an
additional body force proportional to the kinetic energy of the flow may be
added. This term is referred to as Forchheimer correction, it is valid for fully
turbulent flow according to Herwig et al. [77]. Consequently, the pressure
gradient Vp is often modeled as

c
Vp = i S pf—Flvlv, [2.30]

KK

using the permeability K and inertial coefficient cy. For very high Reynolds
numbers an increasing deviation from this approach can be detected [2], but
such conditions are avoided for packed-bed thermal energy storage, due to
the corresponding high pressure and pumping loss. Popular choices for the
permeability and inertial coefficient are the expressions

3ds,2 1.75
=% and cr = , [2.31]
150(1 — 8)2 /15083

determined experimentally by Ergun [57]. These terms were adopted by
several authors in order to improve the correlation quality for certain particle
shapes or size distributions, such as Allen et al. [8] and Macdonald et al. [115]
for crushed rocks and Brauer [27] for mono-disperse spheres.

To model the fluid flow through a porous-medium, the right side of Equa-
tion 2.30 may be added as an additional body force to the free-flow momentum
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balance [163]. An exemplary equation according to Nield et al. [133, page 17]
is

Pt

d
. [_V + (V- V)§:| = —VpI + %Vzv + 058 _fbed with

ot [ ]
c 2.32
fbed_yf" O F“l”'

KK

The Euler number is used as dimensionless expression for the packed-bed
body force in this work

dh€2
Bu = foed5— - [233]
E'U

Turbulence has a minor influence on the flow through the packed-bed pores,
due to the narrow flow channels. But it is still relevant, especially with in-
creasing velocity. Still, turbulence is generally not included in the macroscopic
porous-media momentum balance, as the effect of the turbulence is already
accounted for within the packed-bed body force.

Heat Transport

An overview on the various modes of heat transport in packed beds is given
in Figure 2.7. The advective heat transport may be due to forced or natural
convection. As the packed bed is modeled as a continuous porous medium,
advection in the model is not affected by the pore structure. To account for
the fluid mixing effect due to the packed-bed tortuosity and associated heat
transport, advective mixing is added as transport mechanism. Solid heat
conduction in the containment or insulation material may also contribute to
the overall heat transport.

In order to model the macroscopic packed-bed heat transport, all transport
modes other than advection are modeled as proportional to the temperature
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Figure 2.7 / Modes of heat transport in
packed beds: advection (1),
particle-to-fluid heat transfer (2),
solid conduction (3), advective
mixing (4), contact conduction (5),
fluid conduction (6), radiation (7)
and fluid-to-wall heat transfer (8).

gradient in analogy to heat transfer in solid material and accordance with
Fourier’s Law

Qcond = —AAVT. [2.34]

The resulting packed-bed thermal conductivity is referred to as Effective Ther-
mal Conductivity (ETC), as it is not a material property.

The intra-particle thermal resistance can be accounted for alongside with the
convective heat transfer from the fluid to the particle surface in a lumped
capacitance approach by means of an effective particle-to-fluid heat transfer
coefficient. Alternatively, a separate dynamic energy balance for the intra-
particle temperature field may be used, but this approach is generally restricted
to regularly shaped particles. Xu et al. [194] found good accordance for the
lumped capacitance approach with an analytical solution for several particle
shapes.

Packed Bed Energy Balance

With the effective thermal conductivity and lumped capacitance approach,
the temperature distribution in packed beds can be modeled by means of an
energy balance with distinct local mean temperatures for the particle and fluid
part of the packed bed T}, and T as
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?
(1- S)ppg = it Aped (Tp — Ts) + V- (AeV Ty )
[235]

auf
SPfW + 0V - Vhf = —leff abed(Tp - Tf) + ‘Xbed—waw<Tw - Tf) .

This model is also referred to as two-equation model. The packed-bed-to-wall
heat transfer only appears at the respective boundaries. The assignment of
the ETC and packed-bed-to-wall heat transfer to the particle or fluid energy
balance is not conclusive, but may play an inferior role, due to the large volume-
specific particle surface and therefore particle-to-fluid heat transfer [59].

Due to the large particle surface, the temperature difference between the parti-
cles and fluid is generally small, which requires small time steps in numerical
simulation to avoid instabilities for the two-equation model. Therefore a
one-equation model, which does not differentiate between particle and fluid
temperature but uses a local mean bed temperature T},q, is an alternative. The
energy balance for the one-equation model is

(1) peq

55 TPV VToed =V (AeiVToed) + tped—w Bw(Tw — Thed)

[2.36]
with  (ou), 4 = (epfcvf +1- S)Ppcvp)Tbed-

The approach is generally valid for very small temperature differences and
is therefore also referred to as local thermal equilibrium approach. The ap-
plicability of the assumption has been evaluated by La Pitot de Beaujardiere
et al. [105]. They concluded, that in the range of their boundary conditions
the one-equation model is a reasonable simplification with minor effect on the
packed-bed performance but substantial computational cost savings. Ismail
etal. [9o] found, that their one-equation model needs 11% of the two-equation
models computational time. But it must be noted, that the applicability for
large particle sizes and high fluid velocities is unclear, even when using the
corrective approach of Vortmeyer et al. [182], as further described in Sec-
tion 2.6.2.
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Effective Particle-to-Fluid Heat Transfer Coefficient

The particle-to-fluid heat transfer coefficient is defined with the difference of
the local mean particle surface and fluid temperature

1 Q

14 = .
p—f = =
abedV Tp,surf - Tf

[2.37]

The Nusselt number may be used as dimensionless quantity for the particle-
to-fluid heat transfer coefficient. It is defined in this work as

_ dp_gdy

Nu,_; = . 2.38
p—f A [2.38]

Various empirical correlations are reported in the literature for the particle-
to-fluid heat transfer coefficient in dimensionless form, generally relating
the Nusselt number to the Reynolds and Prandtl numbers. An exemplary
correlation by Wakao et al. [184] is

Nu = 2 + 1.1Re®6 Prs [2.39]

Further correlations have been developed by Gnielinski [69] or Coutier et
al. [40]. It has to be noted, that different definitions for the heat transfer
coefficient are used, for example by means of the logarithmic mean temperature
difference.

The Prandtl number consists solely of fluid properties and relates the momen-
tum to thermal diffusivity. It is defined as

_ HeCot
Pr= A [2.40]

The effective particle-to-fluid heat transfer coefficient a.g, as used in Equa-
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tion 2.35, is defined using the local mean temperature of the particle and fluid
fraction in an packed bed control volume V

1 Q

Keoff = — — .
BpedV T, — T

[2.41]

It thus incorporates the effect on the intra-particle thermal resistance according
to the lumped capacitance approach. Its relevance is generally quantified by
the Biot number, which is defined here using the Sauter mean diameter ds,
as

&y _¢d
Bi = %})32. [2.42]

In order to relate the effective and particle-to-fluid heat transfer coefficient,
a correlation for the ratio of both coefficients a.g/a,_¢ can be used. Such a
correlation according to Stuke [172] is

Koff 1 -1
eff - ns
nt = (1 +3 B1> . [2.43]

The constant B depends on the particle shape and is 10, 8, and 6 for spheres,
cylinders and slabs [59, 194].

Effective Thermal Conductivity

The ratio of a thermal conductivity to the fluid thermal conductivity k is used
in the following to work with dimensionless values

k=—. [2.44]



2.6 Packed-Bed Thermal Energy Storage | 41

The ETC can be modeled as superposition of an conductivity at stagnant fluid
and a contribution due to advective mixing, which only occurs at fluid flow

keff = keff,o + keff,mix . [245]

The flow-related ETC is non-isotropic, it has to be differentiated at least be-
tween the flow direction and others. The dependency of the ETC on the fluid
flow has been described for example by Yagi et al. [196]. Several modeling
approaches are compared by Alazmi et al. [4]. The simplest model is a pro-
portionality to the Peclet number, which is the product of the Reynolds and
Prandtl numbers

1
Keft mix = 3 RePr. [2.46]

Different constants B for directions perpendicular to the flow have been de-
termined by Bauer [17] for large packed beds and different particle shapes
as shown in the VDI Heat Atlas [13, section Mh]. The values 2 and 10 are
determined by Wakao et al. [185] for the flow and perpendicular direction
respectively [59].

Following the derivation of Vortmeyer et al. [182], the flow-related part of the
ETC in the one-equation model in flow direction may be replaced with another
term, which is a result of their comparison of the one- and two-equation
models. Among other assumptions, an equality of the second derivative of the
local particle and fluid temperature is required for the derivation, but not an
equality of the temperatures themselves. The advantage is that the new term
accounts for the particle-to-fluid heat transfer effect in the one equation model,
which is relevant to the temperature field for large temperature gradients and
increasing particle sizes. The dimensionless ETC in flow direction according
to Vortmeyer et al. [182] is

. o202, -
eff mix = — - 2.47
Xoff Aped At
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The ETC at stagnant fluid k. , incorporates the heat transfer modes of fluid
and solid conduction as well as contact conduction and radiation as shown
in Figure 2.7. According to van Antwerpen et al. [181], it can be modeled as
superposition of a heat conduction and radiation contribution as

keff,o = Keff,cond T keff,rad . [2'48]

For the conduction part, the simple approach of a parallel or series connection
of the particle and fluid thermal conductivity is often used as upper and lower
limit. The particle and fluid thermal conductivity is weighted by the porosity,
particle size has no influence. The ETC for a series connection is defined as

1—e\™"
keff,cond,l = (5 + k ) ’ [2.49]

and for a parallel connection as

keff,cond,H =e+(1- E)kp . [2.50]

Following the approach of Krischer [100] the ETC due to heat conduction may
be modeled as superposition of a series and parallel connection

B 1-B )‘1

keff,cond = (k + k [2.51]
eff,cond,I eff,cond,IT

The approach is visualized in Figure 2.8. A value of 0.2 is proposed for the
constant B by Krischer [100].

In order to model the radiant heat transfer according to Fourier’s Law only the
first derivative with respect to temperature is used. A general form according
to [181] is
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Series Parallel Combination
—> —»> > - > —»  Figure 2.8 [ Effective thermal
| B conductivity model
i according to Krischer
B 1-B [100].
4FE (6, g, ..)UTsdsz
keff,rad = /\f . [2'52]

The radiation exchange factor Fr depends at least on the particles emissivity e
and packed bed porosity [181]. The radiant heat transfer is linearly dependent
on the particle size, as radiation may travel further for larger pore spaces. The
radiation furthermore leads to a temperature dependency of the ETC.

Widely used correlations for the ETC at stagnant fluid which also account for
radiation have been developed by Zehner et al. [200] and Yagi et al. [195].

Packed-Bed-to-Wall Heat Transfer Coefficient

The packed-bed-to-wall heat transfer coefficient is defined as

Aped—w = 57— == - 2.
bed—w A T Tbed 53

The value of the mean bed temperature T},.q depends on the model spatial dis-
cretization. Using two- or three-dimensional packed-bed models, the packed-
bed temperature can be resolved up to the wall. Therefore, only a thermal
contact resistance directly at the wall remains. It is generally given as correla-
tion of the Nusselt number at stagnant fluid Nu,, , and a contribution related
to fluid flow depending on the Reynolds and Prandtl numbers [13, section
Mg]
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Nu,, = Nu,, , + B; ReB2 PrPs. [2.54]

An exemplary correlation has been determined by Nilles [134], further corre-
lations are collected in [59].

In a one-dimensional model on the other hand, only a single mean temperature
per flow cross section is determined. Consequently, the temperature profile
towards the wall must be accounted for using an additional heat transfer
resistance due to the heat transport through the packed bed to the wall ;4.
The resistances can be superpositioned according to the VDI Heat Atlas [13]
as

1 1 1
= — + .
Xped—w Xy Xped

[2.55]

But, as the temperature field in packed-bed TES changes significantly over
time according to the operation of the storage, this is a dynamic problem and
thus no simple correlation can be defined.

Advantageously, packed-bed TES are generally thermally well insulated. In
consequence, the difference of the inner insulation surface and packed-bed
temperature is small compared to the temperature difference across the thermal
insulation.

Natural Convection

For packed beds with a vertical flow direction and charged from the top, as
mainly proposed in literature for TES, natural convection is of low relevance, as
the gravity and temperature gradient are unidirectional. For horizontal-flow
packed beds, natural convection can be relevant, as it can lead to an upwards
advective heat transport and thus an additional vertical temperature profile in
the packed bed. The effect is especially critical at long hold operations and in
the vicinity of the in- and outlet.
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In experiments with a small horizontal-flow packed-bed TES, as reported by
Soprani et al. [166], heat tends to accumulate in the upper part of the storage,
eventually leaving hot pockets at discharge. Thus, the depth of discharge and
usable storage capacity is reduced.

Nevertheless, the advective heat transport due to natural convection in packed
beds is limited by the difference in specific heat capacity of the storage material
and heat transfer fluid, which is generally large for rock beds with gaseous
heat transfer fluid.

Natural convection can be directly accounted for in three-dimensional models
of packed beds by means of the gravitational body force, as shown in Equa-
tion 2.32. For one-dimensional models in other than the direction of gravity,
an additional model for the effect of natural convection is necessary.

The Rayleigh number may be used to characterize the impact of natural convec-
tion. It is defined according to Nield et al. [133, page 223 ] using the thermal
expansion coefficient of ideal gas 1/T as

—gPFATAZK c,f

R =
Abed T‘u/\ef‘f,o

[2.56]

A model for natural-convection driven horizontal-flow through a packed-bed
subjected to an end-to-end temperature difference has been derived by Bejan
etal.[22, 23]. A similar model has been proposed by Prenzel [146].

2.7 System Simulation with Modelica

Modelica is an object-oriented and equation-based programming language
for the modeling of complex physical and technical systems, owned by the
non-profit Modelica Association [126]. The real-world system is represented
in Modelica as a set of differential-algebraic equations, thus dynamic behavior
is inherently taken into account. Discrete variables are incorporated by means
of event generation. From the equation system a C-code can be automatically
generated, which is referred to as model translation. The required solving
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algorithm comes with the simulation environment. The C-code can then
be used to calculate the evolution of all state variables over time. Dymola®,
owned by Dassault Systemes [44], and its variable time step solver Sdirk34hw
was used for the results in this work. An alternative open-source simulation
environment is OpenModelica [138].

The equations in Modelica can be defined non-causal, which means without
differentiation between known and unknown variables. It must only be as-
sured, that the number of unknowns and equations match. Furthermore, a
model can be composed of sub-model instances, which are linked by inter-
faces, referred to as connectors in Modelica. Connectors are termed physical, if
they contain the same number of flow and effort variables. Sub-models and
their interconnections can also be displayed graphically, thus visualizing the
structure of the model. Further introductory material on Modelica is listed on
the homepage of the Modelica Association [126].

A benefit of standardized interfaces is the replaceability of sub-models. This
feature is useful when adopting the level of detail for parts of the overall model
to the simulation task. The combination of object-orientation, non-causality
and standardized physical interface definitions enables a high reusability of
Modelica code. Consequently, models can be collected in libraries and shared
with other users.



Electric Thermal Energy Storage

In this chapter the ETES system layout and operation principles are explained.
Furthermore, an overview on the possible ETES application cases in energy
systems with a high share of VRE is given and the state-of-art is outlined.
Two important key figures, namely the energy-based ETES efficiency and the
packed-bed storage usable capacity ratio, are defined as these will be used to
judge the ETES performance for different application cases and unit sizes in
Chapter 6. Additionally, the energy losses are listed in order to improve the
insight.

3.1 System Layout

ETES is a Carnot Battery concept using a packed bed as high-temperature
TES, direct electric heating for charge and a conventional water-steam cycle
for discharge. Figure 3.1 shows the flow chart of the ETES system. It can be
divided into an air cycle and a water-steam cycle.

At charge, air is heated in the electric heater and then flows through the packed
bed, directly transferring heat to the storage material. A fan is used to move
the air in the closed cycle against the flow resistance of the system.
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3 Electric Thermal Energy Storage
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Figure 3.1/ Flow chart for Electric Thermal Energy Storage concept.

In order to supply steam to the turbine and generate electricity at discharge, air
is moved through the packed-bed storage in opposite flow direction. Passing
through the packed-bed pores, the air heats up and subsequently flows to the
Heat Recovery Steam Generator (HRSG), where heat is transferred from the
air cycle to the water-steam cycle. The HRSG is thus the link between both
cycles.

The water-steam cycle is shown here in its most basic configuration. Other
water-steam cycle configurations including steam reheating or multiple pres-
sure levels for evaporation are generally feasible in order to improve the effi-
ciency, as the heat is supplied at a higher thermodynamic mean temperature.
Feedwater pre-heating with bleed steam also increases the mean temperature
of heat supply. However, in the ETES system this might also lead to higher
HRSG air outlet and packed-bed storage inlet temperatures at discharge, as
the feed water is needed to cool the air. A higher packed-bed storage inlet
temperature has a negative effect on the usable storage capacity and air cycle
efficiency.

The heat transfer fluid in the packed bed is separate from the heat transfer fluid
used in the heat engine cycle. Therefore, the pressure level of the packed-bed



3.2 Operation

storage can be close to ambient pressure and no pressure resistant containment
is necessary, which significantly reduces the storage cost.

The air cycle is closed. Nevertheless, some air has to be exchanged with the
environment continuously through vents. This can be explained with the
temperature dependency of the enclosed air density. As parts of the ETES
system, such as the packed bed or pipe sections, are heated, air has to be
released from the system in order to keep the pressure level constant and vice
versa, as discussed in more detail by Wang et al. [187].

The achievable ramp rates for the charge and discharge power of the ETES
system differ. The heater and fan electric power can be varied from zero to the
nominal value in minutes, depending on the specific design. The fan must still
run after the heater has been switched off to prevent overheating. On the other
hand, the water-steam cycle requires preheating, as large thermal gradients in
thick-walled parts are to be avoided [159]. Depending on the HRSG design,
the startup may therefore take up to several hours.

3.2 Operation

The packed-bed TES in the ETES system is charged and discharged in opposite
flow direction with distinct temperatures. These are referred to as nominal
charge and discharge temperature T,,op,, . and Ty, 4- Consequently, a ther-
mocline evolves in the packed bed and the outlet temperature of the storage
can be kept constant for a large portion of the charge and discharge duration.
The charge or discharge operation of the TES is stopped as soon as the TES
outlet temperature reaches a defined deviation AT, or AT4 from the nominal
temperature. The packed-bed storage therefore has a fixed hot and cold side,
independent of the current flow direction. Figure 3.2 shows exemplary mean
temperatures in the packed bed along the main flow direction at three different
points in time.

An operation of the packed-bed TES between the nominal charge and discharge
temperature without tolerating a deviation at the respective heat storage outlet
for charge or discharge is not possible. Reason is that the thermocline thickness
AXhermocline §rows with time due to packed-bed internal heat transfer, also
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referred to as thermal destratification. Ultimately, the usable storage capacity
would approach zero, as the thermocline thickness approaches the storage
length. Decreasing the thermocline thickness by means of the temperature
deviation tolerance at the end of charge or discharge avoids this situation

[19].

On the other hand, a packed-bed storage outlet temperature deviation as large
as the nominal charge and discharge temperature spread in order to maximize
the usable storage capacity is not feasible either. One reason is that the rate of
charge and discharge of the packed-bed storage depends on the air enthalpy
difference across the heat storage, which is obvious when looking at the energy
balance of the packed-bed storage unit

ou* | .
W = My (hin - hout) + Qloss . [31]

In order to keep the charge or discharge power set point, a small temperature
and thus enthalpy difference across the TES would necessitate a large air
mass flow, leading to high packed-bed pressure loss and fan energy demand.
Furthermore, the electric heater would be exposed to high inlet temperatures at
charge and the required HRSG air inlet temperature would not be maintainable
at discharge.
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Consequently, the packed-bed storage has a limited depth of charge and dis-
charge, which depends on the TES outlet temperature and therefore on the
temperature distribution in the packed bed.

The nominal charge temperature can be controlled by the fan rotational speed
according to the electric heater power at the respective ETES load point. The
nominal discharge temperature on the other hand depends on the HRSG air
outlet temperature and thus on the water-steam cycle operation and HRSG
design.

The live steam parameters should be close to their nominal values during
the entire discharge to keep the water-steam cycle efficiency high. Therefore,
the HRSG air inlet temperature must be maintained, even for the necessary
packed-bed storage outlet temperature deviation at the end of discharge. A
way to ensure this is a margin between the nominal TES charging and nominal
HRSG air inlet temperature, in which case the HRSG air inlet temperature
can be controlled by mixing of the storage outlet air with storage bypass air
according to the storage outlet temperature [121]. The flow path through the
switched off electric heater can be used as a storage bypass at discharge to
reduce the balance of plant cost.

3.3 Applications

The ETES system can be used for various purposes in energy systems with a
high share of VRE. Besides the basic application as EES, it can also be employed
for flexible power-to-heat, cogeneration of heat and power or conversion of
existing power plants into energy storage units. Figure 3.3 gives an overview
of the different application cases. Combinations are generally worthwhile in
order to further improve the benefit to the energy system. The numbers in the
text refer to the numbers of Figure 3.3.

The basic ETES application is a standalone EES unit (1), time shifting electricity
from wind and solar energy. It consists of an ETES air cycle in combination
with a water-steam cycle. The system can be built anywhere, as there are no
geographical prerequisites. One example would be an addition to a wind or
solar farm, thus enabling the provision of dispatchable renewable energy and

51



52

3 Electric Thermal Energy Storage

Energy Discharged as
Power Power and Heat Heat

g = j;.» AC Lo AC 4o AC g
£ | g -

;= : Lo I
g =, SC >4, sC 5 45

k= P P

S _|&v ac a2 AC ac >k
g 2| v = A A4
270, PP >4 |, CHPP 5 4 | CHPP | >4

+ El Work Iﬂ’ High Temp. Heat Cons. AC  ETES - Air Cycle

Low T . Heat .
#» Heat A Low Temp. Heat Cons sc  ETES- Water
4 EL Grid '.'f.' Renewable Energy Steam Cycle

PP Power Plant CHPP Combined Heat and Power Plant

Figure 3.3 | Overview on application cases for the ETES concept.

possibly mitigation of either grid congestion or expansion.

Combined heat and power generation at discharge (2) increases the utilization
rate of the stored thermal energy. Heat can be supplied to customers during the
discharge process by steam extraction or back-pressure operation of the water-
steam cycle. As the ETES system is emission-free and has no significant safety
concerns, the whole unit may be located close to residential areas, reducing
the heat losses and cost associated with the heat network.

The stored thermal energy may also be used to solely provide low-carbon
heat from wind and solar energy upon demand (3). The thermal energy
storage allows an electricity-led operation in order to provide flexibility to the
electricity sector. The feasible temperature range is limited by the maximum
storage temperature. Power-to-heat applications do not require a water-steam
cycle, which significantly reduces the capital costs compared to power-to-
power applications. The heat can be supplied using steam as heat transfer
fluid. If applicable, air can be used as heat transfer fluid directly as well, thus
eliminating the need for a HRSG. If waste heat is available from the industrial
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process above the ETES nominal discharge temperature, it can be recovered
and used to replace electric energy at the charge process.

An ETES integration in existing fossil-fueled power plants or combined heat
and power plants with water-steam cycles, such as coal-fired or combined-
cycle power plants, is beneficial, as the existing water-steam cycle and grid
infrastructure may be shared (4 and 5). For coal-fired power plants, only
the ETES air cycle including the HRSG has to be added. For combined-cycle
power plants even the existing HRSG may be eventually utilized. Essential
requirement is a heat storage temperature above the plant’s live-steam temper-
ature with added operational margin according to Section 3.2. Smaller sized
ETES systems can be integrated in power plants to partly replace energy from
fossil fuel combustion with stored renewable energy, to increase the maximum
power output or to use the stored heat for water-steam cycle preheating dur-
ing startup. Ultimately, existing power plants may be turned into EES units,
completely eliminating fossil fuel combustion.

Some combined heat and power plants today face the economic challenge of
providing contractually guaranteed heat in times of high electricity generation
from wind and solar energy and thus low wholesale electricity prices [25].
The ETES system can be used to provide industrial process heat in these time
periods (6) in order to enable the power plant to shut down or to avoid the
need for additional fossil fuel heat generators. The packed-bed storage can be
charged with cogenerated heat from the power plant while at operation.

3.4 State of the Art

A major strength of the ETES concept is its use of commercially available
components for the charge and discharge processes, especially also in the
targeted multi-MW scale. HRSG are used in combined cycle power plants
[58]. Electric heaters supply process heat for various industrial applications
[114]. The component for which the least operational experience exists is the
packed-bed storage.

A first ETES demonstration plant has been commissioned in 2019 in Hamburg,
Germany, by Siemens Gamesa Renewable Energy as part of the joint research
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Rated Power Heater: 54MW
Rated Power Turbine: 1.4MW
Thermal Storage Capacity: 130 MWh
Charge Temperature: 750°C
Live Steam Temperature: 480°C
Live Steam Pressure: 65bar

Storage Material Weight: 1x10°kg

a [ Key figures. b / Front view of plant site.

Figure 3.4 /| ETES demonstration plant in Hamburg-Altenwerder, Germany.

project Future Energy Solution funded by Germany’s Sixth Energy Research
Program. Figure 3.4 shows the key figures and a picture of the demonstration
plant. The packed-bed storage unit and electric heater can be seen upfront,
the water-steam cycle is inside the gray building behind. The top part of the
air cooled condenser can be seen behind the storage unit.

The demonstration plant incorporates a high-temperature packed-bed thermal
energy storage at a larger scale than the experimental setups listed in Section 2.6.
Crushed volcanic rock is used as the storage material. The rocks are filled
into a concrete containment, the main air flow direction in the packed bed
is horizontal. Conventional thermal insulation materials, such as aerated
concrete and rock wool, are used to diminish the heat losses at low cost. A
grating is used to hold up the packed bed at the hot and cold sides.

3.5 Efficiency Definition

The efficiency definition for the ETES system is based on energy rather than
power in this work, according to the reasoning in Section 2.2. Energy has been
furthermore chosen over exergy as measure for the following reasons.

s The form of discharged energy can be electricity or heat. A higher tem-
perature and thus exergy content of discharged heat is not generally
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beneficial, depending on the temperature requirements of the heat ap-
plication.

» The energetic efficiency of an electric heater does not depend on the
temperature level. The exergetic efficiency of the electric heater on the
other hand would increase at a higher air inlet temperature, even though
the overall ETES system efficiency is not necessarily improved.

» Energetic efficiencies of water-steam cycles at different system parameters
are well documented in literature.

The ETES efficiency has to be defined differently for power-to-power and
power-to-heat operation according to the form of discharged energy. A second
important reason is that the electric work intake at discharge, mainly to operate
the fan, has to be valuated differently. At power-to-heat operation, it can be just
added to the electric work intake at charge and hold, as discharge operations
not necessarily occur in times of high electricity value. Thus, no differentiation
between operational modes is needed. At power-to-power operation on the
other hand, the electricity self-consumption at discharge has to be provided
from the stored energy. Hence, the discharged electricity is the difference of
the electricity generated by the steam cycle and the self-consumption of the
air cycle. Otherwise, no just comparison of storage technologies is feasible, as
the value of electricity at discharge of EES units is generally higher than the
value at charge.

The ETES round-trip efficiency at power-to-power operation is defined with
the electric work intake at charge and hold W, . + Wy 1, and the electric work
output at discharge Wy 4 as

__ Wedl [32]
17p2p Wel,c + Wel,h . 3

At power-to-heat operation, the ETES efficiency is defined using the electric
work intake in the overall observation time period W, and the heat transferred
to the water-steam cycle Q.

1Qsg]
Mpzh = -

el
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It is also denoted as air cycle efficiency 7,., as no water-steam cycle is necessary
at power-to-heat operation. The heat transferred with the HRSG in the overall
observation time period is defined as

ng = f (msteam,outhsteam,out - mfw,inhfw,in ) dt. [34]

In the case of power-to-power operation it is useful to detach the water-steam
cycle efficiency 7. from the air cycle efficiency #,. for two reasons:

1. The air cycle efficiency is yet uncertain, whereas water-steam cycle effi-
ciencies are well documented in literature.

2. The air cycle efficiency is sensitive to the application case and especially
operational schedule due to self-discharge of the storage unit and standby
losses. Furthermore, the transient behavior during operation, which is
mainly a consequence of changes in the packed-bed storage temperature
field, must be taken into account. The water-steam cycle on the other
hand is only used at discharge and dynamic effects are significantly
faster compared to the storage temperature field. Consequently, the
water-steam cycle can be simplified as quasi-stationary process, whereas
the air cycle can’t.

According to Spliethoff [167, page 209 ], efficiencies of advanced modern steam
power plants are at 35 to 47 %, eventually reaching above 50 % in the future.

For an initial guess of the water-steam cycle efficiency, the Curzon-Ahlborn
efficiency may be alternatively used

1
_ Ts‘mk 2
;7 =1- (T ) 4 [35]

source

as also proposed by Thess [174] for a simple mathematical model of PTES
systems. It solely depends on the heat source and sink temperatures and can
thus be used as easily as the Carnot efficiency. It is derived as the efficiency of
a Carnot engine at maximum power output and correlates well with measured
power-plant efficiencies [ 41]. For the live steam temperature of the demon-
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stration plant, as stated in Figure 3.4a, and a heat sink temperature of 20 °C, it
is 0.38.

In order to increase the precision and take part-load operation into account, the
water-steam cycle efficiency can be modeled as performance table depending
on the boundary conditions.

With the net work of the water-steam cycle W et sc and the electric work of
the air cycle at discharge W, 4 .., the overall ETES electric work at discharge
Wel d is

|We1,d| = |Wel,net,sc| - |Wel,d,ac| . [36]

Thus, the ETES round-trip efficiency at power-to-power operation can be
written as product of the air cycle and water-steam cycle efficiencies according
to

7](1(
1 ]75C
_ |ng| - %'Wel,d,ac| |Wel,net,sc|

Moop = :
bzp Wel,c,ac + Wel,h,ac |ng|

[3-7]

In summary, the air cycle efficiency in power-to-power and power-to-heat
operation are

1
|ng| T e |Wel,d,ac|

Nac,p2p =
bzp Wel,c,ac + Wel,h,ac

Qe
77ac,p2h = Wl .

e

[3-8]

an

3.6 Usable Capacity Ratio

Besides the efficiency, the packed-bed usable capacity ratio is another key per-
formance indicator. It results from the limited depth of charge and discharge
of packed-bed TES. Reason is the
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= thermocline inside the packed bed, which occupies a portion of the
packed-bed volume according to the internal heat transfer characteristics
and the

= necessary termination of charge and discharge operation at the defined
packed-bed outlet deviation tolerance from the nominal charge or dis-
charge temperature, as explained in Section 3.2.

Thus, the minimum and maximum limit of the stored internal energy U®
depend on the temperature distribution. A nominal thermal storage capacity
is therefore defined in this work with spatially constant temperatures in the
packed bed as

Aufllom = uS<T = Tnom,c) - uS(T = Tref) . [39]

The reference state is set arbitrarily at a temperature of T = 293.15K for the
results of this work. The SOC is defined with this reference state as well

soc = &L~ Ut [3.10]
Ao '

nom

The depth of charge and discharge can be quantified by means of the usable
capacity ratio, as defined in Equation 2.6. It is also denoted as material effi-
ciency [140] or utilization rate [29] in literature. An overview on different
possible definitions is given by Haller et al. [70] with the background of hot
water storage, but these may also be applied to packed beds.

Figure 3.5 illustrates the usable capacity ratio for the special case of an axial-
flow packed bed with constant cross section, no lateral porosity and tempera-
ture variation as well as constant specific heat capacities. The nominal thermal
storage capacity is illustrated in Figure 3.5 as A, and the usable capacity as A;.
As shown, the usable capacity ratio as defined in this work also depends on
the nominal discharge temperature, and thus on the HRSG air outlet and feed
water temperature. Feed water preheating in order to increase the water-steam
cycle efficiency therefore reduces the usable capacity ratio.

For packed-bed TES, the usable capacity ratio changes over time. Thus, a mean
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value in an observation time period is defined in this work from the average
SOC value at all points of time in the period ¢;, when an outlet temperature
deviation tolerance is about to get violated and thus the storage operational
mode changes

¢ = SOC(Vti/ Ts,cs = Tnom,c + ATC) - SOC(Vtir Ts,hs = Lnom,d — ATd) .
[3.11]

Besides the ETES air cycle and packed-bed storage design, the mean usable
capacity ratio depends on the system operational schedule. A long hold oper-
ation for example reduces the available depth of discharge, as the thermocline
thickness increases and the TES outlet temperature deviation tolerance will
be exceeded earlier in a consequent discharge. Nevertheless, for a cyclic op-
eration, which is a consecutive charge and discharge operation up to a fixed
outlet temperature deviation tolerance, the usable capacity ratio approaches a
design-specific limit [74, 121]. This limit can be used to compare the usable
capacity ratio for different designs.

The usable capacity ratio has an important effect on the storage unit energy
turnover in an observation time period. According to Section 2.2, the energy
turnover can be quantified using the number of equivalent full cycles. Besides
the usable capacity ratio, the number of equivalent full cycles also depends on
the operation of the storage unit. In the case of an ETES unit, the definition
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of the number of equivalent full cycles is different at power-to-power and
power-to-heat operation, as for the efficiency. It is defined in accordance with
Equation 2.10 as

n _ Wel,c,ac + Wel,h,ac and n _ Wel [3 12]
efc,p2p AE; om efc,pzh AE; om : :

The temperature deviation tolerance at the end of charge and discharge can be
used to control the usable capacity ratio. Generally, the closed ETES system
allows larger tolerances compared to open systems, as the outlet air enthalpy
is not lost. Furthermore, an increase of fan work due to an increasing storage
outlet temperature at charge has negligible consequence on the ETES efficiency,
as will be shown in Section 3.7. Nevertheless, at discharge, the required HRSG
air inlet temperature limits the available deviation tolerance and an increase in
fan work according to a raise in air mass flow decreases the ETES efficiency.

The limited depth of charge and discharge can be compensated by over-sizing
of the packed bed. But this leads to additional capital cost as well as packed-
bed storage heat and pressure losses and thus lowers the ETES efficiency.
Consequently an application case specific design optimization is required,
which can be done by numerical simulation.

3.7 Classification of Air Cycle Energy Losses

A general energy balance for the ETES air cycle is used to classify the different
energy loss contributions. This classification is used in Section 6.7 to evaluate
the relevance of these energy loss mechanism on the overall ETES performance
for several test cases.

The system boundary includes all components of the air cycle. The energy
balance integrated over the observation time period is

AU = Wel - Wel,sby - Wel,loss,eh - Wel,loss,fan - ng + Qloss + Hloss . [3'13]
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The internal energy difference AU is mainly stored in the packed-bed. Nev-
ertheless, significant amounts of thermal energy may also be stored in the
piping material or the other components of the air cycle. The internal energy
difference can be significant for short observation time periods, but in relation
to the charged and discharged energy it tends towards zero with increasing
observation time, as the amount of charged and discharged energy grows. It
is difficult to measure, as all system components may contribute to it, and
can be misleading when comparing different experimental results. Therefore,
it should be kept as small as possible in order to allow comparison among
experiments.

The overall electricity intake of the air cycle is denoted as W,,. Itis subtracted by
the electric work needed to cover the standby losses W, gy, as this electric work
does not contribute to the air cycle internal energy. Similarly, energy conversion
losses of the electric heater and fan unit Wy 055 oh + Wel 1oss fan are subtracted,
as these dissipate into heat and get transferred to the environment directly as
well. In the fan case, these losses equal the difference between electric motor
energy intake and technical work fed into the air cycle, for example due to
friction losses in the motor. Transformer losses are one contribution in the
electric heater case.

Qsg is the heat transferred to the water-steam cycle in the HRSG. The overall
thermal losses of the air cycle are subdivided into transmission heat losses Q)
through the thermal insulation of all air cycle components and intentional
venting or air leakage losses H),, due to an air mass flow to or from the
environment.

A combination of Equations 3.7 and 3.13 leads to

1
1 AU — Qloss + (% - 1)Wel,d - Hloss + Wel,sby + Wel,loss,eh+fan
Mac = 1 — .
Wel,c + Wel,h

[3.14]

Using this equation, the different loss mechanism of the ETES air cycle in
power-to-power operation can be classified as:

1. Transmission heat loss of the air cycle to the environment |Qj;l,
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2. Conversion loss in the water-steam cycle, when generating the electricity
demand of the air cycle at discharge (% -1 ) Weids

3. Ventilation loss |Hj.l, when air is leaving or entering the air system due
to leakage or intentional venting,

4. Standby loss W g, and

5. Conversion loss of the electric heater and fan unit Wy o5 eh+fan-

Notably, the technical fan work needed to circulate the air at charge does
not appear as a loss mechanism in an energy-based analysis. Furthermore, at
discharge, only the conversion loss in the water-steam cycle at generation of the
electric work demand needed to cover the technical fan work appears as energy
loss. This is due to the fact that the fan work dissipates into heat just as the
electric work intake of the heater and is supplied to the TES. This observation
is an interesting primary result of the analysis, as it has consequences on the
optimal ETES design. But it is restricted to packed-bed TES operation in a
closed cycle, as in the case of the ETES concept.

The transmission heat losses include the packed-bed storage in the first place,
but the losses from piping and other system components can also be significant,
especially for the high temperature system part.

At power-to-heat operation, a corresponding combination of Equations 3.3
and 3.13 leads to

-1 AU — Qloss - Hloss + Wel,sby + Wel,loss,eh+fan
Mpah = 1 — W .

el

[3-15]

In this case, the electricity demand at discharge does not appear as a loss
mechanism, as the work is included in the denominator.
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In this chapter the used simulation methodology is explained. An overview is
given at first, introducing three different modeling scales. Then, each scale is
described in detail, one per section.

4.1 Overview on Multi-Scale Simulation

A multi-scale simulation procedure has been developed for the analysis of the
ETES concept in this work. It is illustrated in Figure 4.1.

System Simulation is used to evaluate the ETES performance for different
designs and application cases under realistic operation conditions. The dy-
namic model includes all ETES components, such as the packed-bed storage,
fan, electric heater, HRSG, piping and control system and covers all relevant
loss mechanism. A long simulation time is targeted in order to get a good rep-
resentation of realistic operation and correctly account for the self-discharge
losses. To reduce the computational effort and to allow sensibility analysis and
parameter variations for the ETES system in reasonable real time, the packed
bed is solely discretized in the main flow direction and uses the porous-media
assumption according to Section 2.6.2.
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Figure 4.1 /| Overview on multi-scale workflow.



4.2 System Simulation

Porous-Media CFD Simulation is applied to further investigate the three-
dimensional temperature and flow field in the packed-bed using the finite-
volume approach and the assumption of a continuously distributed porous
medium. Reason is that three-dimensional flow effects, such as for exam-
ple natural convection or uneven flow due to temperature-induced density
variations inside the packed bed, are observable in packed-bed TES and the
dependency of these effects on the packed-bed properties, storage unit size
and operational conditions is not completely clear. The CFD results are thus
compared to the results of the one-dimensional system simulation packed-
bed model for simulation times of several days to weeks in order to reveal
deviations at the exact same boundary conditions and storage designs.

Particle-Resolved CFD Simulation is used to determine the packed-bed prop-
erties, as introduced in Section 2.6.2 for the one- and three-dimensional packed-
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bed models. All properties are determined with stationary and three-dimensional

finite-volume CFD simulations. The necessary range of validity for the corre-
lations is set by the operating range of the packed-bed storage. The numerical
approach leads to a significant cost reduction due to the large number of re-
quired experiments, if many different particle shapes, size distributions and
materials shall be tested. A small representative subset of the packed bed
is numerically generated with the Discrete Element Method (DEM) as com-
putational volume for the CFD simulation, containing approximately 1000
particles.

4.2 System Simulation

In order to evaluate the ETES performance for different designs and application
cases under realistic operating conditions, system simulation models have been
developed in the Modelica-language. A dynamic approach has been chosen
in order to consider the time-variant temperature field inside the packed bed,
which strongly affects the overall ETES system performance, as for example

= the packed-bed outlet temperature at low states of charge is reduced by
thermal destratification due to internal heat transfer, especially during
long hold operations, and



66

4 Simulation Method

» the energy demand of the fan is mainly caused by the temperature-
dependent packed-bed pressure loss.

The equations used to describe the ETES system follow physical laws, such
as the conservation of mass, momentum and energy or Fourier’s Law. There-
fore, the parameters of the model have intuitive physical meanings and can
be generally determined from measurements. Advantages of this physical
modeling approach are an easier interpretation of the simulation results and
the applicability of the model to ETES units of different scale, as long as the
range of validity for the used set of physical laws is not violated.

As introduced in Section 2.7, the object-orientation of Modelica enables the
utilization of existing model libraries. The system simulation in this work is
especially based on the libraries TransiEnt and ClaRa.

TransiEnt Library originates from the research projects Transient.EE and
Resilient.EE and is open-source [71]. The library enables dynamic system
simulation of integrated energy systems with high shares of renewable energy
[11]. It contains component models in different level of detail for generation,
transmission and consumption in the electricity, heat and gas sector, such
as PV and WEC plants, heat- and electricity consumers or electricity and
heat networks. The component models for the one-dimensional packed-bed
storage, HRSG, electric heater and fan, as described in Section 4.2, are included
in version 1.4 of the library. Due to the compatibility of the models with the
TransiEnt Library, many different ETES application cases, including cross-sector
storage options, can be analyzed.

ClaRa Library originates from the Dyncap and Dynstart research projects, and
is open-source as well [72]. It contains component models for the physical and
dynamic modeling of water-steam cycles. The finite volume representations
for fluid and solid media of this work as well as the controllers have been
instantiated from the library. A finite volume representation for gas media
with a dynamic momentum balance, as needed for this work, is added to
version 1.6 of the library. The compatibility with the ClaRa Library allows to
investigate an ETES integration into steam power plants, taking into account
transient plant behavior.
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Further libraries used in this work are the

» subset of the TILMedia Suite [176], as included in the ClaRa Library, to
provide the air and water media properties for the system simulation as
external C-code, the

» Modelica State Graph 2 [50] to model the state graph controller of the air
cycle and the

» Modelica Standard Library [127] to provide several basic models for the
system simulation.

4.2.1 Application Case Models

The application case models define the integration of an ETES unit into the
surrounding energy system, in order to impose realistic boundary conditions
for the ETES units.

The ETES air cycle and water-steam cycle are modeled as two separate units.
Reasons for the separation are:

1. The ETES integration in existing water-steam cycle power plants and the
application as power-to-heat unit only require the air cycle, as illustrated
in Figure 3.3. Due to the model separation, similar air cycle models can
be used for these application cases and EES units.

2. The advantages of a separate air- and water-steam cycle efficiency analy-
sis, as already reasoned in Section 3.5.

3. The water-steam cycle can be simplified as quasi-stationary process,
whereas the transient behavior of the air cycle must be taken into account.

The HRSG is included in the air cycle. Thus, the ETES air cycle is a technical
system, which can generate steam by means of electric energy, including the
option to store the thermal energy intermediately.

Figure 4.2 shows Modelica-diagrams for the system simulation models of two
different exemplary ETES applications cases. The left side shows the ETES air
cycle application as power-to-heat unit for an industrial process and the right
side the application as standalone EES in combination with a water-steam
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Figure 4.2 | Examples of ETES air cycle system integration as power-to-heat unit
(left) and standalone EES with a water-steam cycle (right) in Modelica. Compo-
nents and their connections are only labeled once.

cycle.

The ETES air cycle model is connected to the electricity grid with a physical
power connector, taken from the TransiEnt Library. The heat consumer and
water-steam cycle are connected to the air cycle with physical fluid connectors
to correctly account for the temperature at heat transfer inside the HRSG. In the
dispatch model, the set-point values for the electric power intake and heat flow
output of the air cycle are defined according to the operational schedule. The
electricity price is furthermore needed as time series data in order to calculate
the charging cost for the air cycle.

4.2.2 Air Cycle Model

Figure 4.3 shows the Modelica-representation of the ETES air cycle flow chart,
which is the content of the air cycle icon in Figure 4.2. Accordingly, the con-
nectors match the ones of the icon. The simulation model for the air cycle is
hierarchically structured on two levels, which are the

1. air cycle subsystem model, which defines the system layout and instanti-
ates the
2. component models.
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Besides the main component models for the packed-bed storage, electric heater,
HRSG and fan, the air cycle model includes pipes, junctions, valves, controller,
an aggregated standby consumer, an air medium model and a cost model.

The cost model does the calculation of the LCOS, as defined in Equation 2.14,
depending on the electricity price data. The annuity method according to
the TransiEnt Library and the Association of German Engineers [12] is used to
account for the capital cost. The operation & maintenance cost is simplified as
fixed annual fraction of the capital cost.

The air medium is represented by means of the external C-code provided by
the TILMedia Suite subset within the ClaRa Library. The air flow is discretized
in one dimension for all components using finite volumes and a staggered
grid, as further explained in the ClaRa Library Documentation [73].

The vent upstream of the fan, which is denoted as cold vent in Figure 4.3, is
included to keep the pressure level in the closed system constant, as already
mentioned in Section 3.1. Consequently, the pressure level upstream of the fan
always equals the ambient pressure. The vent upstream of the HRSG, denoted
as hot vent, is included in order to prevent an HRSG air inlet temperature above
the allowance at a load point change from charge to discharge by releasing hot
air from the pipe section.

A challenge to the numerically robust simulation of the shown closed fluid cycle
in Modelica is the flow reversal at times of operation mode changes from charge
to discharge or vice versa. Furthermore, the physical mass flow is close to zero
in the packed bed at hold. A common approach to improve the simulation
robustness of such systems is a limitation of the mass flow magnitude to values
above a small non-zero value. But, for the packed-bed storage, even small
mass flows would lead to a significant incorrect energy transport over long
hold periods. The introduction of dynamic momentum balances for each finite
fluid control volume has been found to solve the problem. But it comes at the
cost of additional state variables.
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Figure 4.3 | Diagram of the ETES air cycle model.
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Control System

The control system consists of the state graph controller and further units for
the electric heater power, fan power and valve openings. The control units
are different for power-to-heat and power-to-power operation of the air cycle.
Reason is, that for a power-to-heat application of the air cycle, a simultaneous
operation of the electric heater and HRSG is beneficial to cover a heat demand
in times of high VRE generation. The storage may be additionally charged
or discharged according to the relation of current heat demand and VRE
availability.

The state graph used at power-to-power operation is shown exemplary in
Figure 4.4. The initial state is hold. For an electric power set-point above
a minimum value, the operation mode can change from hold to charge. At
charge, the electric heater outlet temperature is controlled by the fan power
using a PI-controller. If the storage outlet temperature exceeds the allowed
deviation from the nominal discharge temperature or the power set-point falls
below the minimum value, a down charge state is active as long as the electric
heater outlet temperature is above a defined threshold.

At discharge, the valve opening in the bypass of the packed-bed storage
through the electric heater is used to control the HRSG inlet temperature
with a PI-controller. At operation point changes, a limit on the temporal gradi-
ent of the HRSG air inlet temperature has to be obeyed. Therefore, the HRSG
air inlet temperature set-point is defined as linear ramp with a fixed temporal
gradient from the current temperature to the set-point temperature in the
Pl-controller for the up and down discharge state. A second PI-controller
is used to control the rate of heat transfer in the HRSG by means of the fan
rotational speed and thus air mass flow.

The state graph controller furthermore contains an algorithm to prevent a tem-
perature field in the storage, which would not allow any further operation, as
the allowed storage outlet temperature deviations are both violated. Therefore,
the charge and discharge potentials of the packed-bed storage are estimated
from the temperature field and monitored. If their sum falls below a defined
threshold in relation to the nominal thermal storage capacity, the storage will
be consequently fully charged or discharged until the estimated charge and
discharge potentials recover.
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Figure 4.4 [ Diagram of the state graph controller model for power-to-power
operation of the ETES air cycle.

4.2.3 One-Dimensional Model of Packed-Bed Storage

Besides the representation of the packed bed, the packed-bed storage model
further includes air volumes on the hot and cold side of the packed bed as
well as the thermal insulation. The model diagram is shown in Figure 4.5. All
sub-models are further explained in the following.

Packed Bed Properties
Thermal |Ap| | &/
Insulation
Storage o
Medium

Hot Side Packed Bed Cold Side

’ — Air (i, p, h) — Heat (Q,T) ‘

Figure 4.5 | Diagram of the one-dimensional packed-bed storage model.
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Packed Bed

The packed-bed is only discretized in the main flow direction of the storage
unit. Thus no lateral porosity, temperature or velocity variations are taken
into account. The porosity is also constant along the main flow direction.
The storage cross section along the flow direction is variable and completely
filled with rocks. Accordingly, no fluid can bypass the packed bed. The mean
volume-equivalent diameter and mean sphericity are used to set the particles
surface area according to Section 2.6.2.

A finite-volume formulation of Equation 2.28 is used as mass balance. The
packed-bed pressure loss is modeled using an additional body force according
to Equation 2.30 in the dynamic free-flow momentum balance of the ClaRa
Library. According to the packed-bed storage design with a horizontal main
air flow direction, as generally used in this work, no gravitational force is taken
into account. The permeability and inertial coefficient can be chosen according
to the following correlations:

1. Empirical correlation of Ergun [57],

2. Correlation according to Macdonald et al. [115] and

3. Equation 4.19, with constants determined from particle-resolved CFD
simulation.

The correlations of Allen et al. [6], which are used at validation of the particle-
resolved CFD simulation, are not implemented, as they are not fully in accor-
dance with the approach of Equation 2.30. The one-equation energy balance,
which is Equation 2.36 in this work, is used in the model due to the better
numerical robustness and faster computation in comparison with the two-
equation model. In the one-equation model only the ETC is left as parameter
to effect the internal heat flow besides the advection, which simplifies the
model verification. The implemented ETC correlations are:

1. A parallel connection of the particle and fluid thermal conductivity
according to the porosity, as defined in Equation 2.50.

2. The correlation of Zehner et al. [200] for the ETC at stagnant fluid,
optionally added by further correlations from the VDI Heat Atlas [13,
section Mh] for the flow-related contribution.

3. Equation 4.23 with constants determined from particle-resolved CFD
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simulation; the effect of the limited particle-to-fluid heat transfer is taken
into account by means of the flow-related ETC according to the derivation
of Vortmeyer et al. [182], as outlined in Section 2.6.2.

The packed-bed-to-wall heat transfer coefficient for a one-dimensional packed-
bed model should depend on the lateral temperature profile, as stated in
Section 2.6.2. But due to the dynamic temperature field inside the packed-bed
storage, no simple static correlation can be defined. Nevertheless, several
correlations are implemented:

1. Correlation according to Beek [21], as it has been used for a one-dimensional
packed-bed model by Hédnchen et al. [74].

2. Correlation of Rohsenow et al. [150], as shown in [133, page 80], which
is valid for a fully developed temperature profile.

3. Correlation of Schliinder [156] as described in the VDI Heat Atlas [13,
section Mh], which only accounts for the contact resistance at the wall.

According to the good thermal insulation of the packed-bed storage, the overall
heat transfer to the environment is dominated by the thermal resistance of
the insulation material and the packed-bed-to-wall heat transfer coefficient
plays a secondary role. Thus, for the model validation and the results shown
in Chapter 6 an ideal heat transfer between the packed bed and the inner
insulation surface is assumed.

An additional heat transfer at the packed bed entrance due to natural con-
vection can be accounted for using a correlation for the packed-bed-to-air
heat transfer coefficient. The correlation of Bejan [22], as defined in [133,
page 370], has been implemented. As the one-dimensional discretization of
the packed-bed model requires an assignment of the transferred heat to the
finite volumes, the natural-convection penetration length parameter must be
corrected for each design in several iteration steps, as it is necessary for the
initial assignment, but depends on the Rayleigh number. In order to reduce
the computational time, natural convection at the packed bed in- and outlet is
thus not taken into account in the one-dimensional packed-bed model for the
results of this work. Conversely, simulation results of the three-dimensional
packed-bed model are used to monitor the effect of natural convection.

The internal thermal energy of the packed-bed storage is determined by sum-
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Figure 4.6 [ Sensitivity of annual air cycle efficiency and mean usable capacity ratio to
the number of packed-bed control volumes for a 30 MW ETES unit .

mation of each finite volume’s value

n
Upeq = pr(l - e)up,ivi/ [4.1]
i=1

neglecting the air internal energy and using the storage material internal
energy i, as defined in Equation 4.2.

Figure 4.6 shows exemplary simulation results for the air cycle efficiency and
mean usable capacity ratio according to Equations 3.7 and 3.11 for a 30 MW
ETES unit. In order to limit the computational time, 300 cells are used for the
validation and simulation results in this work. Notably, a higher discretization
generally leads to an improved efficiency and usable capacity ratio.

Storage Medium

The temperature dependency of the storage material’s specific heat capacity
and thermal conductivity must be taken into account, according to the large
temperature variations [8]. Thus, the basic solid medium class of the TILMedia
Suite is extended with a specific internal thermal energy property
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Table 4.1 | Thermodynamic storage material’s properties as used for the results of this
work. The constants in Equation 4.3 for the specific heat capacity ¢, and Equation 4.4
for the thermal conductivity A are determined by curve fitting of data for french
basalt from Nahhas et al. [132]. The density p is also taken from this data and the
materials emissivity e is set according to Zanganeh et al. [198].

0 € c, inJ/(kgK) Ain W/ (mK)
kg/m? B, B, B, B, Bs

2960 0.85 989 0.0658 -2.74x10" 04 -2.68x107°

T
Up =f cp(T)dT. [4.2]
f

Tre

When fitting the storage material’s specific heat capacity with a polynomial in
the general form of

CP = Bl + BzT + B3T_2 ’ [43]

the specific internal thermal energy can be determined using the indefinite
integral of the polynomial. The general form of Equation 4.3 is chosen accord-
ing to Maier et al. [116], as also used by other authors, such as Waples et al.

[189].

The thermal conductivity is also modeled as polynomial. The general form is
chosen according to Mottaghy et al. [130]

A= (By+BsT)™". [4.4]

As natural rock is used as storage material, the properties vary significantly
for different rock types and quarries. For the results of Chapter 6, data from
Nahhas et al. [132] is used, which is shown in Table 4.1. Measured data
provided by Siemens Gamesa Renewable Energy is used at validation.
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Hot and Cold Side Air Volumes

The hot and cold side air volumes are included in the storage model mainly to
take the change of flow cross section from the pipe connection to the packed bed
entrance and the resulting pressure loss into account. The significant change
of flow cross section results from the design imperative of low air velocities
inside the packed bed in order to reduce the fan energy demand. The air
volumes at the hot and cold side furthermore contain a heat connector besides
the flow connector to the packed-bed. Whereas the flow connector takes the
one-dimensional advective heat transport into account, the additional heat
connector is added for further heat transport modes. Examples are thermal
radiation of the packed-bed surface or a natural convection eddy through the
packed-bed entrance during hold operation.

The air volumes on the hot and cold side use dynamic mass, momentum and
energy balances for a single control volume. The volume and heat transfer
areas need to be specified as geometry parameters. Alternatively, predefined
geometries, such as truncated pyramids, may be used. The material mass
and heat capacity for the structure can be specified to account for it’s thermal
inertia. Heat transfer coefficients can be selected for the air-to-wall and air-to-
packed-bed heat transfer.

The additional pressure loss at in- and outflow of the storage is modeled as

2
0
Ap = d ( > APnom - [45]

101’1011’1 Unom

It is parameterized using the pressure loss Ap,,,, at the nominal density and
air velocity.

Thermal Insulation

The thermal insulation is decisive for the packed-bed storage heat loss, which
strongly affects the ETES efficiency.
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A variable number of insulation layers with distinct materials can be selected
in the model. Furthermore, a variable number of heat flow paths can be set,
which is for example useful to account for different insulation structures in
floor, top and side directions of the packed-bed storage unit, as also done by
Prenzel et al. [147].

The thermal insulation model can either incorporate

= stationary or
= dynamic heat transfer.

The stationary heat transfer requires the material’s thermal conductivity and
thicknesses of each layer, whereas the dynamic heat transfer additionally
requires the material’s heat capacity and density to account for the thermal
energy storage in each control volume of the insulation model. Due to the
large temperature variation, the thermal conductivity and heat capacity can
be set as temperature dependent functions in the respective media models.

Axial heat conduction is taken into account in the dynamic thermal insulation
model besides the lateral heat conduction, as axial heat conduction through
the thermal insulation material may lead to thermal destratification of the
packed-bed storage and thus reduce the storage capacity.

The coefficient for the convective heat transfer from the outer thermal insulation
surface to the surrounding air is set according to the ambient conditions.

4.2.4 Further Air Cycle Component Models

This section includes the models for all ETES air cycle components besides
the packed-bed storage, such as the electric heater, fan, HRSG, valves and
pipe sections. For the results of this work, these component models are kept
as simple as possible, in order to limit the computational time due to the
targeted long simulation time. Nevertheless, more detailed component models,
especially concerning the dynamic behavior, can be instantiated alternatively
by means of Modelica’s replaceability-feature. These models are introduced in
the Future Energy Solution project report [179].
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Electric Heater

The heat Q,;, transferred from the electric resistor elements to the air inside
the heater is determined from a first order system to simplify the dynamics

ClQair _ Uelwel - Qair
dt N Teh ' [46]

The electric efficiency #,; is used to account for the conversion losses in the
electric heater, such as transformer losses.

The air inside the electric heater is discretized in flow direction and dynamic
mass, momentum and energy balance equations are used for each finite vol-
ume. The pressure loss is defined as nominal pressure loss according to
Equation 4.5. Heat losses to the environment are taken into account using a
thermal insulation model as described in Section 4.2.3.

Fan with Electric Motor

Constant electric, mechanical and polytropic efficiencies are used to model the
fan along with its electric motor. The dynamic behavior is simplified as first
order system for the mass flow. The actual mass flow is determined from the
mass flow set point and time constant

drit  titgey — 11
at T ot [4.7]

The outlet temperature is calculated by means of the fan polytropic efficiency

7]K0_11K
Tout = Tin(%) o . [48]

The air mass, momentum and energy balances are stationary in the fan model.
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The electric work needed for the motor is determined from the electrical and
mechanical efficiencies as well as the air enthalpy difference

1

= — ity — hyy) - .
’791 ’7mech ( out ) [4 9]

el

Heat Recovery Steam Generator

The water-steam temperature profile along the air flow path in the HRSG
is taken into account in the air cycle model to include its restriction on the
transferred heat and the exergy loss associated with the temperature difference
at heat transfer. But solving the dynamic water-steam side balance equations
is avoided for the ETES system simulation in order to reduce the computa-
tional time due to the large number of discharge operation starts and stops.
Alternatively, a pinch-point temperature approach is used, as proposed for
design calculations by Eriksen [58] and Ganapathy [64]. An advantage of
the approach is that little detail on the specific HRSG design has to be known,
except for the general layout, and the pinch- and approach-point temperature
differences. According to Eriksen [58], the pinch-point temperature difference
is typically at 5.5 to 11 °C.

For the results of this work, a once-through or Benson-type HRSG with single
pressure level for evaporation and without steam reheating is used. Exemplary
air and water-steam temperatures along the air flow path for this type of HRSG
are shown schematically in Figure 4.7.

The pinch-point temperature difference AT, is between the steam saturation
Tsa¢ and evaporator air outlet temperature. The approach-point difference AT,
is between the steam saturation and the economizer water outlet temperature.
These differences limit the heat transfer and therefore also the air and steam
outlet temperatures.

The outlet steam mass flow 7itge,r, is determined in the model from a simplified
energy balance for the superheater and evaporator



4.2 System Simulation

air,in

. ATy

steam,out

Temperature

ATpp I Tair,out

{ AT,

sat

1 > 3 wa,in

Direction of air flow in HRSG

Figure 4.7 [ Schematic air and water-steam temperatures along the
air flow path in single-pressure heat recovery steam generator
with superheater (1), evaporator (2) and economizer (3).

maircpair(Tair,in - Tsat - ATpp) =1i steam(hsteam,out - h(Tsat - ATap, Pout)) :
[4.10]

The saturation temperature is a function of the steam outlet pressure T, =
f(pout), which is set by the steam turbine or bypass valve. The pressure drop
on the water-steam side of the HRSG is neglected.

The steam outlet temperature Tgeqm oyt is modeled as function of the air inlet
temperature

Tset for Tair,in > Tset + AThs,min
Tsteam,out = Tair,in - AThs,min for Tsat < Tair,in < Tset + AThs,min . [4'11]
Tsat for Tair,in < Tsat

For a regular once-through operation, the steam outlet temperature is kept
constant at the set point T, by control of the steam mass flow. For lower air
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inlet temperatures, a minimum temperature difference at the HRSG hot side
ATy min is enforced in the model. The minimum steam outlet temperature is
the saturation temperature.

The transferred heat in the superheater, evaporator and economizer and thus
the air outlet temperature is calculated from the steam mass flow determined
by Equation 4.10, using the stationary water-steam side energy balances.

The air side is discretized in flow direction and dynamic mass, momentum and
energy balance equations are used for each finite volume, matching the other
component models. The pressure loss is defined by means of the nominal
pressure loss according to Equation 4.5.

At low air mass flow rates, a minimum water flow rate in the economizer and
evaporator pipes is ensured, which leads to a blow-down flow at start up and
cool down of the HRSG. Heat losses to the environment are taken into account
using a thermal insulation model, as described in Section 4.2.3.

Pipes and Valves

The pipe and valve models include a finite volume representation of the en-
closed air and sub-models for the pipe wall and thermal insulation, as de-
scribed for the packed-bed storage in Section 4.2.3. Thus, static or dynamic
lateral heat transfer can be taken into account. The pipe length and diameter
depend on the specific ETES unit design. Different geometries can be defined
for the pipes, such as multiple pipes in parallel or rectangular ducts.

The pressure loss is set by means of a nominal value at nominal density and
velocity for each pipe section according to a quadratic relation of pressure
loss and velocity, as defined in Equation 4.5. The nominal pressure loss for
each pipe section is either a measured value or determined according to the
correlation of Konakov, given in the VDI Heat Atlas [13, section Lab]. An
additional pressure drop coefficient may be added to account for bends or
other fittings. Values for such pressure drop coefficients are also collected for
example in the VDI Heat Atlas [13, section Lab].

For each valve a nominal pressure drop and leakage rate or minimum valve
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opening must be defined.

4.3 Porous-Media CFD Simulation

Three-dimensional flow effects can be significant for large-scale packed-beds
as in the case of the TES units in an ETES system. Possible reasons are

= natural convection for horizontal-flow packed-bed designs, especially at
hold operation,

s deviations from plug flow due to an abrupt variation of the cross section,

» uneven flow field according to the temperature dependency of the gas
density, which may eventually lead to an amplification of temperature
field anomalies at discharge, and

= uneven flow according to porosity variations throughout the packed
bed.

As the ETES efficiency and usable storage capacity are sensitive to the flow
and temperature field in the packed-bed and the technical experience for
packed-bed TES is low, especially for large scales and horizontal air flow, a
three-dimensional model of the packed bed is used to verify the applicability
of the one-dimensional model used in system simulation. Only the packed
bed itself is included in the computational domain.

The three-dimensional simulation of the temperature and flow field in the
packed-bed is done by means of the finite-volume method in the commercial
CFD software STAR-CCM+® [162]. The whole sequence of simulation setup,
run and post processing is automated with macros. The packed-bed geometry
can be either defined by means of a surface mesh for irregular storage shapes
or as length, height and width for a rectangular storage unit. Furthermore,
the packed-bed property correlations and a predefined list of parameters are
needed as input.
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4.3.1 Modeling of Porous Medium

The packed bed is modeled as porous medium with a spatially constant poros-
ity. A vertical porosity variation has not been found to improve the accuracy
at validation for the tested horizontal-flow packed beds and is thus not further
taken into account. This is different from the findings of Zanganeh et al. [198]
for vertical-flow packed beds. A porosity reduction in the vicinity of storage
walls is neglected according to

s the irregular particle shapes, which lead to a leveling of the porosity in
close vicinity to the wall, as described in Section 2.6.2, and

= the high relation of packed-bed scale to particle size of \/Aped,cross/dp =
250 to 1500.

The continuity equation for porous media in STAR-CCM+®is a finite vol-
ume formulation of Equation 2.28. The porous-media momentum balance in
STAR-CCM+®is similar to the free-flow momentum balance, but includes an
additional body force for the inertial and viscous flow resistance according
to Equation 2.30. The permeability and inertial coefficient are taken from
the results of particle-resolved CFD simulations, according to Equation 4.20.
Furthermore, the gravitational force is taken into account, in order to include
the effect of natural convection.

A one-equation energy balance, as shown in Equation 2.36, is used for the
three-dimensional CFD model as well, due to the better numerical robustness
and faster computation in comparison with a two-equation energy balance.
Furthermore, a comparison of both energy balance variants with measurement
data has indicated, that the two-equation model is not significantly more
accurate for the tested operating conditions and designs characteristic to the
deployment in an ETES unit.

No turbulence model is used in the porous medium, as the effect of turbulence
on the flow and temperature field is already accounted for in the additional
body force and ETC model, as further explained in the STAR-CCM+ Documen-
tation[163].

As the ETC model of Equation 2.50 is inherently implemented in the porous-
media energy balance of STAR-CCM+®, the solid thermal conductivity is
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modified in order to obtain

» an temperature-variant ETC at stagnant fluid according to Equation 4.23,

s a flow-related ETC in the local flow direction as defined in Equation 2.47
according the derivation of Vortmeyer et al. [182] and

s a flow-related ETC in other directions according to Equation 2.46, using
a constant of 5.7 according to the VDI Heat Atlas [13, section Mh] for
particles of crushed material.

The air density is determined from the ideal gas law. The thermal conductivity,
dynamic viscosity and specific heat capacity of air are defined as polynomials
in temperature. Their constants are determined from table data interpolation
in Matlab®, using data from the VDI Heat Atlas [13, section Dbb]. The specific
heat capacity and thermal conductivity of the storage material are modeled
as temperature dependent polynomials as well, according to Equations 4.3
and 4.4.

Due to the low fluid velocity and Mach number, the flow is modeled as incom-
pressible. Thus, the STAR-CCM+®segregated flow solver is used to reduce the
computational time. A second-order upwind scheme is set for the discretiza-
tion of the convection term.

4.3.2 Initial and Boundary Conditions

An illustration of the computational domain is shown in Figure 4.8 for a
rectangular storage unit. A symmetry plane in vertical and main flow direction
is used to reduce the computational time.

Wall boundaries are set on the sides of the packed bed. In contrast to the
one-dimensional packed-bed storage model used in the system simulation,
only stationary heat transfer is taken into account for the thermal insulation in
order to avoid the computational demand associated with three-dimensional
discretization of the thermal insulation. The boundary heat flux is determined
from the outer heat transfer coefficient «,,,,, the packed-bed surface tempera-
ture T, and the thermal resistance of the insulation layers, which depend on
the thermal conductivity A and thickness Ay of each layer
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Figure 4.8 | Boundary conditions and a very coarse structured
mesh for porous-media CFD of rectangular storage geometry.

Table 4.2 [ Conditions at the hot and cold side boundary for each operation mode in
the porous-media CFD simulation.

Charge Discharge Hold
Hot Side M= Met p=p p=p@
T = Teu T =T
Cold Side P M= Met p=r
T= Tset T= Tset
Q 1
=w X (T = Teny) - [4.12]
D‘env /\

No packed-bed-to-wall thermal contact resistance is taken into account.

The type of boundary condition as well as the respective temperature, pressure
and mass flow values at the hot and cold side of the packed bed depend on
the storage operation. An overview on the used boundary conditions for each
storage operation mode is given in Table 4.2. At any operational mode change,
the type of boundary condition is automatically adopted. Thus, any irregular
sequence of charge, discharge and hold operation can be simulated.
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Figure 4.9 [ Static pressure profile at
Az Pref p hot and cold side boundary during
hold operation.

The mass flow and temperature values at the hot and cold side boundaries
are imported as time table from dynamic system simulation results. Thus, the
inlet conditions are in accordance with the dynamic system simulation for
charge and discharge. Furthermore, the rate of temperature change at the hot
and cold side boundaries at hold operation are in accordance with the overall
thermal dynamics of the ETES system, as modeled in system simulation.

Due to the gravitational force, the static pressure is a function of each cells
vertical position, which is automatically taken into account in STAR-CCM+® by
means of a constant reference density. But, due to the significant temperature
and thus air density variation between the hot and cold side of the packed bed,
the pre-defined static pressure profile must be corrected at the hot and cold side
boundaries during hold operation. It is alternatively defined with the mean
surface temperature at the respective boundary T, as shown in Figure 4.9.

At any change of operational conditions, the flow field is reinitialized with
a spatially constant velocity in accordance with the boundary conditions to
ensure convergence and to reduce the computational time. Therefore, the
temperature field is stored externally and reloaded into the simulation after
each re-initialization. The initial static pressure in the packed bed is set in
accordance with the defined static pressure function at the hot and cold side
boundaries for the initialization of each hold operation.

4.3.3 Temporal and Spatial Discretization

A regular mesh is used for rectangular storage units in order to reduce the
computational time. In other cases, an unstructured polyhedral mesh is used.
The mesh is automatically generated by STAR-CCM+®. Three prism-layers are
used at the packed-bed-to-wall surface, in order to improve the representation
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Figure 4.10 / Variation of simulated
usable capacity ratio for the 3rd
cycle of a cyclic full charge and
discharge operation with the
number of cells in the main air
flow direction (horizontal) at a
Courant number of Co = 0.2.
The overall number of cells
increased from 0.03 x 10° to

50 100 150 200 1.1 x 10° and the computational

Number of Cells in Flow Direction real time from 0.8 to 67 h. .
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of a thermal gradient in the vicinity of the wall. A very coarse mesh example
is shown in Figure 4.8.

An implicit solver is used in order to allow larger time steps. The time step
is set according to a modified Courant number, which is defined with the
approximated thermocline velocity as

At Uy £ PfCpf

Co=——FF—-—.
© Ax (1 — s)pp Cpp

[4.13]

A Courant number of 0.2 has been found to give sufficiently good results
at acceptable computational time. The resulting time step is at 60 to 180,
depending on the storage unit dimensions and operating conditions.

Results of a mesh independence study are shown in Figure 4.10 for a rect-
angular storage unit with a length of 10m at cyclic operation. 100 to 150
finite volumes are used in main flow direction (x) of the storage in Chapters 5
and 6 accordingly as trade-off between computational time and precision.
The discretization leads to cell sizes at 0.01 to 0.1 m for the tested packed-bed
designs. Notably, fewer cells in flow direction are needed compared to the
one-dimensional packed-bed model. The discretization in both lateral direc-
tions (v, z) is less influential and the cell dimensions are thus doubled in these
directions.

A sufficient convergence of the temperature and flow field is assumed for each
inner iteration, if the normalized root mean squared value of all cells energy



4.4 Particle-Resolved CFD Simulation | 89

and mass balance residuals falls below a threshold of 1 x 10~°.

4.3.4 Post Processing

Mass-flow averaged reports for the packed-bed in- and outlet temperatures
as well as absolute pressures are exported as time tables. The pressure drop
is determined from the absolute pressure difference. The temperature field
is averaged on a number of planes, which are perpendicular to the main
flow direction and have equidistant spacing, in order to compare one- and
three-dimensional temperature fields. The mean temperature for each plane is
exported as time table as well. Furthermore, the energy stored in the packed
bed at each time step is determined according to Equation 4.1.

4.4 Particle-Resolved CFD Simulation

Particle-resolved CFD simulation is used in this work to determine the packed-
bed properties, as necessary to describe the packed bed with a macroscopic
porous-media model. The properties are determined for each distinct packed-
bed individually, in order to obtain a higher precision compared to general
correlations. The DEM is used to generate the packed-bed surface.

The commercial software STAR-CCM+®[162] is applied for the overall DEM-CFD
workflow. An overview on the used method for the numerical determination
of the packed-bed properties is shown in Figure 4.11. The parameters to the
DEM are the particle’s shape, size distribution and mechanical properties. The
generated packed-bed surface can be used in subsequent CFD simulations to
determine correlations for the

packed-bed body force f,,.q in the direction of air flow,

particle-to-fluid heat transfer coefficient a,_,

its correction for intra-particle solid thermal resistance aeg/a,_¢ and the
ETC at stagnant fluid A o

PwWNR

Separate models are used for the determination of the packed-bed property
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Figure 4.11 | Overview on DEM-CFD workflow.

correlations to allow maximum flexibility in terms of computational volume,
discretization, boundary conditions and initialization. These models are re-
ferred to as Pressure Drop (PD)-, Heat Transfer (HT)- and ETC-model in the
following.

Similar DEM-CFD workflows have been applied in the field of chemical engi-
neering in order to calculate the pressure drop in reactors containing catalyst
particles [15, 56, 91, 173]. Some authors also investigated the particle-to-fluid
heat transfer [92, 129] or the ETC of packed beds [177]. Other research areas
employing particle-resolved simulations are high-temperature gas-cooled nu-
clear reactors [193] or in-situ thermal processing of oil sands [82]. The DEM
has been further used by Coetzee [37] and Coetzee et al. [38] to investigate
the stability of self-supporting tunnels in rock beds.

The packed-bed porosity can not be determined uniquely for a certain DEM
parameter set. Reason is the unknown packed-bed densification, as described
in Section 2.6.2, which results from mechanical or thermal processing of the
packed bed. When using the DEM, the particle injection velocity can be used to
generate a loose or dense packed bed, as it sets the amount of available energy
for packed-bed densification via rearrangement of particles. Figure 4.12 shows
the effect of the particle injection velocity on the porosity. In this work, the
final packed-bed properties are determined by interpolation of the packed-
bed properties for a loose and dense packed bed according to the measured
packed-bed porosity.
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In reality, each particle shape is different for crushed natural rock, but only
a limited number of distinct representative rock shapes can be used in the
DEM simulation in order to reduce the complexity. 20 distinct crushed rock
shapes determined from laser scanning were provided by Siemens Gamesa
Renewable Energy for this work. A similar approach has been used by Latham
etal. [106]. Figure 4.13 shows the influence of the number of available rock
shapes on the porosity. For each simulation run, a set of shapes was randomly
selected out of the 20 available rock shapes, with different limitations on the
number of available rock shapes. An asymptotic trend is visible. Accordingly,
all 20 available shapes need to be used in order to reduce the dispersion.

The whole DEM-CFD workflow is automated with macros, as also described
by Eppinger et al. [55], and similar to the porous-media CFD simulation. All
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packed-bed properties can be determined by provision of the particle shapes
in the form of a surface mesh, the particle size distribution and a predefined
list of parameter values.

Representative Computational Volume

Due to computational constraints, especially in real time and main memory,
the CFD simulations can only be done in small computational volumes com-
pared to the packed-bed storage size. Nevertheless, packed beds are irregular
structures, their local properties vary in space. Furthermore, the fluid flow
paths in packed beds can be much longer than the direct flow path, as also
expressed by the packed-bed tortuosity. Therefore, the computational volume
has to be large enough to

s level out random packed-bed structure variations and
= give the option of bypassing areas with high flow resistance.

Itis then called RCV. Figure 4.14 shows simulation results for the local pressure
gradient at a single operating point, determined with different RCV sizes. A
reduction of dispersion between several simulations runs and a reduction of
the mean value can be detected with growing RCV size, according to the two
reasons listed above.

The DEM-CFD workflow is computationally expensive according to the re-
quired RCV size and mesh resolution, further reviewed in Section 4.4.4. Nodes
of the high performance cluster at the Hamburg University of Technology are
used for the calculation, each having 24 cores. The resulting computational
requirements are given in Table 4.3.

4.4.1 Generation of Packed Bed Surface

The simulation domain for the DEM is a container of rigid walls as shown in
Figure 4.15. The container volume must be larger than the RCV to suppress the
influence of the container walls on the porosity inside the RCV. At least one
mean volume-equivalent particle diameter is used, according to Section 2.6.2,
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Table 4.3 | Computational requirements of DEM-CFD workflow.

DEM PD-Model HT-Model ETC-Model

RCV size - 384 4,3 216 d,3 288 d,3

Cell Count - 60 x 10° 40 x 10° 30 x 10°
Main memory 40GB 180GB 200GB 190 GB

Real Time 10h 10h 20h 15h

which is also in good accordance with porosity variations determined from
own DEM simulations.

During the simulation time, particles are injected into the domain from a set of
injection points close to the top and move downwards due to the gravitational
force. At each time step only half of the injection points are available. Their
selection is random, such as the particle initial orientation, which leads to a
different packed bed after each simulation run, even at equal DEM parameter
sets. The particle shape and size is automatically selected for each injected
particle to obtain the targeted mass fraction for each shape and size class. The
injection flow rate has to be chosen small enough to prevent particle overlap
at the injection points, as overlapping particles are deleted after injection and
the target size distribution would not be obtained in the end.

Besides spheres, irregular geometries can be used as particle shape by means
of the multi-sphere method. With this method, the original particle surface is
approximated with eventually overlapping spheres of different size, as shown
in Figure 4.16, to reduce the complexity of the DEM method. 100 spheres have
been found to give a good representation for this work. An investigation on
the validity of the multi-sphere method has been done by Kruggel-Emden
etal. [102].

The particle size distribution is specified as cumulative distribution function of
the volume-equivalent particle diameter d,,, as defined in Equation 2.23. The
size distribution is defined with respect to the particle count. A mass specific

distribution can be derived using the mean particle size for each size class.
The size definition used for the results of this work is shown in Figure 4.17.
A measured size distribution on the other hand has been used at validation.
The porosity of packed beds is sensitive to the size distribution width [107].
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Figure 4.15 [ Velocity of particles at pack-  Figure 4.16 | Multi-sphere approximated
ing process with downwards gravity. particle shape.
The velocity ranges from 10m/s (red)
to 0m/s (blue).

The porosity reduction with the size distribution width for the distribution of
Figure 4.17 is shown in Figure 4.18. Accordingly, a precise measurement of
the size distribution is necessary.

In each time step the equation of motion for each particle is solved by the DEM
algorithm, considering linear and rotational degrees of freedom

dvp
m? = Fg + Feontact
deo [4.14]
p
J ar = TcontactXFeontact -

The gravitational force F; acts on the particle’s center of gravity. A linear
spring model is used for the contact force F_,,.r- The force thus results from
any overlap with other particles or walls and has a normal and tangential
component. Parameters of the model are the spring stiffness and damping
coefficient which can be determined from the material’s coefficient of restitu-
tion, as described in the STAR-CCM+ Documentation [163], and a static friction
coefficient. No fluid friction and particle rolling friction is taken into account.
The mechanical storage material’s properties are shown in Table 4.4. They are
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a mean volume-equivalent diameter of the standard deviation ¢ at a mean
d, = 0.02m and a standard deviation of volume-equivalent diameter of d, =
o=0.002m . 0.02m.

Table 4.4 | Mechanical storage material’s properties used in the DEM contact model,
according to Coetzee et al. [38].

Stiffness Static Friction Factor  Coefficient of Restitution
0.62MN/m 0.9 0.23

taken from a DEM study by Coetzee et al. [38].

The time step of the simulation is automatically adopted by the DEM solver to
dissolve collisions and ensure convergence. The simulation continues until
the packed bed has settled and the velocity of each particle falls below a limit
of [vy| < 0.001m/s. Finally, the sphere-approximated particles are replaced by
their original shape at the exact same location and orientation. The packed-bed
surface mesh is then exported for further use in subsequent CFD simulations.

4.4.2 Modeling of Fluid Flow and Heat Transfer

The finite volume method is used to solve the continuity equation as well as
the momentum and energy balance in the computational domain. The energy
balance is not needed in the PD-model, whereas the momentum balance is
not needed in the ETC-model.
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The effect of the intra-particle thermal resistance on the particle-to-fluid heat
transfer must be taken into account, as the Biot number according to Equa-
tion 2.42 is generally larger than 0.1 for characteristic ETES operating condi-
tions and the tested particle sizes, especially due to the low thermal conduc-
tivity of natural rock.

In order to limit the computational time, all simulations are stationary. To
allow a stationary simulation of the particle-to-fluid heat transfer an evenly
distributed volumetric energy source or sink is introduced inside the particles.
It corresponds to the assumption of a uniform heating or cooling of all particles
in the computational domain. The source term is determined from a simplified
packed-bed energy balance as

Q _ UniPrCpedT

V_p - 1 —¢ dx . [415]

Comparison of the stationary results with a dynamic calculation of the heat
transfer showed no deviation of the results, thus verifying the approach. Fur-
ther verification studies showed, that a variation of the temperature gradient
or a sign change, which corresponds to charge or discharge operation, has a
negligible effect on the resulting heat transfer coefficient.

The flow is modeled as incompressible, as the Mach number is low. There-
fore, the STAR-CCM+®segregated flow solver is used to reduce the computa-
tional time. The convection term is discretized with a second order upwind
scheme.

The air density depends on the temperature and is determined from the ideal
gas law. The specific heat capacity and thermal conductivity of air are assumed
as constant for each operating point and determined from table interpolation
at the respective mean temperature inside the computational volume, using
data from the VDI Heat Atlas [13]. As the pressure in the packed-bed storage
unit of ETES systems is close to ambient pressure, no pressure dependency of
the air thermal conductivity is taken into account. The specific heat capacity
and thermal conductivity of the particles are set as constant values for each
operating point as well, according to the respective mean temperature and
Equations 4.3 and 4.4.
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Following Dixon et al. 48], transition from laminar to turbulent flow occurs at
a Reynolds number of 100 < Re < 200, using the definition in Equation 2.29.
Turbulence is modeled using the Reynolds Average Navier Stokes method. In
the turbulent regime, the realizable k,e-turbulence-model, as implemented
in STAR-CCM+®, is selected, as it has been found to give acceptable results
compared to direct numerical simulation in packed beds of monodisperse
spheres using the method outlined by Jin et al. [93]. The k,e-turbulence-model
has also been employed by Bai et al. [15] and Eppinger et al. [56] for particle-
resolved CFD simulation.

Variation of the surface sand-grain roughness in the turbulence model does not
effect the pressure drop in the simulation. Thus, the particle surface is modeled
as hydraulically smooth in the turbulent regime, meaning the roughness height
is smaller than the viscous boundary layer thickness. The negligible effect of
the surface roughness in the turbulent regime is reasonable, as the pressure
drop in porous media is mainly caused by inertial forces for high Reynolds
numbers [39], according to the packed bed tortuosity and less dependent
on the surface friction, which is more relevant at low air velocities and thus
laminar flow.

Radiation must be taken into account in the ETC-model, due to the high ETES
storage temperature. According to Zanganeh et al. [198] radiation becomes
more important than heat conduction in packed beds at temperatures above
150 °C. The radiation is modeled as gray-body thermal surface-to-surface radi-
ation. The transferred heat from any surface to another can be determined from
the view factor and the particle emissivity. The pore space is assumed trans-
parent. The view factor is automatically determined by STAR-CCM+®for each
surface. In order to reduce the computational time, the used mesh is coarser
than the original surface mesh by a factor of 10, which has been identified as
reasonable trade-off between accuracy and computational time.

4.4.3 Boundary Conditions

An rectangular computational domain is used for each of the CFD simulations,
as shown in Figure 4.19. A velocity inlet is used as upstream and a pressure
outlet as downstream boundary condition in the PD- and HT-model. The inlet
velocity is determined from the Reynolds number set-point for the respective
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Figure 4.19 / Overview on boundary conditions used for
particle-resolved CFD simulation.

simulation run. In the ETC-model, a constant temperature is used as upstream
and downstream boundary condition, which is determined from the mean
temperature set-point and an arbitrary temperature gradient, which does not
affect the ETC. Symmetric boundary conditions are used at the four sides of
all models in order to determine the properties inside the packed bed, thus
preventing any wall influence.

The RCV is extended with a run-in and run-out section to suppress the in-
fluence of the used up- and downstream boundary conditions on the results.
Verification showed that a length of two volume-equivalent particle diameters
is sufficient for the run-in and run-out sections in all three models. Thus, it is
longer than the wall-effect influence on the porosity, which results from the
DEM.

An additional fluid volume is added by mesh extension at the upstream side
for the PD- and HT-model in order to allow the air to adopt to the available
flow paths in the downstream packed bed. No extension is used at the outlet,
as turbulence would lead to convergence problems otherwise and the effect
on the flow field in the RCV is sufficiently prevented by the run-out section
filled with particles.

The operating range is set by means of the Reynolds number and temperature.
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Ten different Reynolds numbers in the range of 1 < Re < 2500 are simulated
with the PD-model, which covers the superficial air velocities observed for
different ETES packed-bed storage designs in system simulation, ranging from
0.01 to 2m/s. Reynolds numbers below ten are omitted in the HI-model, as
the temperature difference between the particles and fluid becomes negligible
and thus also the relevance of the particle-to-fluid heat transfer coefficient.
Eight mean temperatures are simulated with the ETC-model in the range of
300K < T < 1000K, according to the ETES operating conditions.

The flow direction in the PD and HT-model and the direction of the tem-
perature gradient in the ETC-model can be chosen perpendicular or parallel
to the packing direction used in the DEM. This feature is used to calculate
different packed-bed properties at horizontal and vertical flow direction in
packed beds of irregularly shaped particles, according the vertical direction of
a gravity-based packing process.

4.4.4 Spatial Discretization

For the discretization of the computational domain an unstructured, body-
fitted mesh with polyhedral cells is generated, using the automatic mesh
generation tool provided by STAR-CCM+®. In the PD-model only the fluid
volume needs to be meshed, whereas for the conjugate heat transfer in the
HT- and ETC-Model the particles have to be meshed as well. A conformal
mesh is generated at the interface to improve the accuracy and stability of the
calculation.

Prism-layers are used on the particle surface when fluid flow is present, i.e.
in the PD- and HT-Model. The boundary layer is resolved using the low y*-
approach [163]. The y*-values are kept as low as possible with the available
main memory resources to place the wall-nearest cell in the laminar sub layer.
Typically, 75 % of the particle surface area has a y*-value of the wall-nearest
fluid cell below one and 95 % below two at a Reynolds number of Re = 1000.

The particle contact points need a geometry adaption before meshing, as single
points of contact would lead to highly skewed cells. A comprehensive overview
on this topic is given by Dixon et al. [49]. In this work, the particles are locally
flattened, enforcing a minimum distance between all particles and walls, as
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Table 4.5 | Mesh Parameters as used in particle-resolved CFD simulations.

PD-model HT-model ETC-model

Meshed Region Fluid Fluid and  Fluid and
Particles Particles

Number of Prism Layers 3 3 -

Prism Layer Thickness in % of d, 2 2 -

Surface Cell Size in % of d,, 1-2 1-3 10-4

Volume Growth Rate 1.3 1.3 1.3

described in detail by Eppinger et al. [56]. The method has the least effect on
the porosity and can be automatically done in STAR-CCM +®. Nevertheless,
cells of poor quality are still present in the mesh, but their influence on the
convergence is automatically suppressed by the STAR-CCM+®solver.

Exemplary sections of the PD, HT- and ETC-model mesh are shown in Fig-
ure 4.20 along with results of their mesh independence studies. The selected
cell size is indicated. A smaller computational volume is used in the mesh
independence study to allow a fine mesh resolution with the available main
memory resource. In each mesh refinement step, the base size is cut in half
and a prism layer is added, while keeping the prism layer thickness constant.
Refining the base size was generally found to reduce the result deviation more
than adding additional prism layers. Table 4.5 summarizes the used mesh
parameters for all three models.

4.4.5 Post Processing

The porosity and particle surface in the RCV are determined by summation
of the cell surfaces and volumes of the generated particle surface mesh. The
packed-bed correlations are derived from the CFD simulation results for the
stationary flow and temperature field at each operation point. A sufficient
convergence of the stationary temperature and flow field is assumed, if the
relative change of the targeted value, such as the pressure gradient, heat
transfer coefficient or effective thermal conductivity, remains below a limit of
0.1 % for 30 consecutive solver iterations.
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Figure 4.20 /| Exemplary cut plane sections of mesh used for the PD, HT- and ETC-model
and respective mesh independence study results for a small computational domain
of 2.5 d,3. The star denotes the selected mesh. The relative deviation is defined with
respect to the target value as determined with the finest mesh .
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The packed-bed body force in the RCV is calculated from the mass-flow aver-
aged pressure at the RCV in- and outlet surfaces and the RCV length in flow
direction Ax

Joed = Pin _ Pout ;xpout . [4.16]

The particle-to-fluid heat transfer coefficient is determined from the heat flux
through the particle surface and the difference of the mean particle surface
and fluid temperatures Tplsurf, T¢ in the RCV according to Equation 2.37. The
correction of the particle-to-fluid heat transfer coefficient for the intra-particle
thermal resistance is calculated by means of the relation of temperature differ-
ences used in the heat transfer coefficient definitions

Koff _ Tp,surf - Tf

“p—f Tp - Tf

[4.17]

The heat flux through the outlet surface of the RCV Q; and the difference of
the mean temperature at the RCV in- and outlet surfaces is used to calculated
the ETC at stagnant fluid

QoutAx

Aout(Tin - Tout)

/\eff,o =

The simulation results for the packed-bed body force, particle-to-fluid heat
transfer coefficient, its correction for intra-particle thermal resistance and the
ETC at stagnant fluid for each operating condition and packed bed are exported
as table data.

Derivation of Packed-Bed Correlations from Simulated Data

In the last step, the exported simulation data is used in Matlab®[119] to deter-
mine packed-bed specific property correlations by means of curve fitting with
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the optimization toolbox.

In a first step, the form of the correlation has to be selected. Various different
types of correlations for the packed-bed properties are used in literature, as
already reviewed in Section 2.6.2. In order to ease the verification of the de-
rived correlation, a prominent empirical correlation form is chosen as baseline
instead of polynomials. The constants in this correlation are then adopted in
order to represent the CFD simulation results. All correlations are defined in
a non-dimensional way.

The correlation for the packed-bed body force is set to

Eu = Re T B,. [4.19]

It can be converted into the Darcy-Forchheimer form, as shown in Equa-
tion 2.30, by means of a permeability K and inertial coefficient cy defined
as

_ nghz
= Bl

B,

V2B;&3 '

For the particle-to-fluid heat transfer coefficient, a dimensionless correlation
in accordance with the empirical correlation of Wakao et al. [184] is used

K

and c¢p =

[4.20]

Nu,_¢ = By + B, ReP Pr: . [4.21]

The effect of the solid thermal resistance on the effective particle-to-fluid
heat transfer coefficient a./a,_¢ is modeled as function of the Biot number
according to the correlation of Stuke [172]

1 -1
Deit (1 + B, Bi) . [4.22]
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And finally a superposition of the model derived by Krischer [100] for the
conduction related part and a radiation part in accordance with the general
term of van Antwerpen et al. [181], as described in Section 2.6.2, is used as
correlation for the ETC at stagnant fluid. The radiation exchange factor notably
contains a temperature dependency.

B, 1-B; \* B,
keff,o = (k + k > + (BZ + T keff,rad . [423]
eff,cond,I eff,cond,II

The constants for each of the correlations and packed beds are exported and
can then be used in the one- and three-dimensional packed-bed storage model
to define the macroscopic packed-bed properties.

Averaging of Simulation Run Repetitions

As the RCV size for one simulation run is limited by constraints on the main
memory demand, each set of parameters is simulated repeatedly, in order
to further level out the influence of the random packed-bed structure on the
properties by averaging. Figure 4.21 shows the dispersion of simulation results
for each correlation of one exemplary parameter set and an RCV size, as shown
in Table 4.3.

The largest deviation among the simulation results, which were all generated
with the same DEM parameter set, can be seen for the Nusselt number at low
Reynolds numbers, which is due to small particle-to-fluid temperature differ-
ences and thus strong impact of pore geometry. The mean Nusselt number at
Re = 101is 4.1. The standard deviation of the Nusselt number at Re = 10 is
0.98, which is the highest value in the whole range of Reynolds numbers. As
the Biot number depends on the particle-to-fluid heat transfer coefficient, the
results for the intra-particle thermal resistance correction scatter accordingly.
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Model Validation

This chapter provides validation results for the models presented in the previ-
ous chapter. At first, exemplary packed-bed property correlations determined
from the DEM-CFD workflow are compared to empirical correlations from
literature. Then, simulation results for the pressure drop and temperature
field inside two horizontal-flow packed-bed storage units are compared to
experimental results provided by Siemens Gamesa Renewable Energy. Finally,
simulation results for the HRSG and fan of the ETES demonstration plant are
compared to manufacturer’s specifications.

Measure for Comparison

In order to compare two curves, the Mean Absolute Error (MAE) of a set of
evaluation points x; is used as deviation measure

1 n
MAE = - i;'xi — Xpef il - [5.1]
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5.1 Particle-Resolved CFD Simulation

The comparison of simulation results from the DEM-CFD workflow with
empirical correlations from literature is shown in this work for two different
packed beds, which are composed of either monodisperse spheres or poly-
disperse rocks. Spheres are chosen as second particle shape for comparison
besides the rocks in order to reduce the number of influential quantities and
as many correlations are available for such packed beds. A size of 0.03m is
set for all spheres and a particle size distribution as shown in Figure 4.17 for
the polydisperse rocks. All 20 available rock shapes, which are determined by
laser scan, are used.

A constant thermal conductivity of 2W/(mK), a density of 2500 kg/m? and
an emissivity of 0.85 are used as material properties for all particles at vali-
dation of the particle-resolved CFD simulation. The temperature dependent
air properties are interpolated from VDI Heat Atlas [13] data. The resulting
ratio of the particle and fluid thermal conductivities /\p /A¢, which defines a
further boundary on the applicability of ETC models, is thus at 29 to 75 in
the considered temperature range of 300 to 1000K. The DEM parameters
determined by Coetzee et al. [38] are used for the spheres and rocks, as shown
in Table 4.4.

Figures 5.1 and 5.2 show the comparison of simulation results and empirical
correlations from literature for monodisperse spheres and polydisperse rocks
respectively. The correlations derived from the DEM-CFD simulation workflow
are shown in blue color. The curve fitting results of the simulated packed-bed
properties according to Equations 4.19 and 4.21 to 4.23 are shown in each plot
legend. Additionally, the mean absolute error for each empirical correlation is
shown in the legend of each plot.

The porosity calculated with the DEM for the monodisperse spheres is ¢ =
0.385 and the particle surface area per unit volume ap.q = 120m?/m3. The
exact value for the particle surface area per unit volume according to Equa-
tion 2.25 is apeq = 123m?/m3. The simulated porosity for the polydisperse
rocksis ¢ = 0.41 and the particle surface area per unit volume ap.q = 217 m? /m?3.

According to Allen et al. [6], packed beds with perpendicular packing and
flow direction, which he refers to as cross-current, and packed beds with axial
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Figure 5.1/ Simulation results and correlation from DEM-CFD workflow in comparison
with empirical correlations from the literature for packed beds of monodisperse
spheres with a diameter of 0.03 m. Five simulation runs have been done for each

operating point .

109



110 | 5 Model Validation

108

Ll

10!

OO

| T N R W A 11 N R At ‘1
100 101 102 108
Re

—— Eu= 11323
—6— Allenetal. [6] (MAE = 6)
Ergun [57] (MAE = 5.5)
—Q— Macdonald et al. [115] (MAE = 2.2)

a [ Pressure Gradient.

keff,o

ol

| | |
400 600 800 1000
TinK
L ket = (0.:102 + 17(1){;102),1
+(0.0057 + 22)k,0g
—©— Zehner et al. [200] (MAE = 0.42)
Yagi et al. [195] (MAE = 5.59)

c [ Effective thermal conductivity at stagnant

fluid.

T T T 117717 T T T T 11717

Nu

0 ] L]
10? 102 10°
Re
1
" Nu,_¢ =3.14 + 0.338 Re"®>8 Pr3

—6— Gnielinski [69] (MAE = 3.9)
Coutier et al. [40] (MAE =9.3)
—&— Dfeffer [145] (MAE = 11)

b / Particle-to-fluid heat transfer coefficient.

Bi

—e— Jeft _ _1_pBj)-1
- = (1 + §.00 Bl)

—O— Stuke [172] (MAE = 0.053)

d / Correction for intra-particle thermal resis-

tance.

Figure 5.2 [ Simulation results and correlation from DEM-CFD workflow in comparison
with empirical correlations from the literature for packed beds of crushed rocks with
a size distribution as shown in Figure 4.17. 20 distinct laser-scanned particle shapes
were used. Five simulation runs have been done for each operating point .



5.1 Particle-Resolved CFD Simulation

packing and flow direction, referred to as co-current, have to be distinguished
due to the alignment of non-spherical particles at the packing process. As only
the co-current correlation is explicitly defined in his paper, axial packing and
flow direction is used at validation of the particle-resolved CFD simulation
accordingly. For the monodisperse spheres, the empirical correlation of Allen
et al. [6] for smooth spheres, which is equation number 38 in his paper, is used
for the comparison.

In the correlation of Stuke [172], which is also shown in Equation 2.43, a
constant of B = 10 is used for both packed beds, even though this constant
has been explicitly derived for monodisperse spheres. Reason is that to the
author’s knowledge, no constant for crushed rock shapes has been proposed
in the literature yet. Following the results of Figure 5.2, a constant of 6 is
proposed hereby.

The CFD simulation results for the effect of intra-particle thermal resistance on
the particle-to-fluid heat transfer for the monodisperse spheres is smaller than
the value according to Stuke [172]. A possible reason is the analytic derivation
of Stuke’s correlation for a single particle. Thus, the effect of uneven flow
through the packed-bed pores is not taken into account.

The correlation of Zehner et al. [200] for the effective thermal conductivity
at stagnant fluid shows a better accordance with the DEM-CFD simulation
results than the correlation of Yagi et al. [195], especially for temperatures
below 800 K. The results for the particle-to-fluid heat transfer coefficient and
pressure gradient are in between the empirical correlations.

Overall, the validation shows a good accordance of the simulation results
to the empirical correlations, especially considering the deviations among
the correlations themselves. As expected, the deviations are larger for the
polydisperse laser-scanned crushed rock shapes, probably due to the larger
number of influential quantities.
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Figure 5.3 | Pictures of packed-bed storage units used for validation .

5.2 One- and Three-Dimensional Packed-Bed Storage
Models

Besides the ETES demonstration plant in Hamburg-Altenwerder, as already
described in Section 3.4, measurement results of a smaller test site in Hamburg-
Bergedorf operated by Siemens Gamesa Renewable Energy as well is used
for validation of the one- and three-dimensional packed-bed models. The
packed-bed storage of the test site in Hamburg-Bergedorf is charged with
exhaust gas at 600 °C. The thermal storage capacity is 5 MWhy,. Pictures of
both thermal energy storage units are shown in Figure 5.3.

The storage units are equipped with many temperature measurement points
inside the packed bed. They are distributed on a center line along the hori-
zontal main flow direction and furthermore in radial direction towards the
insulation at several cross-sections. The pressure is measured at the in- and
outlet of the storage unit.

In order to compare the packed-bed temperature field of the one- and three-
dimensional models with the measured temperatures, the mean tempera-
ture along the main flow direction is used. It is calculated from the three-
dimensional temperature fields of the CFD simulation and measurement data
by averaging all values in perpendicular directions to the main flow. Each
temperature sensor or cell value is weighted according to his surface share of
the respective packed-bed cross section.
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A stationary thermal insulation is used for the one-dimensional model in order
to increase the comparability to the three-dimensional model and as the correct
initialization of the dynamic insulation model requires a high resolution of
temperature measurement points. Both models use packed-bed correlations
determined from particle-resolved CFD simulation. Approximately 150 cells
are used in the main flow direction of the CFD model.

Figure 5.4 shows a comparison of simulation results from the one- and three-
dimensional packed-bed models with measured data from the test site in
Hamburg-Bergedorf. Data of three full cycles with a hold period within the
last cycle is used. The pressure inlet minus the pressure outlet of the storage
unit is shown as well as the mean temperature in the main flow direction at
three different points in time.

The pressure loss is under-predicted by the one-dimensional model with a
mean absolute error at 4.4 % of the maximum measured pressure difference,
whereas it is over-predicted by the three-dimensional model with an error of
6.6 %.

The one-dimensional temperature field inside the packed bed of the test site is
simulated with a mean absolute error at 5.9 % of the maximum measured tem-
perature after three full cycles and the hold period with the one-dimensional
model and 5 % with the three-dimensional model. The temperature field devi-
ations after the hold period at ¢, indicate an under-estimation of the test site
heat losses through the thermal insulation with both models. The thickness of
the thermocline region is also under-estimated with both models at t; and ¢3,
which are at the end of discharge operations.

Figure 5.5 shows simulation results from the one-and three-dimensional packed-
bed models for a single charge operation of the storage unit of the ETES demon-
stration plant in Hamburg-Altenwerder. The short break of the charge process
has been due to technical reasons.

For the demonstration plant, the pressure loss is significantly under-predicted
by the one-dimensional model with a mean absolute error of 26 % of the maxi-
mum measured pressure difference. The pressure loss of the three-dimensional
model is closer, but still has an error of 21 %. Main reason is that the measured
pressure loss includes the in- and outlet sections of the storage unit, which are
not included in both models at validation, as a value for the nominal pressure
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Figure 5.4 [ Simulations results of one- and three-dimensional models in comparison
with measured data from the test site in Hamburg-Bergedorf for three full cycles
with an hold operation within the last cycle. All values, including the MAE, are
relative to the maximum measured value (MAE = 5 % meaning 5 % of the maximum
value). The time is relative to the measurement time .
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Figure 5.5 [ Simulations results of one- and three-dimensional models in comparison
with measured data from the demonstration plant in Hamburg-Altenwerder for a
single charge with a short break. All values, including the MAE, are relative to the
maximum measured value (MAE = 5% meaning 5 % of the maximum value). The
time is relative to the measurement time .
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loss of the in- and outlet section has not been independently measured and
model calibration to the measured data is avoided. Separate CFD simulations
of the in- and outlet sections showed pressure losses for both together at 15
to 23 % of the overall storage unit pressure loss and thus match the deviation.
Another possible reason for the deviation could be a packed-bed porosity
reduction during operation due to the thermal expansion of the rocks and
resulting packed bed settling behavior.

A growing trend of error over time can be observed for the one-dimensional

temperature field in the packed-bed storage unit of the demonstration plant.

Nevertheless, the mean absolute error is at 2.1 % of the maximum measured

temperature for the one-dimensional model and at 3 % for the three-dimensional
model at the end of the charge period.

Simulation results for the temperature field in the packed-bed storage unit
of the ETES demonstration plant in Hamburg-Altenwerder during a hold
operation of three days are compared to measured values in Figure 5.6. Two
sections of the temperature field along the main flow direction are shown,
namely in the center and close to the packed-bed outlet on the hot side.

As can be seen from the central section of the packed bed, the heat losses
through the storage unit insulation are taken into account more accurately
with the three-dimensional model.

An intrusion of cold air into the lower part of the packed bed due to natural
convection at the in- and outlet is observable for horizontal-flow packed-bed
storage designs at hold operation. The effect has also been described by Bejan
[22] and Bejan et al. [23]. The ability to represent the resulting temperature
drop in the vicinity of the packed-bed in- and outlet during hold operation
is an advantage of the three-dimensional packed-bed model. It can simulate
the mean temperature along the main flow direction in the considered section
with a mean absolute error of 2.1 % of the maximum measured temperature,
whereas the one-dimensional model does not account for it under the used
assumptions. The Rayleigh number according to Equation 2.56 is 40 at the end
of hold operation.



5.2 One- and Three-Dimensional Packed-Bed Storage Models | 117
1 1
0.98 [ "~ O\ | 098~~~
% X
- =
~ ~
= =
0.96 - NN 0.96 -
0.94 ‘ ‘ ‘ 0.94 ‘ . ‘
0.5 0.55 0.6 0.5 0.55 0.6
x/xmax x/melX
— SIM - - - MEAS — SIM - - - MEAS
—— SIM(MAE =0.24%) - - - MEAS —— SIM(MAE =0.14 %) - - - MEAS
SIM(MAE =0.43 %) MEAS SIM(MAE =0.26 %) MEAS

a [ 1D Model: Temperature along central part of
main flow direction at t; = 0, t, = 0.5 and
t3 =1.

0.6 T
e %
= .

04 =

| |
0.9 0.95 1
x/xmax
— SIM - - - MEAS

—— SIM(MAE =2.8%) - - - MEAS

b/ 3D Model: Temperature along central part of
main flow direction at t; = 0, f, = 0.5 and
t3 =1.

0.6 T T
5 05 s 14|
al
= \
04 |
l l
09 0.95 1
x/xmax
— SIM - - - MEAS

—— SIM(MAE =13%) - - - MEAS

SIM(MAE =4.3%) MEAS SIM(MAE =2.1%) MEAS

d / 3D Model: Temperature along main flow
direction close to hot side at t = 0,t, = 0.5
and t3 = 1.

¢ [ 1D Model: Temperature along main flow
direction close to hotside at t; = 0, f, = 0.5
and f3 = 1.

Figure 5.6 / Simulations results from the one- and three-dimensional models in compar-
ison with measured data from the demonstration plant in Hamburg-Altenwerder
at a hold operation of 3 days. All values, including the MAE, are relative to the
maximum measured value (MAE = 5 % meaning 5 % of the maximum value). The
time is relative to the measurement time.
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Figure 5.7 [ Comparison of stationary simulation results for the HRSG air outlet tem-
perature and steam mass flow with manufacturer’s specifications at eight different
load points with respect to air inlet temperature and air mass flow. The dotted lines
mark the +/- 5% deviation range.

5.3 Heat Recovery Steam Generator and Fan Models

A comparison of stationary simulation results from the simple pinch-point
based HRSG model, as introduced in Section 4.2.4, with manufacturer’s specifi-
cation for the HRSG of the ETES demonstration plant in Hamburg-Altenwerder
is shown in Figure 5.7. Eight different load points with respect to air inlet
temperature and air mass flow rate are compared.

As shown, the stationary air outlet temperature and steam mass flow rate are
simulated with a relative error approximately in the range of +/- 5 % for all
specified load points. The representation of HRSG part load behavior is thus
considered satisfactory for this work.

Stationary simulation results, determined with the polytropic efficiency based
fan model, are compared to manufacturer’s specifications for the fan included
in the ETES demonstration plant at six different load points in Figure 5.8.
The load points include three volume flow rates at two different air inlet
temperatures.

The relative error for all load points is in the range of +/-20 %. One reason is the
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utilization of a constant polytropic efficiency at different air inlet temperatures
and thus densities. Nevertheless, the fan model is used in this work for its
simplicity and numeric robustness, but the precision at validation has to be
kept in mind at evaluation of the simulation results.






Results

In this chapter the system simulation and CFD models are applied to a se-
lection of test cases in order to evaluate the ETES air cycle performance. The
interplay of modeling scales follows the relations outlined in Figure 4.1. After
an introduction to the test cases, the packed-bed property correlations, as deter-
mined particularly for horizontal-flow rock beds with the DEM-CFD workflow,
are presented. The influence of the storage unit aspect ratio, storage material
particle size, outlet temperature deviation tolerance at charge and insulation
thickness on the air cycle performance is shown for some test cases as example.
Furthermore, simulation results of one- and three-dimensional packed-bed
models are compared over a simulation period of two months to verify the
applicability of the one-dimensional packed-bed model for horizontal-flow
packed-bed TES at irregular operation and large scale. Finally, the air cycle
efficiency and usable capacity ratio are compared among the test cases, using
the energy loss classification according to Section 3.7 for the discussion.

6.1 Definition of Test Cases

The ETES test cases used in this work are defined by selection of unit size,
way of energy system integration and operational schedule. A combination of
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Table 6.1/ Nominal values for the live steam temperature &, cieam-

feedwater temperature &, ¢, and charge temperature ¢

nom,c

live steam pressure
of all test

Prom,steam~
cases.

SyStem Integration ﬂnom,steam p nom,steam z91'10rn,fw ﬂnom,c
°C bar °C °C

P2P 500 65 120 750

P2H 150 5 20 600

energy system integration and operational schedule is also referred to as an
application case.

The sizing of ETES units depends on the nominal rate of charge and discharge
of the packed-bed storage in the first place, as it sets the size of all air cycle
components besides the packed-bed storage unit itself. Two different units
with a nominal rate of charge and discharge at 5 and 30 MW are analyzed in
this thesis. The smaller unit is at a similar scale compared to the ETES demon-
stration plant in Hamburg-Altenwerder and the larger at a scale anticipated as
reasonable for an upcoming pilot plant. The system parameters for both units,
as used in this work, are shown in Table A.1.

Furthermore, two exemplary ways of ETES energy system integration are
analyzed in this chapter. These are

1. Power-to-Power (P2P) operation for an application as standalone EES
unit without any opportunity to cogenerate heat and power and

2. Power-to-Heat (P2H) operation to supply an industrial consumer of
process heat without any means of re-electrification.

The operating temperatures are different at P2P and P2H. The nominal values
for both ways of energy system integration, as analyzed in this work, are shown
in Table 6.1. The nominal charge temperature of the packed-bed storage is set
well above the required live steam temperature in order to obtain an operational
margin to the required HRSG air inlet temperature, as explained in Section 3.2,
and to increase the volumetric energy storage density.
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Operational Schedules

The operational schedule defines the set point values for the electric power
intake at charge and rate of heat transfer in the HRSG at discharge over time.
Whereas both are time-variant at power-to-power operation in order to bal-
ance VRE electricity generation and demand, the set point for the rate of
discharge is constant in the case of power-to-heat operation, as the steam shall
be provided to a constantly running industrial process whenever possible. The
resulting course of the packed-bed storage state of charge over the simulation
time, resulting from each of the five operational schedules in power-to-power
operation, is shown in Figure A.1.

Only few studies are available in literature with respect to irregular operation
of packed-bed TES. McTigue et al. [121] studied the effect of cycle duration
perturbations on the usable capacity ratio. They found that the usable capacity
ratio recovers in one or two cycles after the perturbation for a storage operation
with a fixed outlet temperature deviation tolerance.

Two different irregular schedules are used in this work in order to represent
realistic operating conditions to an energy storage application for VRE balanc-
ing. These are based on time-series data for the residual load and wholesale
electricity price. The data for both schedules is provided by the German fed-
eral network agency [66]. January and July of the year 2019 are chosen as
observation time period in order to include a summer and winter month,
which reflects the prevalence of wind energy in Germany in winter and the
characteristic variation of PV electricity generation and demand in summer.

In the residual load based schedule, the ETES unit is set to charge, if the
residual load, which is defined here as the electricity generation from WEC
and PV minus the electricity demand, is positive. At power-to-power operation,
the ETES unit is set to discharge, if the residual load is negative. In order to
represent a future scenario with an increase in installed PV and WEC capacity
and thus variability of residual load, the German electricity generation from
wind and solar energy of the year 2019 is scaled by a factor of two, which
corresponds to the required installed capacity for the year 2030 according to
the Frauenhofer Institut fiir Solare Energiesysteme ISE[63].

In the wholesale electricity price based case, a charge of the ETES unit is
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initiated, if the price falls below a threshold of 80 % of the monthly mean
price. According to the limited power ramp rate, a discharge is initiated at
power-to-power operation, if the wholesale price is above a threshold of 120 %
of the monthly mean price for the next six hours. These thresholds are chosen
for the results of this work, as the wholesale price spread in the data set would
not allow an economic operation anyways and increasing price spreads are
expected at a higher installed capacity of PV and WEC.

Furthermore, three cyclic schedules are used in this work in order to increase
the comparability to other works. Unfortunately, to the author’s knowledge,
no normative energy storage operational schedules exist. Thus two simple
regular operational schedules are defined based on characteristic solar and
wind energy fluctuations.

The cyclic solar-based schedule is created according to a typical diurnal varia-
tion of PV electricity generation and demand, commonly known as California
Duck Curve [31]. The storage is charged from 09:00 to 17:00 every day at
high PV generation. In the case of power-to-power operation, the storage is
discharged from 18:00 to 22:00, at peak electricity demand.

The cyclic wind-based schedule is less universal, as the variation of WEC
electricity generation is not as regular as the electricity generation from PV.
According to Weber et al. [190], the persistence time statistics of wind power
are not well understood yet. A period of five consecutive days with an average
wind capacity factor below 10 % happens once a year in Germany whereas
time periods of 24 h with an average wind capacity factor below 10 % happen
approximately ten times per year on average [137]. A series of 2 day charge,
2day hold, 4 day discharge and again 2 day hold is used at power-to-power
operation in this work. At power-to-heat operation, the schedule leads to a
two-day charge per ten days of cycle duration.

The set-point power values for one operational cycle of the solar- and wind-
based schedules at a power-to-power application case are shown in Figure 6.1.
Ten consecutive cycles are simulated for all three cyclic schedules, which leads
to an observation time period of 10 days in the solar- and 100 days in the
wind-based case.

The set point for the rate of charge and discharge is constantly at the nominal
point while in operation for both irregular schedules and the cyclic full charge
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Figure 6.1 [ Cyclic operational schedules for ETES units based on characteristic wind
and solar energy availability variations for power-to-power operation.

and discharge operation at power-to-power applications. Thus, no part load
occurs. At power-to-heat operation, the rate of discharge is reduced in order
to

= achieve a higher coverage of the industrial steam demand over time and
= account for the reduced rate of charge of the packed-bed storage due to
concurrent steam generation during charge.

Packed-Bed Dimension

According to each operational schedule, a nominal discharge duration At 4
for each test case can be defined, which is

= 4h for the solar-based schedule in power-to-power operation and 16 h in
power-to-heat operation,

= 24h for the time-series-data based operational schedules as well as the
cyclic full charge and discharge in power-to-power and power-to-heat
operation and

= 96 h for the wind-based schedule in power-to-power operation and 192h
in power-to-heat operation.

Using the nominal discharge duration, the packed-bed volume is dimensioned
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for each test case individually as

ng,set Atnom,d
pp(l —€) (”p (Tnom,c) - up(Tnom,d>>

Vied = [6'1]

The resulting packed-bed volumes range from 75m? for the 5 MW unit at a
solar-based operation to 5400 m® for the 30 MW unit at wind-based opera-
tion.

A rectangular storage unit shape is used for all test cases with a horizontal
main air flow direction. The storage unit is filled with crushed rocks, whose
thermodynamic properties are taken from Table 4.1. The packed-bed height is
limited to 10 m, according to the allowable mechanical stress on the particles
and storage containment, as explained in Section 2.6.

6.2 Packed-Bed Properties at Horizontal Flow

The DEM-CFD workflow, as presented in Section 4.4, is used to determine the
packed-bed properties particularly for horizontal-flow packed-beds of crushed
rock in the necessary operating range and air as heat transfer fluid.

Main reason is that, according to Allen et al. [8], the relative orientation of
packing and flow direction in a packed bed of crushed rock can alter the
packed-bed pressure drop up to 80 %, as irregularly shaped particles tend to
orientate with flat surfaces towards the ground at the packing process. Conse-
quently, the pressure drop in horizontal-flow packed beds may be significantly
over-estimated, when applying a correlation taken from an experiment with
vertical flow direction. Besides the pressure drop, the particle orientation also
affects the effective thermal conductivity at stagnant fluid, which thus varies
in horizontal and vertical temperature gradient direction accordingly.

Table 6.2 shows the determined constants for the packed-bed property correla-
tions used in this work for horizontal-flow packed beds of crushed rock. The
particle size distribution of Figure 4.17, and all 20 available rock shapes, as de-
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Table 6.2 / Packed-bed properties determined from particle-resolved CFD simulation for
crushed rocks with a particle size distribution as shown in Figure 4.17 and horizontal
flow. The porosity is 0.41 and the mean sphericity according to Equation 2.24 is 0.81.

Property  Correlation Constants

B, B, B,
Eu Equation 4.19 158  2.62
Nu,_¢ Equation 421 293 0.349 0.645

Xei/@p—¢  Equation 4.22  5.96
Equation 4.23 0.31 —0.0124 421

termined from laser scanning, are used. The correlations validity is restricted
to ambient pressure, which is in accordance with the ETES operation. In accor-
dance with the validation, a constant thermal conductivity of 2W/(mK), a
density of 2500 kg/m? and an emissivity of 0.85 is used as material properties
at the determination of the packed-bed property correlations. The tempera-
ture dependent air properties are interpolated from data of the VDI Heat Atlas

[13].

Figure 6.2 shows exemplary sections of the temperature and velocity field
on a cut-plane section for a Reynolds number of 2500. The velocity field
shows the fluid acceleration in narrow channels between particles. The radial
temperature gradient inside the irregularly shaped solid particles is visible in
the temperature field. Furthermore, the alignment of several flat particles can
be detected.

In Figure 6.3, the pressure gradient at 20 °C and the effective thermal con-
ductivity in horizontal (x) air flow and temperature gradient direction, as
determined with the packed-bed correlations of Table 6.2, are compared to
the properties in vertical direction (z), as determined with the packed-bed
correlations shown in Figure 5.2. The relative difference of the properties in
both directions is used as measure for the comparison.

According to the CFD simulation results, the pressure gradient is lower at
horizontal air flow direction, especially at higher velocities. The difference
is between 5 % at a superficial air velocity of 0.01 m/s and 19 % at 1 m/s. The
difference is not as large as measured by Allen et al. [6], but the particle size,
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a [ Velocity Field . b / Temperature Field.

Figure 6.2 /| Exemplary cut-plane sections of the temperature and velocity field at
Re = 2500. The flow is from left to right, gravity is downwards, the velocity ranges
from 0m/s (blue) to 20m/s (red) and the temperature ranges from 600K (blue) to

670K (red) .
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Figure 6.3 / Comparison of the local pressure gradient at 20 °C and effective thermal
conductivity at stagnant fluid in horizontal (x) and vertical (z) air flow or tempera-
ture gradient direction for a packed bed of crushed rock.



6.2 Packed-Bed Properties at Horizontal Flow

porosity and shape is also different from their experiments. The particle-to-
fluid heat transfer coefficient is increased along with the pressure gradient
according to the analogy of frictional pressure drop and heat transfer, but the
increase is smaller and less significant to the ETES performance and thus not
further discussed here.

In contrast to the pressure loss, the effective thermal conductivity at stagnant
fluid is higher at a horizontal thermal gradient in comparison to a vertical
gradient. Reason is, that the alignment of irregularly shaped particles reduces
the influence of the particle contact point thermal resistance in horizontal
direction at low temperatures. But the difference is 3 % at most for the tested
particle shapes according to the CFD simulation results. At higher tempera-
tures, the radiant heat transfer is increasingly dominant and diminishes the
difference.

It must be noted, that as the roundness of the particles is the main reason for
the alignment and thus variation of packed-bed properties with the direction
of air flow and temperature gradient, the influence of the packing direction
may alter significantly for differently shaped particles.

The sensitivity of the packed-bed mean usable capacity ratio and air cycle
efficiency, as defined in Equations 3.7 and 3.11 and determined with the one-
dimensional packed-bed model, to the packed-bed body force and ETC cor-
relation is shown in Figure 6.4, comparing the correlations determined by
particle-resolved CFD simulation for horizontal and vertical flow with corre-
lations from literature. A 30 MW-ETES unit in a power-to-power application
and a cyclic full charge and discharge operation is used for the analysis. An
additional 24 h hold is added between each operation phase for this specific
analysis, in order to demonstrate the relevance of the ETC.

As expected, the ETC correlation mainly affects the usable capacity ratio,
whereas the packed-bed body force mainly affects the air cycle efficiency
due to the according fan work. But, the sensibility of the efficiency on the
packed-bed body force is low, due to the low storage unit aspect ratio, as
further discussed in Section 6.3, and the closed ETES system. Even though
the correlation of Macdonald et al. [115] is explicitly dedicated to particles
with rough surfaces such as crushed rocks, the efficiency determined with the
properties of Table 6.2 for a horizontal flow direction is closer to the efficiency
determined with the correlation of Ergun [57].
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Figure 6.4 [ Sensitivity of air cycle efficiency and mean usable capacity ratio on the used
ETC and packed-bed body force correlation for a 30 MW ETES unit with a nominal
discharge duration of 24 h. The schedule consists of full charge and discharge opera-
tions with 24 h hold after each operation.
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6.3 Selection of Particle Size and Storage Aspect
Ratio

The particle size and packed-bed aspect ratio, as defined in Equations 2.19
and 2.21 are important design parameters for axial-flow packed-bed TES, as
they significantly affect the usable capacity ratio as well as the heat and pressure
losses. The aspect ratio sets the air velocity in the packed bed at the same
rate of charge or discharge and thermal storage capacity. Simulation studies
with varying particle size or aspect ratio have been done by several authors
for packed-bed TES, as already reviewed in Section 2.6, but the influence with
the specific background of the ETES concept is yet uncertain.

A sensibility analysis is thus required in order to ensure that the ETES perfor-
mance does not suffer from an arbitrarily chosen particle size and packed-bed
aspect ratio. In this work, both parameters are varied at the same time in order
to show their interdependence, as the effects of the packed-bed aspect ratio
and mean particle size are entangled.

Besides the particle size and aspect ratio, the ETES air cycle efficiency and
packed-bed storage usable capacity ratio furthermore depend on the

1. way of energy system integration, as for example the electricity intake at
discharge is valuated differently at power-to-power and power-to-heat
operation,

2. operational schedule, for example due to the frequency and length of

hold operations,

unit size, as for example larger units are less prone to heat losses and

4. further design parameters, such as for example the thermal insulation
thickness.

w

As the interdependence of all these influential quantities is not clear, the
optimal aspect ratio and particle size should be determined for each test case
individually. Simulation results for the packed-bed storage usable capacity
ratio and efficiency of the 5 and 30 MW designs at the residual load based
operational schedule and power-to-power operation are shown for different
aspect ratios and particle sizes in Figure 6.5 as example.
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results for the 5 and 30 MW size are compared at power-to-power operation and an
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runs have done for each unit. Note the different aspect ratio range.



6.3 Selection of Particle Size and Storage Aspect Ratio

It is obvious, that the ETES air cycle efficiency in power-to-power operation
decreases at high aspect ratios and small particle sizes due to the increasing
packed-bed pressure loss and thus high fan energy demand at discharge. On
the other hand, the packed-bed usable capacity ratio decreases at low aspect
ratios and large particle sizes, as the internal heat losses and thus thermal
destratification increases. In combination, this leads to a conflict of goals.

At packed-bed deployment in the closed ETES system two further effects are
relevant:

» The usable capacity ratio decreases at high aspect ratios and small particle
sizes, as the storage air inlet temperature increases due to the resulting
high packed-bed pressure loss and thus increased fan energy demand
and fan air outlet temperature.

s The air cycle efficiency decreases at low aspect ratios and large particle
sizes, as the reduced usable capacity ratio limits the energy turnover
in the observation time period and thus increases the significance of
self-discharge and standby losses.

In order to identify an optimal design solution with respect to both, efficiency
and usable capacity ratio, the levelized cost of storage, as defined in Equa-
tion 2.14, can be used if the specific values for the charge and capital cost are
given.

The comparison of the 5 and 30 MW unit performance shows that the optimal
aspect ratio at equal particle size is generally lower for the 30 MW unit. Reason
is the packed-bed pressure loss, which depends on the mean superficial air
velocity in the packed bed along with the packed-bed length. When comparing
units of different volume at the same aspect ratio, the larger unit is longer
and leads to a higher superficial air velocity at the same time. In order to
keep the superficial air velocity and packed-bed length constant, a scaling law
of Agross < Qnom can be used, which leads to a decreasing aspect ratio with
packed-bed volume.

The simulation results also show, that the effects of particle size and aspect
ratio on the ETES performance partly compensate each other. Thus, several
combinations may lead to a similar performance. Notably, low aspect ratios
increase the necessary constructional effort and cost for the in and outlet
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sections of the storage unit, especially with respect to an even flow distribution
inside the packed bed, which is not taken into account in this analysis.

In consequence, a storage unit aspect ratio of y = 1 and 0.5 for the 5MW and
30 MW units at power-to-power operation is used, as well as an aspect ratio
of 1.5 and 1 at power-to-heat operation respectively. A volume-equivalent
particle diameter of 0.02 m is used for all test cases.

According to the chosen aspect ratio as well as the unit size and operational
schedule, the mean superficial air velocity inside the packed bed at nominal
charge temperature and rate of charge or discharge varies significantly among
the test cases. Whereas it is approximately 0.14 m/s at discharge in the case
of power-to-power operation and wind-based operational schedule with the
5 MW unit, it is 1.7 m/s at discharge for the solar-based power-to-power oper-
ation of the 30 MW unit. The resulting peak packed-bed pressure loss in the
observation period for these test cases is 8 and 46 mbar.

6.4 Selection of Storage Outlet Temperature
Deviation Tolerance

Further design parameters which significantly affect the air cycle performance
are the storage outlet temperature deviation tolerances at charge and discharge.
They must be chosen carefully in order to optimize the usable capacity ratio
along with the efficiency [29, 135]. The application of variable deviation
tolerances has been evaluated for a CSP plant by Fasquelle et al. [61], but fixed
values are assumed in this work.

In the case of ETES, the deviation tolerance at discharge is strictly limited by
the minimum required HRSG air inlet temperature. It is thus set to 200 K in
this work, according to the chosen operating temperatures.

The optimum deviation tolerance at charge is limited by the rated fan power,
which must be high enough to ensure the required air mass flow at low air
enthalpy differences across the packed-bed storage, as already encountered in
Section 3.2. Furthermore, the components on the cold side of the ETES system
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Figure 6.6 | Effect of the storage outlet temperature deviation tolerance at charge on the
mean usable capacity ratio and air cycle efficiency in the observation time period for
the 30 MW unit at cyclic full charge and discharge power-to-power operation.

and the electric heater must tolerate the increased temperature. Both criteria
are of an economic nature.

The variation of mean packed-bed storage usable capacity ratio and air cycle
efficiency with the temperature deviation tolerance at charge is shown in
Figure 6.6 for the 30 MW unit at power-to-power operation and cyclic full
charge and discharge. For this analysis, the fan is dimensioned large enough
to always maintain the electric power set point of the ETES unit.

The mean usable capacity ratio increases with the temperature deviation toler-
ance, as expected. Thus also the equivalent number of full cycles and energy
turnover per observation time period increase.

The air cycle efficiency increases as well, due to the reduction of self-discharge
and standby losses caused by the higher energy turnover. Notably, the increas-
ing air outlet temperature of the packed-bed storage at charge does not limit
the air cycle efficiency, as the system is closed. Furthermore, the fan energy
demand, which increases with the operating temperature, does not limit the
air cycle efficiency either because the technical work of the fan is stored as
thermal energy in the packed bed, as already encountered in Section 3.7.

Accordingly, a high temperature deviation tolerance at charge is generally
beneficial from a thermodynamic point of view. Nevertheless, the storage
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Figure 6.7 [ Variation of packed-bed storage transmission heat loss and air cycle ef-
ficiency in the observation period with the inner insulation layer thickness of the

packed-bed storage for the 30 MW unit at power-to-power operation and wind-based
operational schedule.

outlet temperature deviation tolerance at charge is set to 150 K for all test cases
in this work due to the mentioned economic reasons.

6.5 Selection of Packed-Bed Storage Thermal
Insulation Thickness

The heat losses of the packed-bed storage can be reduced by thermal insulation,
which on the other hand increases the cost and requires space. Two insulation
layers are used in this work for the packed-bed storage model, which are made
of aerated and lightweight concrete. An ideal case with uniform insulation
thickness and without any thermal bridges is assumed. Figure 6.7 shows the
results of an inner aerated concrete layer thickness variation on the packed-bed
storage transmission heat losses and air cycle efficiency for the 30 MW unit at
power-to-power operation and wind-based operational schedule. The outer
lightweight concrete layer thickness is kept at 0.5m for this analysis.

As shown, the effort to further reduce the transmission heat losses increases
with the installed insulation layer thickness. Generally, the insulation thickness
should be chosen for each test case individually according to economic design
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optimization. Nevertheless, an aerated concrete layer thickness of 0.5m is
used in this work for all test cases in order to keep the comparability.

6.6 Comparison of One- and Three-Dimensional
Storage Models

Three-dimensional CFD simulation, as described in Section 4.3, is used in this
work to verify the applicability of the one-dimensional packed-bed model, as
experimental results are not available for packed beds larger than the storage
unit of the demonstrator plant. In order to detect deviations, that might
accumulate in the long run, a simulation time of two months is used in the
CFD simulation as well. To limit the calculation time, the number of cells in
the main flow direction of the CFD model is reduced to 100.

As the strength of natural convection depends on the packed-bed permeability,
the operating conditions and the storage unit size and shape, which is also
evident from the Rayleigh number definition in Equation 2.56, the applicability
of the one-dimensional model must be verified for each test case individually.

Results of a one- and three-dimensional model comparison are shown as ex-
ample in Figure 6.8 for the 30 MW unit at power-to-power operation and the
wholesale electricity price based schedule. The figure shows the mean tem-
peratures along the main flow direction in both packed-bed storage models at
four different points of time t,_4, as well as the pressure drop for a consecutive
charge and discharge operation between t = 524 h and t = 546 h. The points of
time used for the comparison of the temperatures are also marked in Figure 6.9,
which shows the state of charge over time. Furthermore, the temperature fields
on the symmetry plane of the packed-bed, as illustrated in Figure 4.8, resulting
from the three-dimensional CFD simulation are shown in Figure 6.10 at the
same points of time.

The temperature fields on the symmetry plane clearly show a vertical profile
in the packed bed at t, = 540 h and f; = 1340 h, which is caused by natural
convection. The vertical temperature profile mainly develops at hold operation.
The Rayleigh number according to Equation 2.56 for example at {3 is Ra =
463. According to the CFD simulation results, such a temperature profile is
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Figure 6.8 | Comparison of simulation results for the mean temperature along the main
flow direction and the pressure drop of the one- and three-dimensional model for a
30 MW unit at a power-to-power operation and the wholesale electricity price based
operational schedule.
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Figure 6.9 [ State of charge over time at the comparison of the one- and three-
dimensional models.
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b/t, =540h.

c/t; = 1340h. d/t, =1405h.

Figure 6.10 / Temperature field on the symmetry plane (see Figure 4.8) determined
by porous-media CFD simulation for a rectangular horizontal-flow packed-bed
storage unit at four different points of time. Flow at charge is from left to right, the
temperature ranges from 20 °C (blue) to 750 °C (red) .
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sustained or even further strengthened at discharge operations, which leads to
a reduced depth of discharge, as also encountered by Soprani et al. [166]. The
storage outlet temperature at {3 = 1340 h according to the three-dimensional
model is for example approximately 9, = 430 °C, whereas it is 9,,; = 530 °C
in the one-dimensional model.

But, after the subsequent charge operation at t;, = 1405h, the vertical tem-
perature profile has leveled. Accordingly, the mean absolute error of the
one-dimensional model with respect to the three-dimensional model reduces
from 37 °C to 6.1 °C. Reasons for the temperature profile leveling are,

= a larger mass flow in cold packed-bed sections at the same pressure
gradient due to the increased air density and more importantly

= aremoval of the thermocline region from the packed bed according to
the outlet temperature deviation tolerance.

Att, = 540 h on the other hand, the vertical temperature profile is still present,
as it has not been diminished as much in the preceding charge operation, which
was stopped before the thermocline had reached the packed-bed outlet.

A small difference between both models with respect to the pressure loss
across the packed bed is encountered for the tested rectangular design. The
mean absolute error is at 0.65 mbar in the time period of 524 to 546 h including
a charge and discharge operation.

Besides the non-uniform flow, the three-dimensional model also accounts
for temperature gradients inside the packed-bed towards the walls, which
result from wall heat losses. As the one-dimensional model can not account
for these, it tends to over-predict the heat losses. Nevertheless, no significant
effect is shown for the tested packed bed with a volume of 2700 m3. One
reason is, that the good thermal insulation of the packed-bed storage leads to
a limited influence of the temperature gradient inside the packed bed on the
overall heat transfer, even though is apparent in Figure 6.10. The temperature
gradient inside the packed bed may become increasingly relevant for smaller
packed-bed storage units or even longer hold operations.

Due to the periodic temperature profile leveling, the mean temperature along
the main flow direction in the one-dimensional model does not deviate sig-
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Figure 6.11 | Energy-based air cycle efficiency #,. and mean usable capacity ratio ¢
for all test cases in the observation time period.

nificantly from the three-dimensional model for this storage design and op-
erating conditions over the simulation time of two months. According to the
comparison results, the one-dimensional model is applicable to the tested
horizontal-flow packed-bed TES unit and operational schedule even though
the outlet temperature and thus also depth of discharge are over-predicted in-
termediately. Comparison results are similar for the other test cases. However,
further designs and operating conditions may lead to different results. Larger
particles for example increase the natural convection at hold due to the lower
packed-bed permeability. Smaller storage unit aspect ratios lead to lower air
velocities at charge and thus reduce the described effect of temperature profile
leveling, similar to lower outlet temperate deviation tolerances.

6.7 Comparison of Air Cycle Performance for the
Test Cases

Finally, the ETES air cycle efficiency and packed-bed storage mean usable
capacity ratio can be compared for all test cases in this section. The respective
simulation results are shown in Figure 6.11. The air cycle efficiency ranges
from 78 to 96 % and the mean usable capacity ratio from 63 to 83 % for all 20
test cases.
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P2H operation leads to higher efficiencies in comparison to P2P at all oper-
ational schedules due to the increased energy turnover and irrelevance of
technical fan work demand on the overall efficiency. Furthermore, the packed-
bed usable capacity ratio is generally higher according to

= the lower HRSG air outlet temperature, which results from the lower
live steam temperature and pressure requirements, and

s the storage unit design with increased aspect ratio, which is reasoned by
the irrelevance of technical fan work demand at power-to-heat operation.

The larger 30 MW units show an improved efficiency and at least similar usable
capacity ratio compared to the 5 MW units at all operational schedules.

The contribution of each energy loss mechanism according to Section 3.7 for
all test cases is shown in Figure 6.12 in order to further analyze the reasons for
the efficiency variation among the test cases.

The five operational schedules used in this work are listed in the following,
printing the short notation used in Figure 6.12 as bold letters. The schedules
are based on

a characteristic cyclic wind-based operation,

the California Duck Curve as characteristic cyclic solar-based operation,
residual load time series data,

wholesale electricity price time series data and

cyclic full charge and discharge operation without hold.

VihwNRe

The relevance of the overall air cycle transmission heat losses Q)¢ mainly
depends on the unit size and operational schedule, especially due to the
varying energy turnover per observation time period. The electricity price
and residual load based operational schedules show the highest share of hold
operation, which is around 75 % of the observation time. The cycle composed
of subsequent full charge and discharge operations on the other hand does
not include any hold operation. Accordingly, the number of equivalent full
cycles, which quantifies the energy turnover is at 12.5/month for the cyclic
operation, whereas it is at 3.6/month for the electricity price based schedule.
Furthermore, the installed thermal storage capacity is relevant, as the state of
charge at each hold operation, because a higher temperature inside the packed
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Figure 6.12 [ Energy loss contributions for all test cases according to Section 3.7 in
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charge, discharge and hold mode in the case of power-to-power operation.
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bed at hold significantly increase the transmission heat losses.

The relative share of the storage unit heat loss with respect to the overall air
cycle heat loss also varies among the different operational schedules and unit
sizes. Whereas it is 81 % for the 5 MW unit and wind-based operational sched-
ule, it can be as low as 16 % for the 30 MW unit and solar-based operational
schedule. Accordingly, the thermal insulation of the piping is increasingly
relevant at a high frequency of operation and large thermal storage capacities.
Furthermore, the heat capacity of the pipes should be low in order to store less
thermal energy during charge and discharge operation and thereby reduce
heat losses at hold.

The transmission heat losses are significantly lower for the larger unit size
of 30 MW in comparison to the 5 MW unit at the same insulation thickness
due to the improved relation of storage volume to surface area. Even for the
irregular operational schedules, the transmission heat losses remain below 10
and 5 % of the electric energy intake respectively.

The self-discharge rate relates the transmission heat losses to the observation
time and storage capacity. It is defined according to Equation 2.8 with the
overall heat losses of the air cycle as

SDR = | Qlo:s |
AtAE

nom

[6.2]

According to the simulation results, it varies from 0.29 %/day in the case of
the 30 MW unit at wind-based power-to-power operation to 4.7 %/day in the
case of the 5 MW unit at solar-based power-to-power operation for the chosen
insulation thickness.

As the air vent, which is necessary to maintain the pressure level inside the air
cycle, is positioned upfront of the fan and thus at a low temperature level, the
ventilation loss |Hj| is generally at least one magnitude below the transmis-
sion heat loss, and included here for the sake of completeness. No air leakage
is taken into account.

The contribution of standby losses Wy 4,y is subject to uncertainty, as it is based
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on the assumption of a constant auxiliary electric power demand of 50 and
100kW for the 5 and 30 MW units respectively. Nevertheless, this standby
power for example accounts for 51 % of the overall energy losses at power-
to-heat operation with the 5 MW unit and the residual-load based schedule
according to the low number of equivalent full cycles of 5.5/month. Thus,
standby losses can be critical and should be given attention at the storage
system design process.

The conversion losses of the electric heater and fan Wy 15¢s eh+fan SUch as trans-
former and electric motor losses are modeled proportional to the power intake.
Thus, they are at 2.1 to 2.3 % for each unit size and operational schedule, vary-
ing only with the packed-bed pressure loss and thus respective fan energy
demand.

The necessity to generate the electric work demand of the air cycle at discharge
from the water-steam cycle and the related conversion loss in the water-steam
cycle (i — 1) Wej q is one reason for the lower air cycle efficiency at power-
to-power in comparison to power-to-heat operation. A water-steam cycle
efficiency of 0.45 is assumed here. The loss is at 2 to 3.5 % for all test cases, but
it can be significantly higher for different particle sizes and storage unit aspect
ratios, as shown in Section 6.3. The electric work demand of the air cycle at
discharge is mainly due to fan work, which is associated with the packed-bed
pressure loss. The pressure loss strongly depends on the air velocity inside
the packed bed. Due to the short discharge operation and thus high rate of
discharge, the solar-based operational schedule shows the highest contribution
of the energy loss according to electric work demand at discharge on the overall
energy loss.

145






Conclusion

The ETES concept is a build-anywhere large-scale energy storage technology,
which is suitable to balance VRE generation with both electricity and heat
demands. According to its technology readiness and cost-effectiveness, the
ETES concept can make a valuable contribution to the fast reduction of CO,-
emissions and fossil-fuel dependency by supporting the increase of the VRE
share on the electricity and heat demand.

The ETES system can be subdivided in an

= air cycle including a packed-bed TES, electric heater and HRSG which
can provide steam upon demand for various purpose, and a

= conventional water-steam cycle to optionally generate electricity from
the steam by means of a turbine and thus complement an EES system.

The analysis of the storage concept in this thesis includes three modeling scales,
which are system simulation, CFD simulation of the packed-bed storage and
particle-resolved CFD simulation. The simultaneous numerical investigation
on different scales facilitates a more-physical modeling, as the dependency on
empirical correlations is reduced and it increases the insight, as the interactions
of the parameters on the micro and macro scale can be revealed.
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Summary of Simulation Results

According to the simulation results for 20 different test cases shown in this
work, the energy-based air cycle efficiency is at 78 to 96 %, depending on the
way of energy system integration, operational schedule and unit size. In the
case of an EES application, this air cycle efficiency has to be multiplied to the
water-steam cycle efficiency to obtain the round-trip efficiency. Typical water-
steam cycle efficiencies for modern steam power plants are at 35 to 47 % [167].
Heat loss to the environment is the most significant energy loss mechanism for
an ETES air cycle unit at most tested designs and operational conditions. The
heat loss of the packed-bed storage remains at hold operation and therefore
leads to permanent self-discharge, but can be diminished by thermal insulation
up to a limit defined by economic design optimization. Further energy loss
mechanism of the ETES air cycle are the conversion losses in the water-steam
cycle associated with the electric work demand of the air cycle at discharge
in the case of power-to-power operation, leakage or venting of air, conversion
losses in the electric heater and fan such as transformer and electric motor
losses and the standby electricity demand. Notably, the simulated schedules
regard irregular storage operation as relevant to VRE and load balancing with
relative shares of hold operation on the overall observation time up to 75 %.

The nominal volumetric thermal storage capacity for a packed bed of basalt
heated up to 750 °C is at 0.33 MWhy,/m3, using a reference temperature of
20 °C and the material properties of Nahhas et al. [132]. But the usable storage
capacity is lower due to the thermal destratification in combination with the
operational limits on the packed-bed in- and outlet temperature at charge and
discharge. For the tested designs and operational schedules a usable capacity
ratio of 63 to 83 % has been determined by simulation in this work, which is
high compared to values reported by other authors [33, 125, 140, 164, 198].
Reason is that packed beds have been often analyzed with the background
of open air cycles, for which the air enthalpy leaving the storage at charge is
lost and thus the outlet temperature deviation tolerance must be significantly
lower compared to the closed ETES system. The packed bed can be over-
sized to compensate the limited depth of charge and discharge, which leads to
additional heat loss and fan work in return.

The optimal storage unit aspect ratio generally decreases with the packed-bed
volume, in order to limit the fan energy demand. Nevertheless, the contrary



effects of the packed-bed aspect ratio and particle size on the ETES air cycle
efficiency and packed-bed usable capacity ratio lead to the necessity for an
application case specific design optimization.

A horizontal-flow design for packed-bed TES allows to build large-scale units
at a lower construction cost compared to the more common vertical-flow de-
sign. Even though natural convection at hold operation reduces the depth
of discharge, the temperature profile levels at charge operations with suffi-
cient air velocity for the tested designs according to CFD simulation results.
Consequently, the reduction of usable capacity is limited and can be accepted.
Particle-resolved CFD simulations indicate a 5 to 20 % reduction of the pressure
gradient for horizontal-flow packed beds in comparison to vertical-flow beds.
Reason is the evenly arrangement of the tested non-spherical particle shapes
at the packing process, which is consistent with the experimental results of
Allen et al. [6]. The difference in effective thermal conductivity at stagnant
fluid in horizontal and vertical direction has been found to be 3 % at most.

Comparison to other Electric Energy Storage Technologies

The ETES round trip efficiency, when applied as EES, is only approximately
half the value of pumped hydro or lithium-ion battery efficiencies and in the
same range as EES by electrolysis and oxidation of hydrogen. But the overall
energy utilization can be significantly increased if a concurrent heat demand
can be fulfilled at discharge by cogeneration of heat and power. This is not
equally the case for hydrogen energy storage due to the electrolysis efficiency at
charge. On the other hand, the self-discharge rate of hydrogen energy storage
is lower and it is thus more suitable for long hold operations as necessary for
seasonal energy storage or strategic energy reserve.

The ETES power-to-power round-trip efficiency is also low in comparison to
other Carnot Battery concepts, as the efficiency is limited by the discharge
cycle according to the utilization of an electric heater for charge instead of
a heat pump. On the other hand, the high storage temperature allows the
utilization of conventional water-steam cycles for discharge and leads to a high
volumetric energy storage density. Furthermore, the ETES level of technology
readiness is higher than that of many other Carnot Battery concepts due to
the utilization of conventional process equipment for charge and discharge.
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7 Conclusion

Significant advantage on pumped hydro energy storage is the independency
of the ETES concept on geographical prerequisites. Furthermore, the energy
density is significantly higher, leading to less land-use. In contrast to lithium-
ion batteries, ETES is not subject to resource limitations on the storage material.
The nominal charge and discharge power as well as the storage capacity of
ETES units can be scaled independently, as the charge and discharge processes
use components which are separate from the storage unit, namely the electric
heater and HRSG. The scaling of these components can thus be done according
to the application case requirements, such as wind and solar energy or load
characteristics, which further reduces the capital cost.

Due to the usage of crushed rock as storage material and commercially avail-
able components for the charge and discharge processes, the ETES technology
is cost-competitive compared to other EES technologies [160, 161]. Walter et al.
[186] estimate the system cost for a 100 MW ETES unit at 40 % of the cost for a
corresponding PTES system. In combination with the self-discharge loss, the
ETES concept is thus assumed to be especially suitable for balancing of VRE
electricity generation and demand at a nominal charge and discharge duration
in the range of several hours to several days, as

= the relevance of capital cost with respect to efficiency increases at low
numbers of equivalent full cycles per year,

= the relevance of capital cost per storage capacity increases at high energy
to power ratios and

= the relevance of self-discharge increases at longer hold operations.

Power-to-Heat Operation and Power Plant Integration

Besides the application as EES in combination with a water-steam cycle, the
ETES concept can be also used to provide low-carbon heat from VRE upon
demand. The resistivity of the packed-bed TES at least up to temperatures
of 750 °C, as shown with the demonstration plant, facilitates the provision of
industrial process heat. In Germany, the industrial process heat demand at 100
to 500 °C, which is beyond the applicability of conventional hot water storage,
has been 5.4 % of the overall final energy demand in 2015 [76].

Live steam temperatures of existing coal-fired power plants in Germany are



generally below 650 °C [167]. Thus, these plants can be supplied with steam
from an ETES air cycle according to the high storage temperature, which still
leaves an operational margin in order to allow a storage outlet temperature
deviation tolerance at discharge.

As stack losses, which lead to efficiencies of 94 to 95 % for modern hard coal-
fired boilers according to Rackley [148] or 88 to 92 % for coal-fired boilers
according to Vakkilainen [180], as well as fuel preparation and exhaust gas
treatment are omitted, it is expected, that the overall efficiency of power plants
is not significantly decreased, if supplied with steam from an ETES unit instead
of a coal-fired boiler.

At a nominal gravimetric thermal storage capacity of 0.15kWhy, /kg for a
packed bed of basalt at a temperature spread of 500 °C, a packed-bed usable
capacity ratio of 70 % and a net calorific value for hard coal of 24 MJ /kg, a
storage material mass, which is equivalent to the mass of a hard-coal storage for
30 days, would allow a power plant operation at nominal load purely from the
thermal storage for approximately 11 hours. An ETES integration in existing
power plants can be especially worthwhile if the power plant otherwise faces
regulatory phase-out.

Outlook

At the current stage, natural convection is not taken into account in the one-
dimensional packed-bed model directly, but retroactively accounted for by
result comparison with the three-dimensional CFD packed-bed model. Future
work should investigate ways to integrate natural convection modeling into
system simulation for horizontal-flow packed-bed TES, taking into account
charge, hold and discharge operation.

In order to further analyze the potentialities and limitations of the ETES con-
cept, a pilot plant with a rate of charge and discharge of 30 MW as well as a
thermal storage capacity of 1 GWhy, should be experimentally tested. Based
on the simulation results of this work, it is expected to show an improved
performance in comparison to the existing demonstration plant.
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Appendix

Table A.1/ Parameters of the air cycle system simulation model, as used for the results of
this work. If different, the parameters for the 5 MW- and 30 MW unit scale are shown

asi.i/il .
Parameter Value
Nominal air mass flow rate 10kg/s / 50kg/s

Electric standby demand

50kW / 100 kW

Packed-Bed Storage:

Pressure loss of in- and outlet section at T,y 500 Pa
Inner insulation layer thermal conductivity 0.13W/(mK)
Inner insulation layer density 400kg/m?
Inner insulation layer specific heat capacity 1kJ/(kgK)
Outer insulation layer thermal conductivity 0.39W/(mK)
Outer insulation layer density 800 kg/m?
Outer insulation layer specific heat capacity 1kJ/(kgK)
Heat transfer coefficient at outer surface 20W/(m?K)
Electric Heater:
Nominal power 5MW /30 MW
Efficiency 0.98
Pressure loss on air-side at T}, . and 12, 1om 500 Pa
Time constant 180s
Fan with Motor:
Polytropic efficiency 0.85
Mechanical efficiency 0.95
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Appendix

Electrical efficiency 0.9
Time constant 60s
Heat Recovery Steam Generator:
Nominal rate of heat transfer 5MW / 30 MW
Pinch point temperature difference 10K
Approach point temperature difference 5K
Pressure loss on air-side at T}, . and i1, om 500 Pa
Max. allowed air inlet temperature 600°C
Max. allowed air inlet temperature gradient 10 K/min
High-temperature piping;:
Overall length 30m / 60m
Diameter Im/15m
Number of parallel pipes 1/4
Insulation thickness 04m /0.6m
Thermal conductivity of insulation material 0.05W/(mK)
Low-temperature piping:
Overall length 90m / 160m
Diameter 1.5m
Number of parallel pipes 1/2
Insulation thickness 0.2m
Thermal conductivity of insulation material 0.05W/(mK)
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Figure A.1/ Packed-bed storage state of charge resulting from the five tested operational
schedules according to Section 6.1 in power-to-power operation.
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