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Glossary of Important Terms

For the purpose of the “general reader”, some basic definitions are

provided for the key terms used throughout this work

1. Analytical Solution A closed form mathematical solution,
for an unknown quantity which isolated
on one side of an equation is explicity
expressed in terms of a known
variables and common mathematical
functions on the other side.

2. Ancilliary Service A secondary “power generation or
power supporting” action provided by
special generator systems in electric
power plants, usually in respose to
stabilizing output power and frequency
fluctuations.

3. Base Load Plant A power plant that is used to supply a
rated power capacity constantly to the
utlity grid for serving the continous non-
peak power demand.

4. Battery Polarization This refers to the process of producing
a partial or complete separation of
positive and negative electric species in
an electrochemical reaction system.

5. Capacity Factor The ratio of the actual output of a
power plant over a given period of time,
to the output that would be achieved
when operating at the full nameplate
capacity over the same period.

6. Differential Equation A mathematical equation for an
unknown function given in one or more
variables in terms of the function itself
and derivates of this function of various
orders.
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7. Doping The act of adding an impurity into a
substance (usually chemical) in order to
change its electrovalent or electrical
properties.

8. Efficiency A ratio used to describe the ratio
between the energy or work out versus
the energy or work put into the system
for a given thermodynamic process.

9. Effusion A process in which individual fluid
molecules flow through an opening,
without collision between individual
molecules.

10. Endothermic Process A processs in which a reaction system

absorbs heat from the external

environment.

11. Energy Dispatch Delivery of required power output to

the grid as per utility contract for

agreed time duration.

12. Entropy A thermodynamic term that is
commonly used to define the
“unavailable” energy of a system, which
cannot be used for useful work, a
measure of system disorder.

13. Exothermic Process A processs in which a reaction system

releases heat energy to the external

environment.

14. Exergy A thermodynamic term used to refer to
the “maximum useful work possible”
during the process of bringing a system
into equilibrium with its environment.

15. Eutectic A term used to describe a special
mixture of two or more compounds
which has a single melting below that of
the constituent compounds or any other
mixture of them.
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16. Heat Exchanger A physical device designed to effect

the transfer of thermal energy from one

part of a system to another by means

of a temperature difference between

the source and sink.

17. Interstitial Of or pertaining to a small gap or

empty space between two regions that

are full of matter (known as an

interstice).

18. Latent Heat Heat flow associated with the change

of a substance from one physical

phase to another, without temperature

change.

19. Numerical Solution An approximate solution to an

analytical solution, obtained usually

through model discretuzation at a finite

number of points and the use of

mathematical differencing schemes,

implemented in computational

algorithms.

20. Ordinary Differential
Equation

A mathematical equation comprising a

function of one independent variable

and its derivatives.

21. Peak Power Plant A power plant that is used to supply a
rated power capacity intermittently to
the utlity grid solely for servicing the
peak demand periods of grid energy
consumption

22. Partial Differential
Equation

A differential equation given in terms of
unknown multivariate functions and
their partial derivatives.
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23. Renewables A term used to describe a range of
power generating services driven by
natural cycles or sources that are
constantly replenished and therefore
non-fossil or non-nuclear energy based.

24. Sensible Heat Heat energy flow associated with a
change in termperature or with a
temperature difference

25. Sequestration The act of isolating or keeping apart
one substance or chemical species
from another.

26. Solar Insolation A measure of the solar energy incident

on, or received by a given surface over

a certain time period.

27. Thermal Boundary
Layer

A thin layer of fuid in the immediate

viscinity of a wall or bounding surface,

where the effects of fluid viscosity are

pre-dominant.

28. Thermodynamics A branch of science concerned with the

analysis of heat flow and its

relationship with work and energy.
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Chapter 1

A General Overview of this Thesis

This thesis explicates the modelling of a conceptual “Electrical Energy

Storage (EES) Receiver” for use in the solar field of a solar parabolic

trough collector (PTC) power plant. Essentially, this conceptual receiver

hybridizes PTC technology for power generation (Figure 1-1a) with

sodium sulphur (NaS) battery technology (Figure 1-1b) for electrical

energy storage, and consequently describes “a new energy storage

strategy” for exploration by existing PTC plant operators. This becomes

especially important in light of a forecasted demand for more robust,

green energy storage options.

Figure 1-1: (a) Block diagram of a typical solar parabolic trough collector (PTC) power
plant and (b) Section through a standard sodium sulphur (NaS) cell.

The modelling of the operation of the EES receiver, the focal point of

this work, is essentially the modelling of a “Solar Thermal Energy

System (STES)” using mathematical models which describe solar

energy conversion and heat transfer. Solar thermal energy systems

(STES) are “Energy Conversion Systems” that change solar energy into



- 30 -

useful thermal energy for heating, cooling or electrical power generation

(Figure 1-2). They are composed of integrated networks of active and

passive energy absorbing, transferring and processing components that

perform the electro-chemical, mechanical and thermodynamic functions

of the energy conversion process.

Figure 1-2: Diagram showing the main types of solar thermal energy systems (Source:1)

The component of the STES responsible for absorbing the collected

energy is commonly referred as the “Receiver” or “Heat Collecting

Element (HCE)”. For solar parabolic trough collector plants (PTC), this

receiver typically comprises a 4 metre steel pipe with a selective cermet

outer coating for absorbing maximum solar radiation and whose inner

surface transfers absorbed solar energy (Figure 1-3) in the form of heat

o a working fluid [2-3].
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Figure 1-3: Schematic showing PTC receiver absorbing incident solar radiation

Though applied particularly to parabolic trough collector (PTC)

technologies in this work, the EES receiver concept here described may

find applications in other solar thermal energy (STE), applications,

especially in regards to concentrating solar power (CSP) systems.

The Aims and Scope of this Work

The two fundamental aims of this work are:

a) To explore by simulation and experimentation, key aspects of a

conceptual “NaS battery based, electrical energy storage

approach” for complementary operation with the existing thermal

storage of current PTC power plants.

b) To aid future implementation of this concept through design and

modelling of the “EES receiver” on which this storage approach

is based.

With regards to the scope of this work, the next chapter (Chapter 2)

provides a review of the state of the art of the energy storage methods

currently available to CSP plants. It provides a detailed summary of the
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current literature related to these concepts and of CSP storage

technology in general.

In Chapter 3 the conceptualization, design and construction of a

conceptual EES receiver and of an experimental rig for investigating the

phase change heating profile of the NaS batteries used in the system is

presented.

Chapter 4 follows by outlining the mathematical models used in the

simulation of the EES receiver solar field. The models develop the

appropriate heat transfer relationships into a complete system that

describe heat transfer processes in the EES receiver as internal

temperatures increase from their start-up value to that of steady state

operation.

Chapter 5 explores by simulation the initial heating of the conceptual

EES receiver in the solar field similar of an Andasol-1 type (50 MWe)

PTC power plant, using the system of mathematical models developed

in Chapter 4. The results provide insight into the possible thermal

performance of an EES receiver based PTC plant.

Analysis is extended in Chapter 6 to explore the associated NaS

battery charge/discharge operation of the conceptual solar field using

the models of Chapters 4 and the results of Chapter 5.

The concluding chapter (Chapter 7) presents the summary points of this

work along with some important recommendations for future research.

It then provides the concluding remarks.

It is hoped that the ideas presented on these pages and particularly the

list of recommendations found in the concluding chapter will serve to

inspire other engineers and researchers in the field to investigate and to

further develop on any perceived merits in this novel concept.
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Chapter 2

Energy Storage Options for Solar Thermal Power Plants: A

Review

Introduction

Concomitant with the global thrust towards CO2 reductions and climate

change mitigation, power plant operators are today facing increasingly

onerous pressure from the collective action of governments, fastidious

environmental bodies and international agencies to constantly increase

the share of renewables in their power generation portfolio [4-5]. In

recent years, this has led to a phenomenal growth in “green power

generation”, with analysts forecasting sustained grid penetration by

these power sources in the coming years [6].

Figure 2-1: Common energy storage approaches used in engineering today

Though positive from an environmental or sustainable perspective, one

real problem that arises from this trend is “increasing variability and

uncertainty” in grid power generation [7]. This is directly a result of the

variable and intermittent nature of renewables derived power and
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certainly runs at cross purposes to the mandate of the power plant

operator, who is forced to find cost effective solutions.

Amelioration of the status quo reveals two available options: (a) fossil

power generator support and (b) energy storage. In light of the global

climate change mitigation and CO2 reduction targets mentioned earlier,

along with caps on fossil fuel derived energy, solutions utilizing energy

storage, are being increasingly demanded.

Energy storage offers the potential to deliver electricity without fossil

fuel backup as well as to meet peak demand, independent of weather

fluctuations [8-29]. Consequently, it is a key factor closely linked with any

future growth in renewable such as photovoltaic (PV) and wind

technologies; a factor of critical importance not to be underestimated.

However, a survey of the renewables industry will reveal that for PV

and wind systems, energy storage technologies are not currently

mature. They are typically very expensive, of low energy density (eg.

standard battery storage for solar PV) and consequently still require

significant research and development.

Concentrating solar power (CSP) technologies (Figure 2-2) however

are one exception. Of all the competing renewable energy technologies

CSP has from its inception, demonstrated a proclivity for supporting

cost effective energy storage solutions.

Figure 2-2: Schematic showing the four major CSP technologies (a) Parabolic Trough
Collector (PTC); (b) Linear Fresnel Reflector (LFR); (c) Power Tower (PT) and (d) Dish-
Engine (Adapted:[30])
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In an effort to provide the reader with an overview of the CSP plants

and storage systems in current operation gloablly, data collated at the

time of writing of this work, revealed that there are currently 88 grid

connected CSP plants worldwide (Figure 2-3), representing a total

installed global capacity of 3.0563 GWe.

The countries Spain and the U.S.A account for 71% and 17% of this

installed capacity respectively [31]. Approximately 85% of the 88 plants

are based on parabolic trough collector (PTC) technology, 10% on

power tower (PT) and 5% on linear Fresnel collector (LFR)

technologies. The only grid connected dish-engine power plant, (the

Maricopa Solar Project) was decommissioned in 2011, when the plant

developer, Sterling Energy Systems filed for bankruptcy. Thus dish-

engine CSP technology continues to struggle in a solar market

dominated by low cost photo-voltaics and well proven PTC solar

thermal technology.

PTC plant deployment has increased significantly in recent years,

owing largely to the rapid and phenomenal growth of the Spanish CSP

market, which now constitutes 71% of installed global capacity. It is

important to note that this entire market share has been achieved only

since 2007. The US market on the other hand, has had 68% of its

current capacity in operation since 1991, showing very little growth over

an even longer time period.

However, 3.98 GWe of new CSP capacity is under construction in the

U.S.A in contrast to 0.42 GWe in Spain. Most of these projects are

scheduled for completion by 2017, by which time both countries are

expected to have roughly 4GWe of installed capacity, which projects a

global installed capacity close to 9 GWe in the very near future [31-45].
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Figure 2-3: CSP plants in operation worldwide – 2013 (Based on data from NREL [31-45])

For CSP plants in current operation globally, roughly one in every four

PTC plants, two of every three PT plants and one of every two

LFR/CLFR plants has installed storage capacity (Figure 2-4). This

storage capacity (thermal) may range from 0.5 - 10 hours depending on

the power production/purchase agreements of the power plants and the

local utility companies.

Figure 2-4: Energy storage in operational CSP plants (worldwide) in 2013 (Based on data
from NREL [31-45])
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Despite the various storage options available to CSP plants, these

options can be divided into roughly three main groups; thermal,

electrical and chemical energy storage (Figure 2-5). Combinations of

these options are also possible as hybridized thermo-chemical, thermo-

electrical and electro-chemical storage systems. Of the three major

storage options, plant operators have traditionally chosen thermal

storage, as this approach to date has proved the most economical [46].

Figure 2-5: Viable energy storage approaches for solar power plants

The importance of Energy Storage

A PTC power plant with storage capacity has certain advantages over

erstwhile ones without storage. These important advantages, a direct

result of energy storage (Table 2-1) are outlined in the CSP Alliance

Report [29], of December 2012.

The critical importance of storage for PTC technologies is also

highlighted by the International Energy Agency (IEA) World Energy

Outlook 2010, which makes the following statement.

“Even more fundamental to the economics of CSP is increasing its availability,

through the integration of storage...while this significantly increases the upfront

investment costs … it can be more than offset by the value of the increased

hours of operation per day.” [47]
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Table 2-1: Five major benefits of energy storage to CSP plants (Source: [26]).

AREA BENEFIT

Energy Hourly optimization of energy schedules

Sub-hourly energy dispatch

Ramping reserves

Ancillary services (for secondary
frequency control)

Regulation

10 minute spinning reserves

Operating reserves on greater than 10 minute time-
frames from synchronized generator

Power quality and other ancillary
services

Voltage control

Frequency response

Blackstart

Capacity Generic MW shifted to meet evolving system needs

Operational attributes

Integration and curtailment costs
compared to solar Photo-voltaics (PV)
and wind

Reduced production forecast error and associated
reserve requirements

Reduced curtailment due to greater dispatch flexibility
without production losses

Ramp mitigation

Energy storage is of critical importance to CSP plants because it

enables power delivery beyond sunshine hours. Each day the solar

power collected follows a “bell curve” distribution (Figure 2-6) with the

peak occurring at solar noon. The design point for solar power plants

however is not this peak value, for in that case power would be

produced only at solar noon. Rather the design point is some nominal

level which ensures that rated power is available for most of the

daylight hours.

Here an energy store is vital. Not only does it improve plant efficiency

by harvesting energy that would be otherwise lost, it also allows

extends power production beyond daylight hours (Figure 2-6) when the

stored energy is dispatched to the grid. This action provides a revenue

boost for the operator as energy dispatched during this period usually

coincides with the “evening peak” and fetches a higher price.
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Figure 2-6: Effects of storage on a solar power plant. (Source: [48])

This act of extending power delivery is commonly referred a “capacity

factor” benefit. With respect to a power plant, “capacity factor” as

defined by the International Renewable Energy Agency (IRENA) is:

“The number of kWh produced each year divided by the product of nominal

capacity of the plant multiplied by 8760, (the number of hours in the year).” [21]

We can therefore cogently conclude that “an increase in capacity factor”

really means that the plant is able to dispatch its rated power, for

longer, resulting in power generation beyond daylight hours. When

there is no energy storage, a typical PTC plant has a capacity factor of

between 0.20 and 0.25. With thermal storage this factor rises to

between 0.40 and 0.53. Naturally associated with this benefit is a

higher initial capital outlay for the proposed plant.

Storage systems also reduce the “integration and curtailment” cost of

the power plant. Significant penetration by wind and solar generation

creates new integration requirements for existing power systems. Solar

energy like wind energy, is an intermittent source of power, which is

highly subject to variation over any given time period. This leads to

higher forecasting errors in power generation when compared to

conventional fossil-fired power plants.

Most importantly since these intermittent sources cannot be actively

controlled or dispatched, there is naturally a loss of power production

and more importantly revenue, if demand does not match supply, a loss

which is described as “curtailment loss”. Curtailment here refers to the



- 40 -

act of “getting rid of” or “dissipating” any excess energy produced by the

plant in periods of low energy demand.

Figure 2-7: Estimated hourly distribution of integration costs in $ million and $/MWh,
caused by wind and solar resources in California under 33% RPS (Source: [26])

Since the plant is “integrated with” or “tied to the grid”, the operator

makes a loss whenever excess energy has to be “curtailed”, an action

that is inimical to plant profitability. Solar PV and wind energy

technologies for example, suffer high integration costs in the afternoon

peak (Figure 2-7) when demand is high and they are not able to supply

rated power to the grid.

Figure 2-8: Stabilizing effect of energy storage on power output of a 125 MWe solar plant
(Adapted: [49])
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A storage system reduces or eliminates curtailment costs because

excess energy is harvested and stored for dispatch when needed,

especially during peak periods where the plant operator will generate

the most revenue. A reduction in curtailment cost translates to a

reduction in integration costs. In this regard not only is the storage

system a cost reducer, it is also a revenue enhancer.

The effects of a store on power quality and stability can be illustrated

(Figure 2-8) by considering the buffering effect of a thermal store on the

performance of a 125 MWe solar power plant. Without any form of

storage, the ambient temperature induced variation in absorbed solar

energy (a change in the input driving force) is almost perfectly

replicated minus some delay, in the plant’s power output (Figure 2-8a).

However, adding a 1125 MWh thermal store (9 hrs of storage capacity)

to the same plant, results in a dramatic power quality improvement and

the output becomes relatively stable despite driving force variations

(Figure 2-8b). Thus energy storage significantly minimizes or even

eliminates power quality problems, while at the same time “firming-up”

power plant output. This significantly reduces the stresses on generator

components and increases their useful working life [48,50].

Finally, storage of solar energy by PTC power plants reduces green

house gas emissions. This results from the fact that energy generation

can be shifted to evening and nightime hours where fossil fuel powered

boilers would normally be brought online. Thus in this respect energy

storage provides a “green house gas displacement effect” [6].

Green house emissions are also displaced when energy storage

“prevents construction” of new fossil fired plants. For example the

California Energy Commission estimates that as California moves

astutely towards a 33 % renewable portfolio standard (RPS) in 2020,

half of this energy is projected to be provided by intermittent sources

such as solar and wind. In this respect the California Independent

System Operator (CAISO) predicts that without energy storage the

state will have to add 4800 MW of “load following” fossil powered
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generating capacity (generation that comes online in response to grid

demand) to meet the projected demand [26]. Clearly this is one

example where energy storage can play a key role in “preventing

deployment” of the required fossil fired “generation support” thus

potentially lowering green house gas emissions and supporting a

sustainable future for all.

This introductory section has presented a brief overview of the critical

importance that energy storage will play in CSP power plants of the

future. The rest of this chapter is divided into five main sections which

review the current state art with respect to energy storage approaches

for CSP power plants. Each section will discuss an energy storage

option currently under research, or possessing potential application to

CSP power plants. Finally the chapter summary provided at the end of

these sections serves to recap the main points developed in the

chapter.

2.1 Tank based Thermal Storage Systems

The traditional energy storage approach for PTC plants has been

essentially thermal, owing to the relatively low cost of implementing this

solution when compared to other storage approaches (namely electrical

or chemical). Thermal storage options are themselves quite varied, with

current options in use today, illustrated by the tree diagram of Figure 2-

9.

Figure 2-9: Thermal storage options for PTC power plants. (Adapted: [49])
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As illustrated (Figure 2-9), thermal storage may be active or passive. In

passive storage devices there is no mass motion of matter in the store

but rather, heat transfer occurs by conduction through a thermal

boundary. In active storage devices however, heat sinked across the

thermal boundary of a heat exchanger is transferred by mass motion

within the storage media in the form of natural and/or forced convection

currents. This is what effects heat transfer in the active storage system.

Passive storage media may be grouped into sensible or latent heat

categories and involve energy storage in either solid or phase change

media. Active storage may be either sensible or thermo-chemical and

involves energy storage in liquid media contained in a holding vessel or

tank.

A review of the CSP power plants currently operating worldwide reveals

universal usage of a thermal storage approach based on the two-tank

molten salt system discussed in the next section.

2.1.1 The Two-Tank Thermal Storage System

The two-tank thermal storage system is currently the state of art for

CSP thermal storage systems. In this system, one tank stores hot HTF

while the other stores “cold” or spent HTF. There are two versions of

this system: (a) the direct and (b) the indirect storage system.

Two-tank “direct” systems are so called because thermal energy from

the solar field is transferred by the hot HTF passing directly through the

storage system (Figure 2-10) during thermal charging, without use of a

heat exchanger. This is possible because the solar field and the

storage system both use the same heat transfer fluid. A good example

of this is the 19.9 MWe Terresol Gemasolar power tower CSP plant in

Seville, Spain [51].
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Figure 2-10: Schematic illustration of “direct” thermal storage in a solar power tower
plant (Source:[51])

In the “indirect” system, the solar field HTF and tank storage medium

are not the same and so the hot tank must be charged from the solar

field by specialized heat exchangers integrated with the tank system

(Figure 2-11). A good example of this system can be found in the

Andasol-1 PTC plant in Spain [51].

Figure 2-11: Schematic illustration of “indirect” thermal storage in a solar PTC plant
(Source:[51])

The first of the commercial CSP plants to be built in the early 1980’s

(SEGS-1, California USA) used low cost mineral oil as the solar field

HTF [52]. Since mineral oil was relatively low cost, it was also used as

the tank storage medium, thereby allowing a “direct” charging

operation.

However, later SEGS plants sought to improve thermodynamic cycle

efficiencies by achieveing higher HTF temperatures in the solar field.

This was made possible through the use of the more expensive

synthetic oil HTF’s, now common to most PTC power plants today.
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As continuation of the “direct” thermal storage approach, meant the

storage tanks had to be filled with expensive synthetic oil, system

economics has forced current plants to adopt the “indirect” storage

approach consisting of a low cost storage medium charged through an

intermediate heat exchanger.

Whether direct or indirect, the principle of operating the thermal store is

always the same. In periods of high solar radiation, when excess

energy is produced in the solar field, the hot HTF is used to charge the

store, storing thermal energy for later dispatch.

If energy from the solar field is low, or no longer available, the hot tank

is discharged directly or indirectly by heat exchangers, to the power

block. The “cooled HTF” is not returned to the hot tank, but rather

transferred to the cold tank for storage, where it is later reheated by hot

HTF from the solar field. It is important to note that these storage tanks

are well insulated and are able to maintain an average operating

temperature for long periods (even weeks) [53-58].

Significant work has been done in recent years in relation to the

engineering of heat transfer fluids for use in tank storage systems.

Much work has been done in the area of molten salt HTF development,

so as to increase their upper operational limits (for higher Rankine cycle

temperatures) and to decrease their melting points (to prevent HTF

freezing in the pipe work overnight).

Kearney et al. (2003), Bradshaw et al. (2009) and Gomez et al. (2013)

investigated nitrate salts such as solar salt (a binary salt consisting of

60% NaNO3 and 40% KNO3), HitecXL (a ternary salt consisting of 48%

Ca(NO3)2, 7% NaNO3, and 45% KNO3) and similar nitrate salts, for

operation in CSP systems up to 450oC [53, 59-60].

Wang (2012a,b) reported on a new quaternary LiNO3-NaNO3-KNO3-

KNO2 molten salt which showed a lower freezing temperature (124oC)

than Hitec XL or Solar Salt. Hussain et al. (2012) synthesized and

characterized a nano-HTF consisting of a mixture of eutectic nitrate salt
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doped with 0.5% by mass of silica nanoparticles. This salt was reported

to have an even lower freezing point of 120oC [61-63].

Figure 2-12: Schematic showing shortened structural formula for OnimBF4 ionic liquid
(Source: [64])

Especially since 2000, Ionic liquids (salts that are liquid at or near room

temperature) have been researched as potential candidates for use as

HTF’s in CSP storage systems and as a general heat carrier. Moens et

al. (2003) investigated “room temperature” ionic liquids and provided an

overview of issues surrounding their development and deployment. A

potential ionic fluid called oniMBF4 (Figure 2-12) was reported and a

useful comparison (Table 2-2) of the liquid’s physical properties with

standard PTC HTF’s such Therminol VP-1 synthetic oil and Hitec XL

molten salt was also provided in this work [65].

Table 2-2: Important properties of Therminol VP-1, Hitec XL and OnimBF4 ionic fluid
(source: [64])

Reddy (2003) also analyzed the thermal stability and corrosivity of

these fluids. TGA analysis of the tested liquids revealed that operating



- 47 -

temperatures over 400oC were possible and tests with 316 stainless

steel and 1018 carbon steel showed excellent corrosion resistance [66].

Valkenburg (2005) also did similar evaluation of the compatibility of

ionic liquids with certain metals, along with their thermal and chemical

properties, concluding that ionic liquids had favourable thermal

properties for solar collector applications [67].

2.1.1.1 Literature Survey: Two-Tank Storage Systems

Today research is also aimed at reducing the operational and

investment costs of existing two-tank systems, the most widely

deployed CSP storage technology of today.

Research by Herrmann et al. (2003) investigated two tank systems for

potential cost reductions and operational improvements [56] during a

time period when plant operators had switched to synthetic oil HTF’s

and were beginning to search for low cost storage solutions. It was

recommended that system costs could be significantly reduced to

approximately US$ (30 – 40)/kWhth, provided that low cost most molten

salts were used to replace the expensive synthetic oil tank storage

medium, with tanks charged indirectly through oil to salt heat

exchangers. This approach has now been adopted in the CSP industry

as the state of art [68-70].

Other methods of improving these two tank systems involved optimizing

the design of the tank itself. Gabrielli and Zamparelli (2009) presented

an optimal design procedure for traditional carbon steel molten salt

storage tanks with internal insulation (Figure 2-13). In this work, vessel

size, insulation walls and roof design were optimized by minimizing the

total investment cost subject to three constraints:

(a) Abiding within the maximum allowable values of temperature

(b) Abiding within the maximum allowable values of stress and

(c) Disallowing excessive cooling (and hence possible solidification of

the molten salt) over long periods of “no-sun”.
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The procedure was developed into an iterative step-wise optimization

procedure which integrated the thermal, mechanical and economic

aspects of the system and was used in the case study of a 600 MWh

thermal storage system. The case results revealed that the optimal

design was an internally insulated carbon steel storage tank of height

11 m and diameter 22.4 m. The total investment cost of the optimized

system was found to be 20% lower than a corresponding 321H

stainless steel tank system without insulation or internal protection [68].

Figure 2-13: Section showing internal constriction of the optimized molten salt tank
(Source: [68])

2.1.2 The Single Tank “Thermocline” Storage

In recent years however, storage tank research has shifted focus to a

more promising concept, the single tank “thermocline” system. In the

thermocline, both the cold and hot salt are contained in a single tank

which is only marginally larger than one of the tanks in an equivalent

two-tank system [69].

The term “thermocline” refers to the sharp temperature gradient (Figure

2-14) that exists between the two fluid regions and which serves as the

boundary of separation. Separation between “hot” and “cold” fluid is
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maintained by the combined effect of buoyancy induced stratification

within the storage medium and the effect of gravity on a bulk solid filler

material used in the tank [70]. The thermocline is also sometimes called

the “heat exchange region” since a gradual mixing of hot and cold fluid

occurs in this region over time, but this is relatively small compared to

the total tank volume. Due to this slow heat exchange, fluid in the

thermocline region is not available for process heat transfer and

consequently represents “lost tank capacity”.

In the theoretical system (Figure 2-14), where hot and cold fluid regions

are separated by a movable baffle under adiabatic conditions, there is

no such loss, and 100% thermal capacity would be available. The size

and stability of the thermocline region is therefore essential to

maintaining thermal stratification within the storage tank.

Figure 2-14: Schematic illustrating the difference between ideal and real thermocline
systems (Adapted: [71])

There are currently two approaches to thermocline tank design. The

first and the most researched approach, consists of a single tank

system containing a two phased storage medium. One of these phases

is a cheap filler material (usually a rock and sand mixture) used to pack

the bulk of the tank and to provide the primary thermal capacitance of

the store. The other phase, a liquid HTF (usually molten salt or oil) fills

the void fraction of the tank and effects heat transfer between the tank
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and some thermal load [54, 72-73]. The Solar One thermocline tank (Figure

2-15) which operated from 1982 to 1986 and used Caloria HT-43

mineral oil as the HTF was constructed in this manner [73].

Figure 2-15: Section through Solar One thermocline tank (source: [74])

Another single tank system has been proposed and developed by the

global engineering firm SENER, that utilizes a “floating barrier” (Figure

2-16) for separation of hot and cold storage fluids. In a recent report [75],

Dunn (2012) stated that SENER has already deployed this tank system

as 24 MWhth prototype that currently operates at the Terresol Valle 2

PTC plant in Spain [76].
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outflow quality [79]. This matter is discussed in the sub-section to come

on general thermocline modelling.

Figure 2-18: Effect of Re and H on thermocline tank discharge efficiency (source: [73])

Flueckiger (2013) also deduced that tank height plays a major role in

determining tank efficiency. Larger tank height relative to cross

sectional area extends the discharge time during which the tank’s HTF

is maintained at a high temperature. It was found that discharge

efficiency (Figure 2-18) is affected by both the Reynold’s number “Re”,

and the non-dimensional tank height “H” (actual tank height/filler

particle diameter) [73]. This summarizes the key research on tank design

and the section which follows next discusses work on filler materials.

2.1.2.2 Filler Material Selection and Analysis

Pacheo et.al (2001) of Sandia National Laboratories, U.S.A., conducted

experiments to evaluate potential tank filler materials for lowering

system cost through displacing the use of more expensive HTF [54]. The

ideal filler material needed to be inexpensive, widely available, have a

high heat capacity, a low void fraction (to reduce required HTF volume),

be compatible with the HTF (in Pacheo’s case, molten nitrate salts)

and be non-hazardous. Seventeen materials were surveyed for testing,
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(including anhydrite, fluorapatite, hydroxyapatite, illemenite, limestone

from Kansas and New Mexico, magnasite, marble, quartzite, taconite

and witherite) and subjected to various thermal cycling tests [54].

After a specified number of thermal cycles (typically 350) the testing

process was stopped and samples were removed for testing. Of the

entire 17 samples, quartzite rock and silica filter sand showed the

greatest resistance to the stresses of thermal cycling. Pacheo et. al

then proceeded to test these materials material in a 2.3 MWhth pilot

thermocline tank (Figure 2-19), which also confirmed the superior

thermal stability characteristics of these materials in the extended

cycling applications of a thermocline tank [54].

Figure 2-19: Schematic of the 2.3 MWhth thermocline flow loop used by Pacheo et. al
(Source: [54])

Brosseau et al. (2005) also of Sandia National Laboratories conducted

similar research [72] in an attempt to extend the work done by Pacheo et

al. The objective was to expand the series of isothermal and thermal

cycling tests done by Pacheo in order to demonstrate the durability of

these filler materials in molten nitrate salts over a range of

temperatures, for extended time frames. Results obtained from these

tests re-confirmed the ability of quartzite rock and silica sand to
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withstand extended cycling while showing no signs of deterioration or

reduction in performance characteristics. Therefore Brosseau et al.

concluded that the CSP industry had indeed found an appropriate filler

material for use in large scale commercial thermocline systems.

In the area of heat transfer between the HTF and filler materials, Karaki

et al. (2010) using a Laplacian transformation to analytically solve the

previously mentioned Schumann equations [80] did further investigation

into charge/discharge cycles with respect to day-to-day tank operation.

Solving the coupled Schumann partial differential equations in this

manner allowed a very flexible investigation using constant, linear or

exponential initial tank temperature distributions typical of actual day-to-

day operation [80]. Results from this analytical model were in good

agreement with an earlier numerical model developed by the said

authors and further established the potential of the suitability of the filler

materials proposed buy Pacheo et al. (2002) for a real tank system.

Flueckiger and Garimella (2012) conducted numerical simulations to

investigate the effects of different filler granule diameters and diabatic

boundary conditions along the tank wall. Performance of the

thermocline was assessed with three particular metrics:

(a) Outflow temperature with discharge time,

(b) Entropy generation inside the filler bed

(c) Net cycle efficiency.

It was found that thermocline tanks with small granules exhibit narrower

heat-exchange regions relative to tanks with larger granule sizes, an

effect which improves thermal stratification and yields higher outlet

temperatures during discharge. Also, thermocline efficiency was

reported (in terms of energy, exergy and outlet temperature) to be

relatively higher for smaller granule diameters [79].

A tradeoff however has to be made at some point, as smaller granule

diameters also cause lower bed permeability, thus requiring additional

pumping power. As such, future work is required to determine the
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optimal granule diameters in the context of pump driving power and

system efficiency. Finally, the results from Flueckiger and Garimella

(2012) also revealed that entropy generation inside the tank fillerbed is

a function of the external boundary conditions at the tank wall.

2.1.2.3 General Modelling of Thermocline Storage Systems

Kolb and Hassani (2006) developed a TRNSYS based model that

evaluated the time dependent performance of a potential thermocline

storage system for the 1MWe Saguaro PTC plant in Arizona, U.S.A [81].

This was influenced by a recommendation from energy company

Nextant, that Saguaro’s performance could be improved by a thermal

storage system comprising a 330 m3 scaled down version of the Solar

One thermocline tank (Figure 2-15) but with an increased H/D ratio of

1.2 [81-83].

Kolb and Hassani’s modelling of the Nextant proposal in the TRNSYS

simulation environment yielded positive results regarding the benefits of

the proposed thermocline storage system [81]. The model input

consisted of an hourly insolation and weather file based on a typical

meteorological year, while the model output consisted of temperatures,

flows, turbine power and other related process variables. In an attempt

to improve the accuracy of results, this model included the effects of

thermal conduction between control volumes, thermal losses through

the tank walls, roof and floor, along with the thermal inertia of the tank’s

concrete foundation, factors ignored for simplicity in the earlier model

by Pacheo et al. [81]. With these modifications, simulated results showed

good agreement with Solar One test data both for tank discharge [84]

and for a 16.5 day tank cool down period [85], with the exception that the

thermocline slope of the actual data was slightly steeper than that

predicted in the TRNSYS model (Figure 2-20).
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Figure 2-20: Pacheo and Hassani’s model comparison with discharge and cool down
tests results of Solar One thermocline tank (Source: [81])
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The authors provided no explanation for this difference, which could

very well have resulted from slight differences between the actual and

simulated interparticle conductive effects, and some of the “assumed”

thermophysical properties for the actual tank and the material contents.

The validated model was scaled in accordance with the Nextant

recommendations and an annual simulation of Siguaro’s operation was

performed in TRNSYS. Results of annual simulations performed with

and without storage revealed that though overall efficiency would only

be increased by 0.1%, adding the thermocline tank as recommended

by Nextant would more importantly increase the plant’s capacity factor

from 23% to 42%.

This would require some capital expenditure as the solar field would

have to be increased by approximately 55% to operate the storage

system. However the gains of increased revenue earning potential

derived from an almost doubled capacity factor were generally

expected to outweigh this cost. It would have been interesting to see

whether or not economic analysis corroborated this point.

Still other researchers such as Yang and Garimella (2010a) set out to

obtain a better understanding of certain unexplained charge/discharge

characteristics [69], reported by previous researchers including those

previously mentioned with regards to the work of Kolb and Hassani

(2006). Their work was therefore aimed at developing a two-

temperature model (HTF and filler) that could accurately predict tank

charge/discharge efficiency and by extension, develop useful guidelines

for designing the molten-salt thermocline tank system described in the

previous section.

A numerical model of the tank discharge process was developed and

validated with experimental data obtained from the work of Pacheo et

al. (2002). It was found that discharge efficiency increases with tank

height and decreases with Reynolds number. More importantly Yang

and Garimella developed a correlation to predict discharge efficiency
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Figure 2-21: Yang and Garimella - Effect of tank wall conditions on Thermocline Tank
flow field (Source: [57])









- 65 -

refers to the outwardly expansive action of mechanical stress from the

tank filler material on the tank wall. When a thermocline tank heats up

during the charging period of its thermal cycle, it expands horizontally,

resulting in a slightly larger tank diameter. The height of the solid filler

packing within the tank thus deceases as the filler particles fill this

newly created void.

During the discharge period however, as the tank cools down and

contracts horizontally, the filler particles cannot be easily displaced

upwards due to the effects of gravity, inter-particle friction and packing

resistance, and so the tank cannot shrink back to its original dimensions
[89]. This effect is compounded with the normal tank cycling, resulting in

a build up of mechanical stresses that cause the tank wall to grow or

“ratchet” outward with time. If at any point this stress exceeds yield

stress of the tank wall, plastic deformation occurs. Further cycling from

this point onwards eventually leads to tank rupture.

Thermal ratcheting of pressure vessels has been explored in other

works [90-91], however its effects in relation to thermocline storages was

not clearly understood. Flueckiger et al. (2011) therefore conducted a

thermal and mechanical investigation [89] in respect of potential tank wall

failure due to thermal ratcheting.

Figure 2-23: Schematic illustration of thermocline tank with a composite wall of firebrick
(1), steel (2) and ceramic (3). (Source: [89])
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Figure 2-24: Hoop stress profile along the filler bed for cases1-7.(Source: [89])

With regards to cases 5-7, where heat loss was fixed, case 5 showed

the lowest normalized stress value as the fire brick insulation layer was

twice the thickness of the other cases modelled in the group.

Cases 1-4 therefore demonstrated the effect of heat loss in reducing

tank wall stresses while cases 5-7 showed that a relative increase in

insulation thickness also reduces the stresses linked to thermal

ratcheting. Since heat loss from the tank is not desirable, Flueckiger et

al. (2011) therefore recommended an increase in the internal firebrick

insulation between filler material and the steel shell. Tank wall stresses

were also shown to be lowered by increasing the steel shell thickness

but it was noted that this could result in impractical aspect ratios or

excessive radial temperature gradients, which are both undesirable [89].
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Figure 2-25: Solar One thermo cline tank hoop stress (simulation and measured)
(Source: [70])

Flueckiger et al. (2012), conducting follow up work in this regard,

constructed a detailed CFD model of the original Solar One thermocline

tank in order to validate a model for the determining the hoop stress

and thermal ratcheting potentials of normal tank cycling. It was found

from this model (assuming infinite filler particle rigidity) that hoop stress

in the tank’s steel shell is readily determined from periodic temperature

profiles, which directly determine the maximum permanent deformation

of the structure. The results predicted a wide band of maximum hoop

stress across the lower half of the thermocline tank, which was

attributed to the moving heat exchange (thermocline) region inside the

tank during operation. The predicted stresses of the numerical model

were reported to agree with Solar One test data within 6.8% and proved

to be lower than the yield strength of the steel shell (Figure 2-25), thus

avoiding potentially catastrophic thermal ratcheting [70].
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2.1.2.5 Investigating Viscous Channelling problems in

Thermocline Tanks

Another undesired phenomenon in relation to the mixing of fluids in

porus media has been discovered in recent decades and is thought to

be a factor affecting the stability of the thermocline. It is commonly

known as viscous “channelling” or “fingering” and is directly attributed to

the displacing motion between hot and cold fluid occuring when fluid is

pumped into, or drawn from the tank.

Figure 2-26: Illustration of viscous channelling effect in a porus medium when hot fluid
displaces cold fluid (Source: [92])

In viscous channelling the growth of “finger like projections” or

“channels” of mixed fluid (Figure 2-26) occurs in the thermocline region,

disturbing thermal stability (thermal gradient region) and increasing

system entropy.

Qin et al. (2012) conducted research to investigate the effects of

viscous channelling on the thermal stability of the thermocline and

reported that it can be prevented under certain hydrostatic and

hydrodynamic conditions in a porus medium [92] .
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developing an efficient and cheap sensible heat storage media, based

on the optimization of a tube register heat exchanger which was to be

experimentally demonstrated with a 350 kWh test unit [93]. Two parallel

storage materials were developed for testing: a high temperature

concrete and a castable ceramic. These materials each consisted of a

binder system along with aggregates such as iron oxides and a small

quantity of auxillary materials [96].

According to Laing et al. (2006) two 350 kWh ceramic storage modules

and two high temperature concrete modules with approximately 20%

lower storage capacity were constructed in the WESPE project. The

heat exchanger in these modules consisted of 36 tubes of high

temperature steel with a outer diameter of 21 mm x ½” nominal bore.

The tubes running down the axial length of the module (Figure 2-28)

were arranged in a square format of 6 tubes x 6 tubes. Flow distributors

and collectors were designed such that there was a uniform flow

distribution through all the tubes in the modules.

Figure 2-28: Solid media heat exchanger modules under construction for the WESPE
project, Platforma Solar de Almeria (PSA), Spain. (Source: [93])
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Each storage module of dimensions (0.48 x 0.48 x 23) m3, was fitted

with 208 thermocouples cast into the structure, 2 flow meters, 2

differential pressure sensors and 8 Pt-100 thermocuples for measuring

oil temperatures. They operated up to a maximum temperature of

390°C and were cycled with a temperature difference of 40 K.

The modules were tested at the Platforma Solar de Almeria (PSA) test

facility in Spain by integration into a parabolic trough collector test loop

(Figure 2-29) consisting of 50 m LS-3 and 75 m Eurotrough collectors.

Figure 2-29: Schematic showing the integration of storage modules into the PTC test
loop at PSA; P1 – P4 mark the axial position of thermocouples. (Source: [93])

However, before operational testing had begun, damage to the LS-3

collector loop rendered it unusable, forcing operation at a lower power

of 300 kW from the Eurotrough collectors alone. In the entire set of

tests performed, mass flows and oil inlet temperatures to both modules

were kept constant.
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Figure 2-30: Curves of charge/discharge for both oil and storage module along with oil
mass flow rate. (Source: [93])

An integration of the resultant curves for charge and discharge power

(cycles 1 and 2) in the M1- ceramic module (Figure 2-30) revealed that

216 kWh of thermal energy was transferred to the module over a period

of 7 hours.

Table 2-6: Material properties of storage materials developed at DLR. (Source: [93])

Material Castable
ceramic

High
temperature
concrete

Density (kg/m3) 3500 2750

Specific heat capacity at 350°C (J/kg.K) 866 916

Thermal conductivity at 350° C (W/m.K) 1.35 1.0

Coefficient of thermal expansion at 350°C
(10-6/K)

11.8 9.3

Material strength Low Medium

Crack initiation Hardly no cracks Several cracks

During this time the temperature rose from 122°C to 169°C, a

calculated capacity increase of 192 kWh with respect to the thermal

properties of the ceramic material (Table 2-6). This suggested that the
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technology for use in ANDASOL-type power plants. Also funded by the

German government, the WANDA project focused on the analysis of

various design concepts to further reduce storage costs and also on the

analysis of modular storage concepts to increase the utilization factor of

the thermal storage system [97] .

In relation to this project Laing et al. (2008) commented that since a

major part of the storage costs was due to the tube register, various

concepts could be explored to reduce this cost. The concepts explored

were [97]:

(a) Tubeless design, (pressure resistant storage medium, direct

contact)

(b) Encapsulated design, (direct contact)

(c) Optimization of the tube register design (Heat transfer

enhancement)

In the tubeless design concept, a prefabricated, pre-stressed concrete

storage tank was directly in contact with the HTF. The design was low

cost and allowed direct heat transfer. However despite being pre-

stressed the concrete modules under test in the WANDA project

showed permeability to HTF in the form of oil leaks [97].

The encapsulated design consisted of preformed concrete units in a

container. The HTF flowed directly over and through these units which

resulted in effective heat transfer. The concrete however partially

absorbed the HTF, which forecasted potential disposal problems.

Special steel containers (ST 35.8, 15 Mo3 or equivalent quality

standard) were needed to house the concrete units and to contain the

HTF. For the pipe/container no complicated collector or distributor

assembly was necessary, and a single flanged end connection was

possible. Hover the high cost of the steel container was the main

disadvantage to this approach.

Since the tubeless and encapsulated design options did not produce

the expected techno-economic advantages, a third approach, the

optimizing of the tube register design was explored. Optimization
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effects of heat transfer enhancement both inside the storage material

and on the heat transfer structures were analyzed.

Results revealed that the thermal conductivity of the storage material

had a significant impact on tube register design. Distances between

tubes within the storage media could be thus increased and

consequently the number of tubes required for the module reduced [97].

Figure 2-31: Specific heat capacity as a function of total tube length for different
conductivities (W/m.K) and distance of tubes (cm). (Source:[97])

It was found that for a 950 MWhth storage system charged and

discharged with oil inlet temperatures of 390°C and 290°C respectively,

an increase in solid media thermal conductivity from 1 to 1.8 W/mK

resulted in a tube length reduction of approximately 46% (Figure 2-31)
[97].

In an attempt to improve thermal conductivity within the storage media,

metal and graphite splinters were added in the castings, and for

graphite splinters it was found that thermal conductivity increased by

15%. However the cost of this enhancement was found to outweigh the

benefits [97].

In regards to storage material heat capacity versus cost, it was found

that a concrete containing quartz aggregates and a low level of binder
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made from blast furnace cement and flue ash is lower in cost while

displaying almost equivalent thermo-physical properties to the concrete

used in the WESPE project and other test concretes. It was also found

that the higher heat capacity resulting from use of a concrete with iron

oxide aggregates also produces cost reductions in comparison to

standard concrete. This was a result of less HTF pipes being required

per module, due to a higher heat density.

To improve heat transfer effects between the tube register and storage

media, Laing et al. (2008) also explored the addition of axial fins to tube

registers. FEM modelling reported in later work (2012) revealed a heat

transfer enhancement that could result in a 47% reduction in the

number of tubes, but the additional cost and workmanship involved

proved this enhancement uneconomical.

It was therefore concluded that the conventional tube register of the

WESPE project was still the ideal design with respect to cost, simplicity

of production and the safe operation achieved by the division of energy

storage and transport functions between the concrete structure and the

tube register assembly respectively [17].

Finally Laing et al. (2008) explored the system aspects of the storage

system design by investigating the potential benefits of a modular

storage arrangement (Figure 2-32) on plant performance, in contrast to

the conventional layout [17, 97].

Figure 2-32: Schematic illustrating (a) standard storage integration (reference) versus (b)
modular storage integration into the plant power cycle for both charging and discharging
operations. (Source: [97])
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Transient simulations performed with “MODELICA software” revealed

that the storage module configuration and operation strategy were

important factors that greatly impacted storage capacity.

Figure 2-33: Simulated results for electric work provided during storage operation of a 50
MW power plant for various configurations of energy storage. (Source: [97])

Results for a simulated 50 MW power plant with storage system

operating between 350°C and 390°C showed that a modular storage

layout produced an increased electrical power output (Figure 2-33)

compared to the standard layout [97]. A combination of modular charging

and discharging was reported to produce an increase of 115% in

electrical work compared to the reference layout. It was also reported

that system performance could be further enhanced by combining

sequential discharging and feed water preheating.

Despite these benefits however, a modular storage approach could

have proved more expensive and more technical to implement. A cost

benefit analysis was therefore required for a correct assessment of the

reported modular storage improvements. In this respect Laing et al.

(2010) conducted an economic analysis and life cycle assessment

(LCA) of concrete TES for an Andasol-1 type PTC power plant. Results

suggested that a 2-3% reduction in the levelized cost of energy (LCOE)

could result from use of this modular storage approach.

However depending on the error margin in these simulations, the

results may not be highly reliable, especially since LCA simulations
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were based solely on a “hypothetical” concrete storage system, not a

real test model. Results reported a 7% reduction in environmental

impact for delivery of 1 kWh to the electric grid and a 9.5% reduction in

the emissions related to power production [16].

2.2.1.3 The ITES Project

Though successful in establishing that the use of a normal tube register

assembly was still the best option, the WANDA project encountered

some problems which needed to be addressed. Firstly, due to low

concrete permeability, an excessive vapour pressure build-up caused

failure of the first WANDA test module indicating that module thermo-

physical characteristics and operating strategy required re-engineering.

Secondly, optimization was needed in the areas of storage capacity

and thermal conductivity. Finally demonstration of module operation at

elevated temperatures up to 400°C had still not materialized, and this

was critically important in demonstrating any potential applicability to

real PTC plants such as Andasol-1.

Consequently the German government funded ITES, a follow up project

aimed at addressing these issues. It involved collaboration between the

Institute of Technical Thermodynamics at the German Aerospace

Center (DLR), the construction company Ed Züblin AG and the energy

company Siemens AG and other partners [98].

Figure 2-34: Finished concrete test module developed during the ITES project (without
thermal insulation). (Source: [98])
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For the ITES project a new test module (Figure 2-34) was designed in

accordance with operation conditions that would be typical of its

integration into a typical PTC plant. The design temperature and

pressure were 400°C, and 25 bar respectively with 6 hour cycling

conditions using thermal oil HTF. The overall module length was 10 m,

while the concrete casting length and cross sectional area were 8.60 m

and (1.70 x 1.30) m2 respectively [98].

To prevent the permeability problems encountered in the WANDA

project, Laing et al. (2009) reported that special fibres were added in

the concrete mixture to improve permeability [98]. It is not stated

however what these fibres were and what impact their inclusion would

have on the overall module cost.

Figure 2-35: Results of initial heating-up period from April 21-28, 2008 with the expulsion
of water from the concrete module – temperature of the thermal oil at the inlet/outlet
(Pt100 MQ1/Pt100 MQ4) and of concrete in the core of the storage module (MQ1 – 6 6 4,
MQ4 – 6 6 4) on the left axis and vapour pressure on the right axis. (Source: [98])

Permeability problems were also linked to the water vapour content of

the module. Most of the water content in a new concrete module is

expelled during the first heating process, with a corresponding build up
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of vapour pressure within the concrete pores. If vapour pressure

exceeds a critical value with respect to the tensile properties of the

concrete, major damage may occur to the module. Therefore the initial

heating of the ITES module from ambient to an operating temperature

of 400°C, was closely monitored so as to prevent a dangerous vapour

pressure build-up. The temperature was increased in steps, allowing

the corresponding increases in vapour pressure to fall off in time before

the next temperature step [98]. Over a period of seven days, all the water

vapour was effectively expelled when an average module temperature

of approximately 170°C was reached (Figure 2-35). A little over two

weeks later, the module reached the target temperature of 400°C.

From this point, the module was subjected to long charge/discharge (

24 h/24 h) cycles (which Laing et al. referred as “steady state” since

thermal equilibrium was achieved at the end of each step) and also to

short “accelerated” charge/discharge cycles (6h/6h) to determine

module dynamics. A 40K temperature difference was used in all cycling

tests. By the end of November 2008, the module had accumulated

about 5 months of operation between 300 and 400°C and completed

almost 100 cycles [98]. This was an average of about 1 cycle per day.

Figure 2-36: Comparison of power measured in reference steady state cycles (24 h
charging from a storage temperature of 350°C to 390°C) (Source: [98])
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Laing et al. (2012) finally concluded that mass losses on heating are

attributable to loss of (free) evaporable water vapour, dehydration of

hardened cement paste and mass losses of the aggregates.

Since the concrete module is mainly comprised of aggregate, it was

suggested that mass loss in the 450 – 500°C range was therefore

dominated by aggregate mass loss, but an explanation to justify this

conclusion was not provided. It was reported that no further mass loss

occurred when the temperature was held at 500°C, however it is highly

likely that mass losses albeit smaller could continue to occur above

500°C.

It is possible that the observed mass loss is attributable to thermal

decomposition of module binder components rather than aggregate

which is naturally more thermally resistant. Since the binder material

holds the aggregate together, a chemical breakdown in binder would

naturally reveal itself as a loss in module strength under compression.

This view is supported by the results of compressive strength tests

conducted by Laing et al. (2012) which showed a loss in material

strength with heating [17].

Figure 2-37: Test plot showing compressive strength of HT concrete with heat treatment
cycles (Source: [17])
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Compression test results indicate (Figure 2-37) that the initial strength

value of the hardened concrete drops from approximately 29 to 22 N/m2

after a 50 hour heat treatment at 500°C with a less significant effect

during thermal cycling [17]. However if cycling was conducted at 500°C

or higher, the module strength value could have continued to fall at or

near the initial rate, provided thermally unstable material was still

present. Therefore it would have been very interesting to see the effect

of thermal cycling even in a small temperature range of at least 10°C,

just over 500°C.

Average module energy storage was reported as 1148 kWh, which for

the dimensions of the module and the 100K cycle resulted in a specific

energy storage value of 0.63 kWh/ (m3K). This translated to a working

heat capacity of 1.008 J/gK and compared well with the reference value

of 1.05 J/gK at 400°C for N4 concrete [17].

One of the most important aims of this study by Laing et al. (2012) was

to evaluate the annual electricity generation of an Andasol-1 type power

plant equipped with a 1100 MWhth concrete storage system, composed

of 252 of the basic storage modules (Figure 2-38) as discussed earlier
[17].

Figure 2-38: Schematic showing setup of 1100 MWh concrete storage using 252 basic
storage modules (Source: [17]).

Simulations of electricity production for an entire year were performed

using the Modelica and Dyloma software packages, with year 2005

weather data for Guadix Spain. Results indicated that over the year the
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storage system alone would generate 30% of the total annual electric

power. It was also reported that optimal control of mass flows through

the storage system could increase energy accumulation by 2.5% and

electricity generation by 8.4% [17].

Figure 2-39: Concrete heat transfer enhancements with graphite foil (Source: [17])

Finally Laing et al. (2012) designed a new module in an effort to

improve the heat transfer characteristics of the ITES module. It was

constructed from concrete blocks prefabricated with a pipe channel,

high thermally conductive sheeting and tube registers in a stacked

arrangement.

The conductive sheeting of graphite or aluminium sheet (Figure 2-39)

was formed over the horizontal block surface followed by the laying of

the tube registers. Conductive sheets were also placed at the sides of

the blocks for adjacent interconnection and anchors were installed to fix

the module in position [17]. A 40% reduction in tube quantity was

reported due to the heat transfer enhancements of this modification;

however there was no discussion of

2.3 Latent Heat Storage

Latent heat storage (LHS) is another promising energy storage option,

currently under investigation for CSP power plants. Unlike the sensible

heat storage methods described earlier, latent heat storage entails the

“absorption or release” at “constant temperature”, of a material’s “phase
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three main groupings (Figure 2-40): organic, inorganic or a combination

of both.

Figure 2-40: Schematic showing various PCM categories (source: [101])

Recent advances in PCM technology have also attracted significant

interest in recent years, especially since 2005 [101]. This has been

especially influenced by the unprecedented global growth in solar

thermal systems deployment and its associated requirement for

appropriate thermal energy storage. Most of this research has been

targeted at PCM stores for water heating systems operating in the 20 –

60°C temperature range. However since 2006, there has been a

significant increase in research for higher temperature PCM systems

signifying some shift in focus from residential to industrial applications
[101]. Detailed reviews of PCM development and applications can be

obtained from recent works by Zalba et al. (2002), Sharma et al. (2007),

Nomura et al. (2010), and Liu et al. (2012) [15, 101,103,180].
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2.3.1.1 Solid-Solid and Solid-Liquid type PCM’s

In solid-solid PCM’s (Figure 2-41), heat is stored or released when a

solid crystal makes a transition from one crystalline structure to another
[103]. Consequently the PCM encapsulation, required for leakage

containment in solid-liquid PCM’s is not required for this type of PCM.

Solid-solid PCM’s therefore offer the potential to reduce material costs

and recover the volumetric capacity lost to encapsulation. They also

exhibit very small volumetric changes during transition, which is

desirable from a system design perspective, but their energy storage

capacity is typically one order of magnitude lower than that of solid-

liquid PCM’s [101].

Figure 2-41: Comparison between SLPCM’s and SSPCM’s (Adapted: [101])

Solid-liquid PCM’s (Figure 2-42) on the other hand, physically change

between solid and liquid states whenever they absorb or release latent

heat of fusion energy. Therefore encapsulation of the PCM is necessary

to avoid leakage during solid to liquid transitions. Despite the current

research interest, the concept of encapsulation itself is not new, as

Lane (1986) explored the pros and cons of potential encapsulation

materials, their geometries, and potential PCM compatibilities over two

decades ago [104].

Regin et al. (2009) recommended that containment mechanisms

should: (a) meet the requirements of strength and flexibility (b) act as a

barrier to protect the PCM from harmful interactions with the process

environment (c) provide adequate heat transfer and (d) provide

structural stability and easy handling [105].
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Figure 2-42: Schematic illustrating solid-liquid phase change in a solid crystal
(Adapted:[101])

PCM encapsulation (Figure 2-43) is the process of containing the solid

form of a PCM (usually spherical), within a protective capsule shell.

This makes it possible to reduce the average distance for heat transfer

within the particles of the bulk storage material [106]. Ideally, the

protective shell only allows heat transfer, protects the PCM by inhibiting

all harmful interactions with the process environment and contains the

PCM during liquefaction. Two types of PCM capsules currently exist:

macrocapsules and microcapsules. Macrocapsules are encapsulated

PCM solid spheres, typically 3-5 mm in diameter, whereas

microcapsules are substantially smaller spheres of 15-25 microns [107].

Figure 2-43: Cyclic illustration of an encapsulated PCM undergoing phase change.
(Source:[107])

Macro-encapsulation of solid-liquid PCM’s is the more conventional of

the two methods [77]. Various capsule shell materials have been
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Figure 2-45: Schematic illustration of a PCM composite.

PCM contained in these cavities does not leak during phase change

due to capillary action within the porous structure. Consequently, these

structures do not need encapsulation, and provide the added benefit of

high thermal conductivity relative to other PCM types. A detailed list of

recently developed PCM composites and their applications has been

complied in the work of Nomura et al. (2010) [101].

2.3.1.2 A review of PCM Storage for CSP Power Plants

The foundation for the current research in PCM storage for CSP

applications goes back to the 1980’s and 90’s. Due to the large scope

of this review and space constraints it is not possible elaborate on all

the work in this period. However, a brief overview of current PCM

research specifically applied in CSP systems, and therefore work cited

since the year 2000 provides a good background from which to begin.

We now begin with the work of Hoshi et al. (2005).

Hoshi et al. (2005) numerically modelled and analyzed the operating

parameters, charge/discharge characteristics, of various high

temperature PCM’s for use in Compact Linear Fresnel Reflector (CLFR)

and Multi-Tower Solar Array (MTSA solar) power plants. The results of

this study revealed five important points:
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(a) Molten salts with melting points within the 500 – 1300 K range

showed good potential for use in high temperature latent heat

thermal energy systems (LHTES).

(b) The thermal conductivity of the PCM would be a critical factor in

high temperature LHTES and that some materials (eg. Na2CO3)

with high melting points also possess high thermal conductivities.

(c) Large CLFR plants with low pressure turbines could successfully

integrate with a LHTES system by using low cost PCM salts such

as NaNO2.

(d) Zinc (Zn) could be used as a cost effective PCM for PTC systems

using high boiler temperatures (up to 700 K).

(e) Implementation of LHTES systems into CSP power plants would

require resolution of numerous design issues in relation to thermal

conductivity, vessel corrosion and vessel integrity with regards to

PCM freezing.

Bauer (2006) reported on work at the Institute of Technical

Thermodynamics, DLR in developing high temperature PCM

composites of graphite and alkali nitrate salts for use in high

temperature CSP storage systems [108]. These composites were

manufactured by infiltration/impregnation of PCM within a porous

graphite structure, dispersion of graphite mechanically within the PCM,

or by compressing together pre-mixed graphite and PCM materials.

Results indicated that the effective thermal conductivity of the

dispersion composites is dictated by the thermal conductivity of the

graphite structure, with little influence from the changes in the PCM

properties. However, with regards to compressed composites, thermal

conductivity was found to be influenced by the melting/solidification

cycles of operation. Overall, compression was reported to be

significantly more effective for heat transfer enhancement, than

dispersion, with the added benefit of being moulded into any shape [10].

In an attempt to resolve the thermal conductivity, heat transfer and

corrosion problems identified earlier by Hoshi et al. (2005) and to
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achieve actual deployment of LHTES systems in CSP plants, the

DISTOR (Energy Storage for Direct Steam Solar Power Plants) project
[9] funded by the EC Sixth Framework Programme, began in February

2004. This project ran until September 2007 and was instrumental in

the development of promising PCM storage concepts for CSP energy

storage applications.

DISTOR’s primary project objective was the development of high

temperature phase change materials (PCM’s) for energy storage in

direct steam generation (DSG) power plants operating at saturation

temperatures of 235 – 310°C and operating pressures of 30 - 100 bar
[9, 109].

Figure 2-46: Chart of PCM storage concepts investigated in the DISTOR project,
February 2004 – September 2007. (Source: [9])

Thirteen research based institutions from five counties under the

leadership of the Institute for Technical Thermodynamics, German

Aerospace Institute (DLR), conducted parallel research in various

conceptual areas for PCM innovation (Figure 2-46). It was organized

into three phases:
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(a) Fundamentals: PCM identification, characterization and

development

(b) Laboratory scale testing of the four most promising PCM’s in the 5

– 10 kW power range.

(c) Selection of the best PCM technology for testing under actual

working conditions at the DISS test facility at Plataforma Solar de

Almeria, Spain.

Steinmann and Tamme (2008) who were key researchers in DISTOR,

modelled and analyzed the theoretical performance of PCM energy

storage required for the isothermal steam production requirements of

DSG (direct steam generation) power plants. The layout for this

investigation (Figure 2-47) consisted of a solar field charging cycle and

a power block discharging cycle coupled by a cascaded block of PCM

stores operating at preheating, evaporating and superheating cycle

temperatures.

Figure 2-47: Steinmann and Tamme (2008): Integration of PCM store into PTC plant
(Source: [9])

For a PCM store consisting of parallel tubes running through a tank

filled with PCM material, Steinmann and Tamme reported that the

required number of tubes in such a store would be significantly reduced

(Figure 2-48) if average thermal conductivity within the store could be

increased just one order of magnitude (from 0.5 – 5 W/mK) [9].
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Figure 2-48: The effect of thermal conductivity on the number of tubes required in PCM
storages that use parallel tube heat exchangers, for three levels of specific volume
thermal power during charge/discharge (Source: [9])

Finally, Steinmann and Tamme (2008) provided an overview of the

outcomes from DISTOR-Phase 1, identifying concepts for further

investigation (illustrated in the images that now follow).

Figure 2-49: Images of (a) finished macrocapsules (b) cross section through a capsule
tested in DISTOR (Source: [106])


