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H I G H L I G H T S

• The melting point selection of cascaded systems is the most crucial design consideration.

• The true potential of cascaded designs can only be realized with annual cyclic analysis.

• A design with 50% concrete in the middle and 25% PCMs at each end performed best.

• CSP off-design operation is required for comparable performance of alternative TES systems.
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A B S T R A C T

A shell-and-tube heat exchanger which incorporates a sensible or phase change material (PCM) as the storage
medium offers a potentially commercially viable alternative to the two-tank molten salt system. In particular,
cascaded PCMs and multi-layered solid-PCMs (MLSPCMs) were investigated as proposed systems which can
reduce the amount of storage material used and ensure optimal storage utilization. In this work, the performance
of various thermal energy storage (TES) alternatives integrated into the 19.9 MWe Gemasolar concentrated solar
power (CSP) plant (located in Seville, Spain) were compared with the conventional two-tank system. These
alternative storage configurations were characterized by a single tank filled with a single, cascaded, or multi-
layered storage media. Importantly, as a system-level study, this paper compared the performance of the design
alternatives integrated with other CSP components in order to capture the effect of dynamic interactions be-
tween the storage system and other CSP components. Through a validated numerical investigation of the annual
performance of the integrated systems, all the design alternatives were compared in the context of annual
electricity generation, which represents the ultimate criterion to judge the true potential of each alternative. To
conduct an apples-to-apples comparison, the storage capacity and geometric parameters were fixed. The design
alternatives were categorized based on the storage materials involved and their percentages of occupancy in the
TES tank (i.e. 12 storage groups and a total number of 45 design alternatives). It was found that the well-
designed TES designs with cascaded PCMs performed similarly in charging and discharging (i.e. with a similar
amount of total stored or delivered energy per cycle). This contrasts with a single PCM system, where there exists
a significant difference between charging and discharging performance. The results of annual cyclic perfor-
mance, under real-time operational conditions, indicated that a MLSPCM design configuration that was filled
with a high melting point PCM in the top 25% of the tank, sensible concrete in the middle 50%, and a low
melting point PCM in the bottom 25% of the tank had the best performance among all design alternatives
studied. Moreover, it was found that changing the filler portions any one cascaded PCM group cannot sig-
nificantly change the annual performance of the system. Contrary to much of the available literature – literature
which does not consider system integration – it was shown that the shell-and-tube alternatives can only approach
the annual performance of two-tank systems under ‘extended’ operational conditions (i.e. allowing temperature
set points to float relatively far away from their fixed design points).
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1. Introduction

Concentrated solar power (CSP) plants can be coupled with cost-
effective thermal energy storage (TES) systems to minimize the mis-
match between power generation and demand/consumption [1,2].
While there are many technical solutions for the solar field, the re-
ceiver, the working fluid, and other components, the sole commercial
TES example is the two-tank storage system using molten salts – a
technology which has been deployed in many CSP plants, including the
19.9 MWe Gemasolar CSP-tower plant in Spain [3,4]. While this method
of storage has indeed served its purpose, the storage cost must be
considerably reduced going forward to make CSP economically com-
petitive [5]. Furthermore, due to environmental and health considera-
tions, reducing the amount of molten salts used is beneficial [6]. De-
velopments in the field of advanced TES systems for CSP mainly include
searches for better storage materials [7], investigations into new op-
erational modes [8], and exploration of novel, potentially more effi-
cient, configurations [9].

TES systems can be classified into three broad categories [3,5]: (1)
sensible systems, in which solid and/or liquid media are used, (2) latent
heat systems, which embody phase change materials (PCM), and (3)
thermochemical storage systems, wherein reversible thermochemical
reactions are used. The current study is focused on comparing the first
and second categories, which are the most promising near-term options
for TES systems. In particular, this study focusses on TES systems that
incorporate multiple PCMs – cascaded or multistage designs. In these
systems, different types of phase change materials (PCM) with different
melting temperatures, specific heat capacities, and latent heats of fusion
are optimally arranged in series in order to enhance the overall heat
transfer performance of the system [10]. In addition to these, systems
which use PCM layers in concert with sensible materials (e.g. concrete),
called a ‘multi-layered solid-PCM’ design, were also studied, since they
have been reported to be advantageous in recent publications [11,12].

As explained in [10,13,14], the heat transfer rate in a TES system

depends on the temperature difference between the HTF and the PCM.
Therefore, if various PCMs are arranged in a decreasing order of their
melting points from the hot HTF inlet, a nearly constant temperature
difference (and a uniform heat transfer rate) can be maintained along
the flow direction. Otherwise, if a single PCM configuration is used, the
temperature difference between the PCM and the HTF decreases along
the flow direction, which also decreases the heat transfer rate. Farid
and Kanzawa quantified an increase up to 10% (numerically) and 15%
(experimentally) during the latent heat operating regime of a packed
bed system when multiple PCMs were incorporated [15,16]. Moreover,
this increase in the heat transfer rate can also lead to a reduction in the
required volume and mass of the storage system, which consequently
results in an economic savings [17]. As compared to single PCM sys-
tems, cascade/multi-layer PCM systems have also been reported to have
a longer period of uniform outlet HTF temperature during the charging
and discharging processes [18,19], a reduction in the required charging
and discharging time [19,20], and an increase in exergy efficiency [21],
along with a few other important operational advantages.

Dual-media thermocline (DMT) and shell-and-tube (ST) systems, are
the two most commonly proposed configurations for incorporating
sensible and latent heat storage materials into the TES system of a CSP
plant [22–24]. The focus of this study is on the shell-and-tube design
due to its lower complexity and forecasted storage costs compared to
encapsulated PCM systems [24]. In shell-and-tube configurations, the
heat transfer fluid (HTF) and PCM are physically separated by a metal
tube, with the PCMs typically located in the shell region [25]. High-
temperature shell-and-tube PCM storage has recently been studied by
the co-authors, in Tehrani et al. [23]. It was shown that geometric
optimization of the design can substantially impact its viability, and
that each particular design has an optimum surface area beyond which
diminishing heat transfer performance returns are expected. The key
parameters involved in geometric optimizations are tank height (L), the
shell to tube radius ratio (R r/ o), the length to tube diameter ratio (L d/ ),
and the number of pipes (Np).

Nomenclature

b tube thickness [m]
CP specific heat at constant pressure [J/kg K]
D outer diameter of storage unit [m]
d diameter of tube or filler [m]
fl liquid fraction [–]
h convective heat transfer coefficient [W/m2 K]
h or HΔsl latent heat of fusion [J/kg]
k thermal conductivity [W/m K]
L length or height of tank [m]
ṁ mass flow rate [kg/s]
Np number of latent heat storage modules (pipes) [–]
Q amount of stored/discharged energy [J]
Q ̇ rate of stored/discharged energy [W]
R outer radius of a cylinder or filler radius [m]
Re Reynolds number [–]
ro inner radius of pipe [m]
t total time of simulation [s]
T temperature [K]
Tm1 solidus temperature [K]
Tm2 liquids temperature [K]
V volume [m3]
v velocity [m/s]
Ẇ work (electrical power) [W]

Greek symbols

ρ density [kg/m3]

μ dynamic viscosity [kg/m s]
ε porosity [–]

Subscripts

F filler
HTF solar salt fluid (heat transfer fluid)
In inlet
M melting
out outlet
R radial direction
rec receiver
Z axial direction
W wall

Abbreviations

CSP concentrated solar power
HTF heat transfer fluid
PB power block (the Rankine cycle)
MLSPCM multi-layered solid-PCM
PCM phase change material
SMT single medium thermocline
TES thermal energy storage
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