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HIGHLIGHTS

® Feasibility of high temperature molten salts concentrated solar plants is assessed.

® A novel S-CO, Brayton power cycle with low pressure side heat supply is proposed.

® Novel cycle allows to avoid clogging issues using shell and tube heat exchangers.

® A cavity receiver is proposed to work at high temperature to minimize radiation loss.

® Estimated investment is in accordance with Solar Power Gen3 Demonstration Roadmap.

ARTICLE INFO ABSTRACT

Keywords:

Supercritical CO,

Recompression Brayton power cycle
Concentrated solar plant

Shell and tube heat exchanger
Ternary chloride molten salt

Cavity receiver

Power tower concentrating solar plants with thermal energy storage will play a key role in the transition to a low
carbon scenario, thanks to be a dispatchable renewable energy system. The ternary MgCl,/KCl/NaCl salt appears
as one of the most promising due to its lower melting point, higher heat capacity, lower cost and stability up to
800 °C. A cavity-type receiver has been selected because minimizes radiation heat loss at high working tem-
peratures, compared to an external-type receiver, since all commercial selective coatings degrade in air.
Supercritical Brayton power cycle is chosen for the power block because it can surpass 50% efficiency, even
when working in dry cooling conditions, and printed circuit heat exchangers are usually recommended due to its
ability to support the high pressures. However, plugging/clogging issues arise in their small channels when using
molten salts. This paper proposes a novel supercritical CO, Bayton power cycle whose heat power is supplied
through the low pressure side (over 85 bar) allowing the use of shell and tube heat exchangers, achieving a
higher compactness and a lower investment. Thus, different options based on the recompression layout with
intercooling and reheating have been investigated in both dry and wet cooling scenarios. Reheating is re-
commended for wet cooling, reaching 54.6% efficiency and an investment of 8662 $/kWe; intercooling with
reheating is the best option for dry cooling, reaching 52.6% efficiency and an investment of 8742 $/kWe.

1. Introduction

The progressive replacement of fossil power plants by clean energy
technologies is one of the challenges facing humanity today. Among
clean energies, the renewable ones have an important role, especially
due to their local origin. However, the most currently developed re-
newable energies (solar PV and wind) have the limitation of inter-
mittency, which leads to fossil back-up systems. This issue is tackled by
using energy storage systems in the power plants, being the solar
thermal energy storage (TES), used in the concentrated solar power
(CSP) plants, one of the most promising technologies. These plants face
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to several challenges, including the currently high generation costs, but
the advantages of the TES makes them a promising alternative in a
future energy scenario that avoids global warming. In this way, the
Solar Power Gen3 Demonstration Roadmap from the National
Renewable Energies Laboratory (NREL) [1] has focused on power tower
solar (PTS) systems with three pathways to TES: molten salts, falling
particle and gas phase, establishing some cost goals. For all the alter-
native pathways, the Roadmap proposes the supercritical CO, Brayton
power cycle (S-CO,). NREL proposed a demonstration facility of
10 MWe with a cost over $200 million, although with a notable un-
certainty. The receiver should work at high temperature (above
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Acronyms

AC Auxiliary Compressor

ASME  American Society of Mechanical Engineers
CP Cooling pump

CSP Concentrating Solar Plants

FCI Fixed Capital Investment

HPT High Pressure Turbine

HTF Heat Transfer Fluid

HTP High Temperature Pump (in the heating loop)
HTR High Temperature Recuperator

IC Intercooling, intercooler

LP Low Pressure heat power feeding

LPT Low Pressure Turbine

LTP Low Temperature Pump (in the heating loop)
LTR Low Temperature Recuperator

MC Main Compressor

MC1 Low Pressure Main Compressor

MC2 High Pressure Main Compressor

MCIT Main Compressor Inlet Temperature

MS Molten Salt

NREL National Renewable Energies Laboratory
OFFSC  Off-site Costs

ONSC On-site Costs

p Pressure

PC Pre-cooler

PCHE Printed Circuit Heat Exchanger

PEC Purchased-Equipment Costs

PTS Power Tower Solar

RC S-CO, Recompression layout

RH Reheating, reheater

S-CO, Supercritical Brayton Power Cycle

SHX Source Heat Exchanger

SHXIT  CO, inlet temperature to the Source Heat Exchanger
SNL Sandia National Laboratory

STHE Shell and Tubes Heat Exchanger

T Temperature, Turbine

TEMA  Tubular Exchanger Manufacturers Association
TES Thermal Energy Storage

TIP Turbine Inlet Pressure
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Power
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Density
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Cycle
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Generator
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j-th element
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Heat loss

Main Compressor

Low Pressure Main Compressor

High Pressure Main Compressor
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Net

Outlet
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700 °C), which leads to replace the typical solar salt by another that is
capable to maintain stability at such temperatures. Regarding the
power cycle, the main goal is to reach efficiencies higher than 50%.
Similar goals are proposed in other research programmes, as in the
Australian Solar Thermal Research Initiative (ASTRI) [2] or in the
project developed by EDF in collaboration with Zhejiang University, to
design a 100 MWe plant with S-CO,, and molten salt (MS) as TES with
power tower technology [3].

As conventional solar salts (nitrate salts) cannot be used above
600 °C, it is necessary to replace them in order to meet the target
temperature of 700 °C or even higher values. Myers and Goswami [4]
show a review of chloride salts and their eutectics, which might be used
for sensible or even latent TES. Li et al. [5] give equations for ther-
mophysical properties of both binary and ternary eutectic salts from
NaCl, KCl, MgCl,, CaCl, and ZnCl,, which are able to be used up to
800 °C. They recommend these salts as heat transfer fluids (HTF) in
CSP. Mohan et al. [6] assess the thermophysical properties and cost of a
novel ternary eutectic salt mixture composed of NaCl, KCI and MgCl,
for high temperature sensible storage. This novel salt mixture has a
melting point of 387 °C and is stable up to 800 °C, which makes it
suitable for advanced power tower technology with two tank storage
based in 500/700 °C. Besides that, this salt has a 32% lower volumetric
heat capacity (p'c), compared to conventional salts, requiring a smaller
volume of the storage tanks, given that tank size is inversely propor-
tional to p'cy AT. At last, its cost (currency 2016) is 295 $/tonne, which
makes it competitive with nitrate salts (over 1000 $/tonne, [1]). Ac-
cording to these authors, this novel ternary salt is the most promising
candidate for high temperature applications. Xu et al. [7] show ex-
perimental data for the properties of this novel salt.

The receiver configuration selected is a tubular cavity-type.
Although the current state-of-art configuration for MS receivers is the
tubular external-type [1], recent research [8] recommends the cavity
design as a way not to penalize thermal efficiency when working at
high temperature, and radiation heat loss becomes important. Cavity
receivers are generally expected to have a lower radiation heat loss than
external receivers, although a selective coating for tubes that withstand
high temperature and does not degrade in air is not commercially
available yet. A north-facing heliostat field is associated to these cavity-
receivers. For all the layouts analysed in this work, the solar multiple is
equal to 1.5; this value is a compromise between the energy availability
in the thermal storage and acceptable receiver dimensions, as cavity
receivers require a larger absorber surface area than external receivers
[9].

The conventional Brayton cycle (using an ideal gas as working fluid)
presents the advantage of a high compactness due to the small size of
the turbomachinery and also to a simpler layout than the steam
Rankine cycle. However, it demands a high compression power, an
issue which is overcome with high turbine inlet temperatures, usually
around 1200 °C and higher [10]. To maintain high efficiency at lower
temperatures the working fluid should be replaced. So, using Helium in
a closed cycle, efficiencies higher than 50% can be reached in high
temperature reactors foreseen in nuclear fission Generation IV [11].
However, helium demands temperatures around 850-950 °C to reach
high efficiencies. When temperature approximates 500 °C, as in sodium
fast reactors (another design foreseen in Generation IV), Brayton cycles
with helium reduce considerably their efficiency [12]. It is in these
cases when the use of supercritical CO, as working fluid allows
reaching again high efficiencies [13].

The first proposals of CO, Brayton power cycles come from Sulzer in
1950 [14]. Nearly twenty years later, Angelino [15] analysed several
layouts of transcritical cycles, that is, with the heat rejection pressure
below the critical pressure, which leads to condensation during the heat
rejection process. This application requires a low heat sink temperature
due to the low critical temperature of the CO, (around 31 °C). At the
same time, Feher [16] proposed the so-called supercritical cycle, that is,
all the cycle working above the supercritical pressure. However, likely
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due to the lack of technology for the required turbomachines, the re-
searchers did not pay attention to S-CO, until 2004, when Dostal [17]
retook the cycle as the power conversion system for sodium fast re-
actors (nuclear fission Generation IV programme). The key aspect of the
S-CO, is the closeness of the compressor inlet conditions to the critical
point. In such region (above the critical pressure, but not far, usually
between 75 and 90 bar) the density of CO, is high, thus reducing the
compression power very much and allowing the use of moderate tur-
bine inlet temperatures. So, 500 °C is enough to reach an efficiency of
40%, achieving higher values than with supercritical steam Rankine
cycle, for turbine inlet temperatures higher than 550 °C [17].

When moderate to high temperatures in the thermal source are
available, the S-CO, employs recuperators, that is, heat exchangers that
recover the thermal energy in the fluid, which leaves the turbine, to
pre-heat the fluid before it enters the heat source. The closeness of part
of the cycle to the critical point makes the heat recovery process
complex, which is overcome with different arrangements, being the so
called recompression the most common [17]. On the one hand, de-
pending on the source and heat sink temperatures, variations including
intercooling and reheating are possible. So, Wang et al. [18] conclude
that intercooling increases the efficiency at high compressor inlet
temperatures (when dry cooling is used) and that reheating should be
always included in S-CO, for CSP applications, although it tends to
reduce the molten salt temperature difference, so increasing the salt
inventory. Ma et al. [19] also recommend intercooling when dry
cooling is used. Similar results are obtained by Binotti et al. [20]. On
the other hand, Pérez-Pichel [13] does not recommend neither inter-
cooling nor reheating for sodium fast reactor applications (turbine inlet
temperature about 500 °C).

Regarding the use of S-CO, in CSP, especially in the power tower
solar plants, the research is recent. So, Iverson and Conboy in 2013 [21]
claimed that the publications and research works for nuclear applica-
tions (focused on Generation IV) have experienced a large develop-
ment, including experimental work, whereas the analysis for CSP is
lower, in comparison. Later, some authors have paid attention to other
applications, as it can be seen in the review carried out by Ahn et al.
[22]. Li et al. [23] reviewed nuclear, solar energy, geothermal, waste
heat recovery and fuel cell, gathering a survey about experimental fa-
cilities around the world. Turchi et al. [24] focused on CSP, covering
the dry cooling, intercooling and reheating. Milani et al. [25] proposed
a hybrid fossil/solar design based on recompression with intercooling
and reheating as a contribution to the transition to a low-carbon in-
dustry. Most recently, Wang et al. [26] developed a multi-objective
optimisation to select the best layout, finding the recompression with
intercooling if high compressor inlet temperature is reached (dry
cooling scenarios).

The high compactness of S-CO, power cycles has revealed as one of
its most attractive features. So, Xu et al. [27] highlight the good dy-
namic response of the heat exchangers and the small turbomachines,
which lead to supply grid stability against dynamic changes. This good
behaviour against fluctuations was also observed by Iverson et al. [21]
with small scale experiments, and predicted by Ma et al. [28], who
analysed a PTS in direct cycle.

Dostal [17] recommends printed circuit heat exchangers (PCHE) for
S-CO, power cycles. This type of heat exchangers usually uses small
semi-circular channels (around 2 mm diameter) in a very compact ar-
rangement, achieving temperature approaches of 2 °C, which leads to
effectiveness as high as 98%. They are manufactured with diffusion
bonding technology, which allows them to support high pressures (up
to 800 bar) [29]. They can be manufactured in SS 316, recommended
for temperatures up to 500 °C, and in Inconel 617 for higher [30].
Huang et al. [31] gathered several correlations to describe the flow and
heat transfer mechanisms in PCHEs.

From the point of view of the integration of the CSP into the grid,
the most important issue is the ability to store energy, so improving the
dispatchability [1]. However, several authors have warned about
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certain aspects of the use of molten salts in PCHEs. So, Moore et al. [32]
discuss different types of heat exchangers for PTS with molten salts,
stating that PCHEs technology is unproven in many applications, ex-
pressing doubts about maintenance and cleaning, and highlighting that
plugging caused by salts can be a serious problem. In similar way,
Sabharwall et al. [33] point out the thawing/clogging as a criterion to
select the type of heat exchanger to be used with molten salts, in-
dicating that PCHEs currently exhibits some concerns. In order to
overcome them, some authors have studied a modified PCHE with
airfoils fins in the salt side and with the common channels in the CO,
side. So, Lao et al. [34] have analysed such solutions, concluding that a
deterioration in the heat transfer mechanism is observed. Wang et al.
[35] carried out an experimental work using the airfoil fins. They es-
tablished that shell and tubes heat exchangers (STHE) are not suitable
for pressures higher than 200 bar, values usually found at S-CO,. An-
other modification of PCHEs to avoid the salt issues is the replacement
of the usual channels in the salt side by a rectangular fin structure
(hybrid heat exchanger), resulting in a larger cross-section for the salt.
Unfortunately, this solution is only valid again up to 200 bar, thus in-
troducing limitations in the performance of the S-CO, cycle [36]. In
spite of the pressure restrictions of the STHE, some authors advocate
their use, as He et al. [37], who carry out experimental investigations,
or Qiu et al. [38] who propose a new design of STHE, although they
perform the analysis with molten salt in the shell and oil in the tubes
side. Finally, Zhang et al. [3] propose STHE for the molten salt/CO,
heat exchanger in a PTS with S-CO, and PCHE: for the recuperators, but
with a maximum pressure of the cycle of 200 bar.

One way forward to use STHE in S-CO,, with pressures higher than
200 bar, would be to supply the heat power to the cycle at a pressure
lower than the maximum. This can be done in the so-called split ex-
pansion cycle, where the heat power is supplied at an intermediate
pressure between two turbines, as in a reheating, and the heat transfer
upstream the high pressure turbine comes from the recuperator, fed
with the flow leaving the low pressure turbine [18].

As indicated in the references mentioned above, advanced con-
centrated solar plants based on S-CO, power cycles must address three
main challenges: first, the stability of the molten salt at high working
temperature; second, the requirement of an efficiency higher than 50%
for the S-CO, power cycle to be economically viable; and third, the
thawing/clogging issues of the molten salt through the narrow channels
of the salt/CO, heat exchanger. The first challenge seems to be over-
come by using a new generation of molten salts, such as the ternary
chloride molten salt used in this work. However, the high power cycle
efficiency, required in the second challenge, yields to a high pressure at
the turbine inlet, as well as to the need for reheating (and eventually
intercooling in case of a dry cooling scenario). These restrictions also
lead to large pressure differences between the streams in the source
heat exchangers, which are usually designed as PCHE to withstand such
mechanical loads. Unfortunately, the required use of PCHE involves
potential clogging issues of the molten salt, which is the last challenge.

Nevertheless, the technical feasibility of these advanced con-
centrated solar plants based on S-CO, is achieved with the novel cycle
presented in this study. This novel cycle is able to address the three
challenges described above, in particular, the last one, by supplying the
source heat on the low pressure side; in this way, the source heat ex-
changers are designed as conventional shell and tubes heat exchangers,
with the molten salt flowing through the shell and thus avoiding the
clogging issues. This novel cycle has been designed and simulated, as-
sessing the efficiency at nominal conditions, for both dry and wet
cooling scenarios; the shell and tubes source heat exchangers have been
designed and calculated according with Tubular Exchanger
Manufacturers Association (TEMA) standards. The central receiver has
been designed as a cavity-type, as is recommended in recent studies [8],
in order to reduce the radiation heat loss when working at high tem-
perature, compared to conventional external receiver designs with
molten salts. The heliostat field has been oversized with a solar multiple
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of 1.5, as a compromise between the plant dispatchability and the re-
ceiver dimensions, which are larger for cavity-type compared to ex-
ternal designs for the same power. Investment assessment has been also
carried out in order to verify the compliance with Gen3 forecasts [1].

Solar Power Gen3 faces to additional challenges that are analysed in
the Demonstration Roadmap from NREL [1]. These mainly concern
materials that can achieve acceptable strength, durability and cost
targets at high temperatures. Corrosion mechanism of selected salts
should be provided to component designers. Once salt and containment
materials are selected, design challenges are expected to be similar to
the ones in Solar Two project, although a redesign of some components,
as the hot tank, might be necessary. From the point of view of relia-
bility, experience in current CSP plants shows that construction and
quality control are key factors. The roadmap points out that the op-
eration at high temperatures requires systems as simple as possible,
which opens room to S-CO, power block, with a simpler arrangement
than in a classical Rankine power plant. In addition, molten-salt tech-
nology is the most familiar of the three paths proposed by Gen3. NREL
is working with the industry and stakeholders since August 2016 to go
ahead with the roadmap towards the commercialization.

2. Methodology
2.1. Cycle layouts

As it has been mentioned in the previous section, the use of molten
salts is discouraged in PCHEs due to the narrow channels (2 mm dia-
meter). So, Moore et al. [32] point out concerns about inspections and
maintenance, indicating that there are not known cleaning methods.
Similarly, Sabharwall et al. [33] propose a parallel research of PCHEs
and helical coil heat exchangers for nuclear power plants cooled with
molten salts, recommending the use of helical coil heat exchangers as
first-of-a-kind option. Wang et al. [35] revise alternative PCHE designs
to be used with molten salts, replacing the narrow channels by some
type of fins, and obtaining experimental results with airfoil fins. Iverson
et al. [21] indicate that the channel dimensions used for CO, are not
suitable for salts due to the concern for plugging of solidified salts. So, a
hybrid heat exchanger is required, with wider channels for the salt
stream. However, a larger flow-passage section for the salt stream leads
to a reduction in the withstanding operation pressure, especially over
600 °C [29]. Thus, the limit of 200 bar established for shell and tube
heat exchangers [35] is reached again.

The main key of the novel energy conversion system proposed is the
heat power supply through the low pressure side. This enables the
possibility of replacing the printed circuit heat exchanger by a more
mature shell and tubes heat exchanger, with the molten salt flowing
inside the shell, so avoiding the thawing/clogging issues. As the shell
and tube heat exchanger will operate at a pressure lower than 200 bar,
its investment is expected to be lower than in a conventional S-CO,
power cycle where the shell and tube heat exchanger is located up-
stream the turbine inlet and is operating at 200 bar to maintain high
efficiency [3].

Fig. 1 shows a comparison between the conventional recompression
cycle (RC) and the novel cycle fed at low pressure (RC-LP). It is ob-
served that in the novel design the heat power is transferred to the
upstream turbine flow by means of the high temperature recuperator
(HTR). Both cycles are based on the recompression concept, that is, the
use of two compressors (main compressor, MC, and auxiliary com-
pressor, AC) to manage the main issue of the supercritical CO, closeness
to the critical point, that is, the clearly different value of specific heat
with the pressure. So, the high pressure stream leaving the main com-
pressor (6 in Fig. 1a and 7 in Fig. 1b) exhibits a higher specific heat than
the low pressure stream coming to the low temperature recuperator
(LTR) (3 in Fig. 1a and 4 in Fig. 1b). These different values of the
specific heat lead to locate the minimum temperature approach in the
cold stream inlet, with a large temperature approach in the cold stream
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outlet, therefore reducing the recovering effect. The recompression
cycle splits the recuperator into two units (LTR and HTR), using two
compressors to use a lower mass flow rate in the stream with the higher
specific heat. According with [39] the optimal split of the mass flow
rate (split ratio, that is, the mass flow rate crossing the auxiliary com-
pressor divided by the mass flow rate crossing the hot stream of the
LTR) is that which achieves the same temperature approach at both
extremes of the LTR (balanced heat exchanger).

It is observed how the AC inlet stream is taken upstream the pre-
cooler, so the AC outlet reaches a high temperature, similar to the cold
stream leaving the LTR, thus reducing the irreversibility in the mixing
point (7-8-9 in Fig. 1a and 8-9-10 in Fig. 1b). Finally, the same mass
flow rate is used in both streams of the HTR, due to the higher tem-
perature reduces the difference in the specific heats. In Fig. la the
molten salt (MS)/CO, heat exchanger would have to be a PCHE, in
order to support the high pressure difference between both fluids
(usually from 250 to 300 bar in the CO, versus 5 to 6 bar in the molten
salt). However, in Fig. 1b a STHE heat exchanger can be used due to the
low pressure in the CO, side (from 75 to 85 bar).

As it has been found in the literature [36], the use of STHE limits the
turbine inlet pressure to 200 bar. Thus, if a PCHE is used, it should be
designed with a hybrid configuration to avoid clogging issues in the salt
channels [35], which also limits the turbine inlet pressure to 200 bar.
This limitation is overcome with the proposed cycle. Higher cycle ef-
ficiencies are expected due to the fact that it increases with the turbine
inlet pressure in the common range used in S-CO, [26]. However, in the
proposed cycle, the turbine inlet temperature is reduced due to the use
of the HTR as an intermediate heat exchanger between the molten salt
and the CO,. Consequently, a comprehensive assessment is required.

Another important feature of the proposed cycle, working at high
turbine inlet pressure, is the higher density of the CO,, which leads to
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Fig. 2. Split expansion layout (adapted from [18]).

smaller sections in pipes, heat exchangers, and turbine. This increases
the compactness of the layout, enhancing the dynamic response, which
is an advantage for the grid stability, as found by Xu et al. [27]. The
higher turbine inlet pressure also produces a greater area enclosed by
the path of the cycle in the T-s diagram, which entails to a higher
specific work. Finally, the design of the STHE with low pressure in the
CO,, tubes is expected to reduce the investment in this component.

The cycle rejects the heat power to the thermal sink through the pre-
cooler (PC). Taking into account the site conditions in CSP technolo-
gies, two types of thermal sinks have been considered: wet cooling,
which leads to a CO,/water pre-cooler, and dry cooling which uses an
air-cooled pre-cooler, a typical solution in arid sites.

In the proposed cycle, the heat power supply through the low
pressure side is inspired in the so-called split expansion cycle [22],
although in that case two turbines were used. In the simplest version of
such cycle the heat power supply acts as a reheater, that is, supplying
the heat power at an intermediate pressure. The flow downstream the
low pressure turbine (LPT) transfers the heat power to the stream in-
coming to the high pressure turbine (HPT) in the HTR (Fig. 2). In this
sense, the proposed layout supresses the low pressure turbine, deli-
vering the heat power to the stream leaving the turbine (the low
pressure side) and then transferring it to the stream incoming to the
turbine by means of the HTR. In addition, Wang et al. [18] recommend
the split expansion cycle to reduce thermal stress. Therefore, the ob-
jective is similar in the proposed cycle: to reduce the pressure load over
the heat exchanger in order to replace the usually required PCHE by a
STHE, which allows enough area to the molten salt to avoid thawing/
clogging issues.

Four alternatives have been analysed, all of them based on re-
compression cycle. They include the aforementioned recompression
(RC-LP), intercooling (RC-IC-LP), reheating (RC-RH-LP), and inter-
cooling with reheating (RC-IC-RH-LP). For the sake of clarity, Fig. 3
shows these proposed layouts (b, d, f and h, respectively) together with
conventional ones, designated without “-LP” (a, ¢, e and g, respec-
tively).

2.2. Cycle modelling

Energy and mass balances have been applied to each component,
together with specific equations, as isentropic efficiencies for turbo-
machines, temperature approaches and pressure drops for heat ex-
changers. In the following paragraphs, the model for each component is
described, summarising the actual equations in Tables 1-4 according to
the layouts given in Fig. 3.

Compressors are modelled as adiabatic, through the isentropic ef-
ficiency (n.), as stated by equation (1), where “i” and “o” subscripts
denote “inlet” and “outlet” conditions, respectively; “h” is the enthalpy
of the CO,, “s” the entropy and “p” the pressure. The energy balance
leads to equation (2) to obtain the power consumption (W), where
ri.stands for the mass flow rate of the compressor.
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Fig. 3. Analysed layouts in conventional (a, c, e and g) and proposed (b, d, f and h) arrangements.

hos - hi
= 3 hes = h(si
"=y gy M= REER) o)
"VC = nire-(hy — hy) 2

Main compressor inlet conditions have been taken as 85 bar and
35 °C, or 50 °C. This pressure allows to reach a reasonable trade-off
between closeness to critical point and compressor instability issues, if
any [40]. The chosen values for the inlet temperature depend on the

cooling system: 35 °C for wet cooling and 50 °C for dry cooling [19].
Intercooling pressures have been also optimised to maximise the cycle
efficiency, being the MC2 inlet temperature the same than that of the
MCL1. Isentropic efficiency in compressors has been set to 88%, ac-
cording to [41].

Turbines are modelled as adiabatic, through the isentropic effi-
ciency (nr), as stated by equation (3). The energy balance leads to the
equation (4) to obtain the produced power (W), where ritystands for the
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Table 1 Table 3
Cycle modelling of basic recompression layouts. Cycle modelling of recompression with reheating layouts.
RC-LP RC RC-RH-LP RC-RH
McC Wi = m-(1 — a)-(h; — he) ~ Wic = 1i-(1 — «)-(he — hs) Mc Wic = m-(1 — a)-(hg — hg) ~ Wic = ri-(1 — a)-(hg — hy)
AC Wac = ra-(hg — hs) Wac = riva-(hg — ha) AC Wac = rea-(hy — hy) Wac = riva-(hio — he)
T Wr = ri-(hy — hy) Wr = ri-(hy — hy) HPT Wapr = ri-(m — hy) Whipr = ti-(l — hy)
Source heat Qsix = m-(h3 — hy) QpchE = m-(h — hi) LPT Wipr = ri-(h3 — hy) Wipr = riv-(h3 — hy)
exchanger Apcoy =Py — P3 Apcoz = P10 — D1 Source heat Qstix = m-(hs — hy) Qpcrg = m-(h — hiz)
PPspx = Tyo — T2 PPspx = Tyo — Tio exchanger APcoy =Py = Ps Apcoy = P12 — P1
PPspx =Tsi — Tz PPspx = Ty — T PPspx = Tyos — Ty PPspix = Tios — Tiz
HTR Qurr = riv-(h3 — hy) Qurr = riv-(hy — h3) PPsyx =Tsi — Ts PPspx = Ty — T
h3y = hy =h — hyo hy — h3 = hyo — hg RH Qry = m-(h3 — hy) Qry = m-(h3 — hy)
APcor =P3 — s Apco2 =Py — D3 Apcoy =Py — D3 Apcoy =Py — D3
APcoz = P10 — D1 APco2 =Py — P1o PPry = Tyor — T2 PPry = Tyor — T
PPyrr = Ty — Tio PPyrr=T—-T PPru=Ti— T PPry=Ti— T
LTR Qrrr = 1ir-(hg — hs) Qrrr = 1i-(h3 — hy) HTR Qrrr = m-(hs — he) Qurr = m-(hy — hs)
hs — hs = a-(hg — h7) h3 — hy = a-(h; — he) hs — he = h — hiz hs — hs = hiz — hn
Apcoy =Py — Ps Apco; = D3 — Dy Apcoz = Ps — Ps Apcor =Py — Ds
Apcoy = P7 — Pg Apcoy = Ps — P7 Apcoz = P12 — D1 Apcoz = P11~ P12
PPrrr=T4 — Ty PPrrr=T—-T; PPprr = Ts — T2 PPprr = T — T
PPr=T5—T; PPLir=Ts— Ts LTR Qr1r = rit-(hg — h7) Q7R = r-(hs — he)
pC Qpc = ri-a-(hs — hg) Qpc = ri-a-(hg — hs) he — hy = a-(hio — ho) hs — he = a-(hg — hg)
Junction Ps =Py =P1o P =Py =DP7 APcox = Ps — P7 Apcoz = Ps — Ps
a-hg + (1 — a)-hg = hio a-h7 + (1 — a)-hg = hg APcoz = Py — P1o APco2 =Ps ~ Py
PPprr = Ts — Tho PPLir=T-T
PPrrr=T-T PPrrr=Te— T3
Table 2 PC Qpc = ri-a-(h; — hg) Qpc = rv-a-(hg — hy)
Cycle modelling of recompression with intercooling layouts. Junction P11 = P12 = Pro P10 =Py =Py
aho + (1 — a)-hin = hiz ahg + (1 — a)-ho = hn
RC-IC-LP RC-IC
MC1 Warer = (1 — &)-(hy — Vo = il — a)(he —
ez o A A S
. . Cycle modelling of recompression with intercooling and reheating layouts.
AC Wac = rva-(hy — hs) Wac = rva-(ho — ha)
T Wr = m-(h — hy) Wr = m-(hy — hy) RC-IC-RH-LP RC-IC-RH
Source heat Qspx = r-(hs — hy) Qpcg = m-(h — hi2) . . . .
exchanger APeos =Dy — Ps APeos = P1a — Py MC1 WMCl = ri-(1 — a)-(hg — hg) WMCl =r-(1 — a)-(hg — hy)
PPspx = Too — T PPspx = Ty — Tiz MC2 Wucz = (1 = a)-(hiy — o) Whaez = (1 — a)-(ho — ho)
PPox = Ty — T PPgx = Ty — Ti AC Wac = m-a-(hiz — hy) Wac = riva-(lz — he)
HTR Quirr = riv-(hy — ha) Quirr = riv-(hy — h3) HPT Whpr = (. — ha) Wapr = (1 — ha)
h3 — hg = hy — hiz hy — h3 = hiz — hn LPT Wipr = riv-(hs — hy) Wipr = riv-(hs — hy)
APcox =P3 — D4 APcox =P2 — P3 Source heat Qstx = m-(hs — ha) Qpcne = ni-(h — ha)
Apcoz = P12 — P1 Apcor = P11 — P12 exchanger Apcoy =Py — DPs Apcoz = P1a — P1
PPyrr = Ta — Tiz PPyrr = T3 — T PPspix = Tyos — T PPspx = Tyos — Tia
LTR Qrrr = -(hg — hs) Qrrr = ri-(h3 — hy) PPspx =Ty — Ts PPspx = Ty — T
ha — hs = a-(hio — ho) h3 — hg = a-(hg — hsg) RH Qru = ri-(h3 — hy) Qru = ri-(h3 — hy)
Apcoz = Py = Ps Apcoz =P3 — Py Apcoy = P2 — P3 Apco2 = P2 — D3
Apcoy =Py — P1o Apcoy =Py — Py PPri = Tyor — T2 PPry = Tyor — D
PPrrr = Ty — Tio PPrr=T—T PPry=Ti— T3 PPry=Ti— Tz
PPir=Ts— T PPir=To— T HTR Qurr = rit-(hs — he) Qutr = i-(hg — hs)
PC Qpc = m-a-(hs — he) Qpc = riv-a-(hs — hs) hs — he = h1 — s hg — hs = his — hi3
1c Qic = m-a-(hy — hg) Qic = m-a-(hg — hy) Apcoy = Ps — Ps Apcoy =Py = Ps
Junction P11 = P12 = P1o P10 =Py = P11 Apcoz = P1a — P APcoz = P13 ~ P14
ahyg + (1 — a)-hyy = hpp ahg + (1 — a)-hyg = hyy PPrrr = To — Tia PPyrg = T5 — Ti3
LTR Qrrr = rit-(h — h7) Qrrr = rit-(hs — he)
he — h7 = a-(hiz — h11) hs — he = a-(h11 — hio)
mass flow rate of the turbine. Apeoz = Pe — P Apcoz = Ps — Ps
Apcoz = P11 ~ P12 Apcoz = P10 — P11
_ hi—h,, — bl PPyig = Ts — Tia PPyrr =T — T
nT - ’ hos - h(szx Pa) _ _
hi — hos 3 PPprr =T — Tn PPpg = Ts — Tio
PC Qpc = r-a-(hy — hg) Qpc = r-a-(hg — hy)
Wy = rig-(h; — hy) 4 Ic Qic = m-a-(hg — ho) Qic = rva-(hg — ho)
Junction P13 = P12 = Pus P = P12 = P13

The turbine inlet pressure has been taken as a parameter to obtain
the cycle efficiency, being 300 bar the maximum allowable value. The
turbine inlet temperature depends on the HTR operation, establishing a

ahy + (1 —a)hsz=hg

ahy + (1 — a)hp = hs

value of 688 °C as the maximum CO, temperature (at the CO, outlet of
the source STHX). Reheating pressures have been optimised to max-
imise the cycle efficiency, being the LPT inlet temperature the same
than that of the HPT. Isentropic efficiency in the turbine has been set to
92%, according to [41].

Energy balance has been also applied to the source/reheating and

sink heat exchangers through the heat duty, in order to relate the mass
flow rate of both streams (molten salt/CO, in the source/reheating heat
exchanger and CO,/water or CO,/air in the sink heat exchanger). The
molten salt inlet temperature is 700 °C. The cooling medium comes into
the heat exchanger at 25 °C (water) or 35 °C (air) and leaves it at 35 °C
(water) or 60 °C (air), being the inlet temperatures common for the
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design point [19]. The outlet temperatures are chosen to reduce the
cooling medium mass flow rate. Equation (5) is adopted for source/
reheating heat exchangers (SC/RH) and equation (6) for precooler/in-
tercooler heat exchangers (PC/IC). Both source and reheating heat ex-
changers have been considered balanced, with an approach tempera-
ture between 10 °C and 12 °C.

Qscrra = Mscira-(ho — hy) %)

Qpcyic = tpcyic-(hi — ho) (6)

At recuperators (HTR and LTR), the energy balance is applied in a
specific way, as stated in equation (7) for HTR and in equation (8) for
LTR, where “c” and “h” subscripts stand for “cold” and “hot” streams
and “a” stands for the ratio of cold to hot mass flow rate streams at LTR.
As it has been commented previously, this ratio is adjusted to balance
the LTR. Minimum approach temperature is set to 5 °C at LTR and 10 °C
at HTR, taking into account the large amount of heat duty in the HTR (it
transfers the thermal energy from the source to the cycle and performs
as a recuperator, too) and the unbalance operation due to the different
specific heats [39].

hpi — hyo = hco - hci (2]
hpi = hyo = a-(heo — he) ®

Pressure drop in the CO, stream of the heat exchangers has been
taken as 40 kPa [42]. In the case of molten salt, a maximum velocity of
3 m/s has been selected, according to [43]. No pressure drops have
been considered in pipes inside the cycle, but an overall value of 5 bar
has been assumed in the heat source (molten salt) and heat sink (water
in wet cooling case) loops.

Finally, in the junction of the main compressor/s and auxiliary
compressor streams, no pressure drop is assumed and the energy bal-
ance leads to equation (9), where “mix” subscript stands for the mixture
state.

a-hirrieo + (1 — @)-hacio = Riix 9

Three power outputs are defined: cycle, gross and net. Cycle power
is the difference between the total power generated by the turbines and
the consumed by the compressors (equation (10)). Gross power is the
result of considering the generator efficiency (1,), taken as 97% [44]
over the cycle power (equation (11)), and net power is obtained sub-
tracting the heat source and heat sink loop pumping consumptions to
the gross power (equation (12)). In the case of dry cooling (both pre-
cooler and intercooler, if any), 50 kW has been assumed for each
electric engine. This value is expected to be lower than the pumps
consumption in the wet scenario, in order to compensate the lower
efficiency caused by the dry cooling.

chcle = WT,HPT + WI“,LPT - WMC,MC] — Whiea — Wac (10)
"Vgruxs = .cycle'ng (11)

Whet = Wgross — Whrp — Wirp — Wep (12)

A cycle power output of 50 MW has been assumed, taking into ac-
count the usual range from 10 MWe for first prototypes to 100 MWe for
commercial plants [1]. The cycle efficiency takes into account the cycle
power and the heat transferred to the cycle by the STHXs (SHX and RH,
if any).

2.3. Fluid properties

Carbon dioxide, water and air have been modelled as pure sub-
stances, using the correlations given in Engineering Equation Solver
(EES, [45]) software. The whole cycle model has been implemented in
this software to couple the equations of the properties with the com-
ponents. This software is also capable of optimising the cycle efficiency
in order to obtain the intercooling and reheating pressures, as explained
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Table 5

Correlations for salt properties.
Property Correlation Reference
Specific heat [J/kg-K] 1180 [6]
Density [kg/m®] 1899.3 — 0.43-T [°C] [5]
Conductivity [W/m-K] 0.5423 — 0.0002-T [°C] [5]
Dynamic viscosity [Pa-s] 8.25.10~6.¢11,874.71735/(1350.84595+ T) [°C] [5]

before. A chloride ternary salt (weight composition: 24.5% NaCl -
20.5% KCI - 55.0% MgCl,) has been selected as molten salt due to its
allowable operating range (387 °C to more than 800 °C), low volumetric
heat capacity (pc = 1.9 J/em3-K) and cost (295 $/tonne) [6]. Table 5
gives the correlations for the properties of the salt.

According with Mohan et al. [6], this salt exhibits advantages over
other options with good stability at high temperatures. So, ternary
carbonate mixtures present good physical properties, but they are too
expensive due to the presence of Li,CO3. Chlorides also exhibit good
physical properties, having being used as coolants in nuclear power
plants. Among them, those containing ZnCl,, the so-called NaKZn-Cl
ternary salts, should be discarded due to the high cost of the ZnCl,.
Finally, the 24.5% NaCl — 20.5% KCl - 55.0% MgCl, selected combines
good physical properties and low cost, as was stated in Section 1.
Mohan et al. [6] proposed this salt as the most promising candidate,
although it demands future researches to investigate potential corrosion
concerns of the chloride salts. In the current work, this issue has been
taken into account from the NREL Gen3 Demonstration Roadmap [1],
where alloy 347 is considered for the cold tank and Haynes 230 for the
hot tank, both containing a chloride salt.

2.4. Model of heat exchangers

In PCHESs (LTR, HTR in both cooling scenarios and PC in wet cooling
scenario), at least one of the streams is CO,, whose properties are
strongly dependent on temperature and pressure, especially close to the
critical point. So, in such heat exchangers an iterative procedure has
been implemented dividing the length of the heat exchanger in ele-
ments and assuming a continuous variation of the properties [46].
Specific correlations have been developed for CO, convection heat
transfer coefficients, which can be found in [47]. For the current ana-
lysis, recommendations from Dostal [17] have been followed. PCHE
dimensions have been obtained from Heatric [29], taking into account
its manufacturing limitations. The manufacturing is modular, with
maximum dimensions of a module (width X length X height) of
0.6 m x 0.6 m X 1.5 m, and being the height the flow path of the
streams. Each module contains 96,000 channels (48,000 for each
stream). Up to 14 modules can be piled up in parallel in a bonding
structure, so constituting the biggest stack (8.4 m long). The inner
channels are semi-circular, with 2 mm diameter and 2.5 mm pitch. Each
layer of channels is 1.5 mm wide.

Initially, the overall heat transfer duty is equally divided, so fixing
the heat transfer for each element. The overall heat transfer coefficient
(U;) of the i-th element is obtained with the convection heat transfer
coefficients at each stream and the thermal conductance, per unit heat
transfer area, between the channels (29.2 kW/m?K for SS 316 and
45 kW/m>K for Inconel 617 taking into account 0.5 mm thickness and
thermal conductivitys of 14.6 W/m-K and 22.5 W/m-K, respectively).
The heat transfer (Q,), in the i-th element, is assessed with equation (13)
where the heat transfer area is expressed as the wetted perimeter (P;)
times the length (L;). Dostal recommendations [17] include the Darcy
friction factor (f;), so it is possible to calculate the pressure drop of the i-
th element (Ap;), equation (14), where D; stands for the hydraulic
diameter of the channel, ¢; is the mean velocity of the fluid and p; is the
density. Then, the iterative procedure starts, with the assumption of a
certain number of channels, finishing when the desired temperatures at
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each ports are reached. The total length of the heat exchanger and total
pressure drops at each stream are obtained. If the maximum pressure
drop between both streams is greater than the prescribed one, the
procedure is repeated with more tubes, until the largest pressure drop
coincides with the prescribed one for that stream (in the other stream a
pressure drop lower than the prescribed one is obtained, due to the
same length of hot and cold channels). On the contrary, if the maximum
pressure drop is lower than the prescribed one, the number of channels
is reduced in order to avoid an oversized heat exchanger. As an ex-
ample, Fig. 4 shows the temperature profile, and Fig. 5 the heat transfer
coefficients at each stream and the overall heat transfer coefficient at
the LTR in the RC-IC-RH-LP layout (dry cooling). The total number of
channels (both hot and cold streams) is 1,496,000, with a flow path
(height of the heat exchanger) of 3.37 m (three heat exchangers should
be arranged in serial). This leads to 46.75 modules, so obtaining a
length of the heat exchanger of 4.68 m arranging two stacks in parallel.

Q; = UrLi-P+(Ty; — To) 13)

L; c?
Ap. = f| =i o] 2o
b ﬁ(Di)Pl(Z] (14)

Pre-cooler and intercooler, in the case of dry cooling, are air coolers
-cross flow heat exchangers. A core sCF-734 has been used. The air side
has been modelled with the correlations implemented in EES. The air
length is controlled to obtain a fan consumption lower than 50 kW. The
number of tubes is controlled to obtain a pressure drop lower than
40 kPa. In the CO, side, the same discretisation procedure than in the
PCHE:s has been used, due to the proximity of this stream to the critical
point in these heat exchangers.

As stated above, in the novel proposed layout, the use of conven-
tional shell and tube heat exchangers is possible thanks to the lower
pressure load in the source and in the reheater. The primary fluid en-
tering the shell is the ternary chloride molten salt and the secondary
fluid going through the tubes is CO,. For the thermofluidynamic model,
the heat transfer to the CO, in the tubes is calculated using the
Gnielinski correlation, and the pressure drop by the Darcy-Weisbach
equation [48]. Averaged CO, properties are considered in this case, as
the working temperatures are far from the critical point. For the molten
salt in the shell, it is suggested to use the McAdams correlation to
calculate the heat transfer, and the Kern method to determine the
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pressure drop [48].

The material used for both the tubes and the shell is a high-nickel
alloy, Inconel 625, which is recommended in terms of compatibility and
cost [1]. All these STHXs have been modelled as counterflow heat ex-
changers with one shell pass and one tube pass. Regarding the shell
type, an “E” shell has been chosen according to Tubular Exchanger
Manufacturers Association (TEMA) standards [49]. The minimum tube
thickness has been calculated according to ASME (American Society of
Mechanical Engineers) Boiling and Pressure Vessel Code [50]; based on
this lower limit, it has been selected a standardized wall thickness, in
terms of the Birmingham Wire Gage (BWG) of the tube. Other manu-
facturing requirements of this type of heat exchangers have been con-
sidered, as the shell-diameter-to-tube-length ratio, which should be
within the limits of 1/5 to 1/15. Besides, maximum tube length is
limited by architectural layouts and by transportation to about 30 m.

As an example, Table 6 shows the detailed results of the source heat
exchanger of the RC-IC-RH-LP layout (dry cooling). As in the shell and
tube heat exchangers no discretisation process has been carried out, no
variation of the heat transfer coefficients along the length is obtained.

2.5. Heat source and heat sink

2.5.1. Heating and cooling loops

Fig. 6 shows both heating and cooling loops. The heating loop in-
cludes both source (SHX) and reheating (RH) heat exchangers (if re-
quired), of shell and tube type. One pump (HTP) removes the molten
salt mass flow rate from the hot tank and another pump (LTP) from the
cold tank. A solar multiple of 1.5 has been assumed, so the mass flow
rate in the LTP is 1.5 times the one in the HTP. Both pumps are assumed
with an efficiency of 75% (it is a conservative value and the con-
sumption is expected to be lower). The required salt inventory assumes
10% of unusable residuals at the bottom of the tank for the pump
suction head. Finally, the volume tank considers 10% of freeboard
above the full-salt level [1]. Fig. 6 shows the cooling loop in wet cooling
scenario. If dry cooling is selected, PC and IC would be air cooled heat
exchangers and the fan consumption would come from its electrical
engine. An efficiency of 75% has been assumed for the cooling pump
(CP) or the fans (dry cooling) again. An overall head of 5 bar is assumed
for all the pumps (conservative value). The storage time has been taken
as 3 h, with 6 h of charge period (both assumed as equivalent at full
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Fig. 4. Temperature profile of LTR in the RC-IC-RH-LP layout (dry cooling).
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Fig. 5. Heat transfer coefficients along the LTR in the RC-IC-RH-LP layout (dry cooling).

Table 6
Dimensions of source heat exchanger (shell and tubes) in RCIC-RH-LP (dry
cooling) layout.

Thermal characteristics

Thermal power (MWth)

Overall Heat Transfer Coefficient (W/m? - °C)
Sizing and geometrical characteristics
Number of units 1

Tube dimensional data (normalized) 3/4” BWG Gauge 10

45.944
328.88

Outer diameter (mm) 19.05
Thickness (mm) 3.404
Tube pitch size (mm) 23.81
Baffle spacing (m) 2
Pitch-Tube layout Triangular
Number of tube passes 1
Number of shell passes 1
Number of tubes 10,315
Heat transfer area (m?) 10319.78
Length (m) 16.72
Shell diameter (m) 2.88
Primary fluid (molten salt)
Maximum velocity (m/s) 3
Primary inlet temperature (°C) 700
Primary inlet pressure (bar) 6
Primary mass flow rate (kg/s) 389.3
Primary outlet temperature (°C) 600
Primary outlet pressure (bar) 5.70
Primary pressure drop (bar) 0.295
Convection heat transfer coefficient (tube side) (W/m? - 1238.45
K)
Fouling Resistance (m? -K/W) 0.000088

Secondary fluid (CO,)
Maximum velocity (m/s) 6

Secondary inlet temperature (°C) 584.8
Secondary inlet pressure (bar) 86.6
Secondary mass flow rate (kg/s) 361.96
Secondary outlet temperature (°C) 688
Secondary outlet pressure (bar) 86.20
Secondary pressure drop 0.402
Convection heat transfer coefficient (Shell side) (W/m? - 919.16
K)
Fouling Resistance (m? -K/W) 0.000176

10

load). The temperature of the hot tank is 700 °C, depending on the
temperature of the cold tank of the power cycle.

2.5.2. Receiver and heliostat field

As previously described in the introduction, a tubular cavity-type
configuration has been selected for the receiver. Cavity receivers pre-
sent lower radiation heat loss and higher convective heat loss than
external receivers [51], so they seem to be the best option when the
working temperature increases and the radiation heat loss becomes
critical.

As can be seen in Fig. 7, the receiver consists of four panels. The
fluid flow layout has been divided in two symmetrical circuits. The
molten salt goes into the receiver through both side panels of the ab-
sorber surface, the lowest temperature zone in the receiver, and then is
circulated to the central panels, to finally leave through the highest
temperature region. This flow distribution improves the heat transfer,
as it reduces the temperature difference between the absorber surface
and the molten salt. Other thermal and geometric parameters of the
receiver, i.e. the tube diameter, the aspect ratio, have been chosen or
calculated according to technical literature, from classical handbooks
[51] to design guides [52]. The maximum allowable concentrated flux
has been taken from [53], and the general methodology has been
checked with current studies [54].

All receivers have been designed to provide the heat power required
for each cycle configuration. For all of them, the average MS velocity
inside the tubes has been set to 1.6 m/s, thus ensuring an adequate
comparison framework for the same cooling conditions. Since the inlet
and outlet MS temperatures are different in each layout, as well as the
mass flow, the tube diameters have been changed to meet the velocity
value requirement.

The thermal model developed for the receiver introduces two main
improvements, compared to other models in the literature that study
the thermal performance [55] and include sensitivity analysis [56]. On
the one hand, it takes into account the solar and infrared radiosity
exchange inside the cavity, applying the semi-gray approximation to an
enclosure, as the aperture is considered a “virtual” surface [57]. On the
other hand, it calculates the convection heat loss from each of the pa-
nels of the receiver, applying the Clausing equation, which gives more
accurate results than other more simplified equations [58]. In the end,
the receiver performance obtained with this model matches the values



J.L Linares, et al.

Applied Energy 263 (2020) 114644

Solar
receiver
5 VA
§ O \/
[0 g HTP Hot Tank
Z@ 5
Power cycle T % Heating loop
=
(<
N (N
\Z |
Cold Tank LTP
N IC
Cooling tower \/_\/
PC
Cooling loop
—T <

)
4

Fig. 6. Heating and cooling loops.

showed in bibliography for cavity receivers working at these higher
temperatures [59]. Basic equations for this model are summarized
below. The semi-gray theory applied to an enclosure is described by
equations (15) and (16).

FWim?)=Q1 - Ef)-[Gi + ZJ]S'ij
j (15)

FWim) = el-oT! + (1~ &) ) IF;
j (16)
In these equations, sub-indexes i/j refers to the surface of the cavity,
and super-indexes s/r stands for the solar/infrared radiosity; J (W/m?)
is the radiosity from each surface; G (W/m?) is the concentrated solar
flux impinging each active panel of the receiver; F; is the view factor

Panel width

Panel 4

1
1
1
1
i
i
1
Panel 1 -
1

Inlet
circuit B

from surface i to surface j; ¢ is the emissivity of each surface; T (K) is the
temperature of each surface; and o = 5.67°10 % W/m?-K* is the Stefan-
Boltzmann constant.

This equations system is completed with other equation (17) de-
scribing the energy balance applied to each of the receiver surfaces.

Gusgias W Im2) = 35 U3y + Gy = 8eJ)) + 3 U}y = 6T}

J j a7)

In this equation, g, is the useful heat from each surface, that is,
the heat transferred to the molten salt flowing through the tubes by
convection, and it is calculated using Gnielinski correlation [48]; and §;
is the Kronecker delta. It is important to point out that only the active
surfaces present a useful heat g, and an incident solar flux G.

The heat losses from the receiver are described by equations
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Fig. 7. Receiver cross-section view (left) and fluid flow configuration in the absorber surface (right).
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(18)-(20). The total radiation heat loss is the sum of the solar and in-
frared radiosity leaving each surface (19). In the case of the aperture,
being a virtual surface, both radiosities are null. As said above, con-
vection heat loss is calculated by Clausing correlation [58], equations
(20)-(22).

anss,[otal(W) = Qloss,rad (W) + Qlass,conv (W) (18)
Qlosx,rad (W) = Z Ai'JiS + Ai'Jir
i (19)
Qloss,conv (W) = E Ai'chm),i = Z Ai'hconv,i'(T; - szb)
i i (20)
Reonv.i-Le.i : - \?
Nu; = 220 — 0.082-Ra'/3-| =09 + 2.4 I o.s-( 4 ) 2(Zw0)
-f amb 7;zmb
@n

In the above equations, Q',(m,,oml (W) is the total heat loss from the
receiver; Qjoss.ca(W) is the radiation heat loss, and Qs cony (W) is the
convection heat loss; A (m?) is area of each surface; h.opy (W/m? —°C) is
the convection heat transfer coefficient, calculated by equation (21); Ra
is the Rayleigh number, T, (K) is the ambient temperature and z(Z,, ;)
is the surface orientation, where Z,,; is the angle between the z-axis and
the normal vector to the surface. The surface orientation is calculated
according to equation (22).

1 if 0<Z,; <135 degrees
2 sin(Zw,i)
2(Zyy) = 5'[1 tTa ]

% downward facing heated surface

if Zy,i> 135 degrees
(22)
The thermal efficiency of the receiver is calculated by equation (23).

Quseful Qusejul

N =

- Qincident - Quseful + Qluss,total (23)

For each receiver configuration, it is necessary to calculate the op-
tical efficiency of the associated heliostat field. For this, the program
SolarPILOT is used [60]. SolarPILOT is a tool that employs both an
analytical flux image Hermite series approximation (based on DELSOL
[61]) and a Monte-Carlo ray tracing engine (based on SolTrace [62]).
For all the layouts, it has been carried out a parametric study to cal-
culate the tower height and the heliostat field associated, to provide the
required thermal power in the receiver. The tower height values ob-
tained are within the range of those recommended for north-facing
fields [51]. Besides, SolarPILOT has been integrated into SAM software
[63], so it also provides an economic assessment of the solar field in-
vestment, including the tower and receiver.

2.6. Economic model

The investment cost (fixed capital investment, FCI, according with
[641) has been estimated. This cost include both the direct and indirect
costs, taken the latter as 25% of the former [64], except for the tower,
receiver and solar field, as it will be discussed later. Direct costs are
divided into on-site costs (ONSC: purchased-equipment costs, installa-
tion, piping, instrumentation, controls and electrical equipment) and
off-site costs (OFFSC: land, civil works and service facilities). Except
when a especial scale law is presented, equation (24) is used to scale the
cost, where C, stands for the base cost, C the actual cost, M, the base
magnitude, M the actual magnitude and a the escalation factor.

a
c-af2)
M,

For the estimation of the power cycle, a study of Sandia National
Laboratory [65] for a recompression cycle of 10 MWe has been taken as
basis. This study allows to convert the purchased-equipment costs

(24)

12
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(PEC) into on-site costs multiplying by 2.19. The PEC for the main
equipment is scaled as follows:

(a) PCHEs. The PCHE:s are scaled using the number of modules due to a
module is the manufacturing unit. The escalation factor is 0.4 [64],
the base PEC is 5 M$ with a number of modules of 4.46 for the HTR,
and 3 M$ and 3.1, respectively, for the rest of PCHEs. The reason is
that the HTR operates at temperatures which demands the use of
Inconel 617 alloy, whereas the other heat exchangers are manu-
factured in SS 316 [30].

(b) Air cooled heat exchangers. Base cost is taken as 836,500 $, for high
pressure, in SS 316, heat exchanger of inner area (bare tube) of
1000 m? with an escalation factor of 0.526, according with esti-
mation of the engineering company Matches [66].

(c) Turbomachinery and generator. The escalation for the set of main
compressor, auxiliary compressor, turbine and generator has been
taken from [67] and is based on the three factors given in equations
(25)—(27). Finally, the PEC is given by equation (28).

P ( w )068
v~ \1oMw (25)
)
P 200bar (26)
T oc]\’$

. 3.35+( L )

335+ ( 1000 ) 27)
PECryc = fy 'fp 'fT'6M$ (28)

As shown in equation (26), the pressure factor f, decreases when the
turbine inlet pressure is greater than 200 bar, which will lead to an
investment for turbomachines lower in the proposed layout than in the
conventional one.

Regarding the shell and tube heat exchangers, the PEC has been
estimated using the Purohit method [68] that precisely covers this type
of heat exchanger and that requires the knowledge of the character-
istics, design and operating parameters of the HX. The PEC of the HX is
obtained based on the cost estimated for a baseline heat exchanger and
corrected by factors that consider different materials, pressures and
other features. The cost, Cg ($), is estimated by equation (29), sup-
ported by equation (30), where Cy, is the cost of the baseline heat ex-
changer fabricated from base material (carbon steel) ($/£t2), designed
to operate at a given pressure range and for a specific design type (a
specific TEMA type, dimensions and geometry). Dgy, is the shell inside
diameter (in), p is a cost multiplier for the tube outside diameter, pitch
and layout angle, f is a cost multiplier for TEMA-type front head, and r
is a cost multiplier for TEMA type rear head; C; are the factors that
correct the base cost due to the differences from the reference heat
exchanger [68], see Table 7, and A is the heat transfer area (ft). The
cost obtained with equation (30) is referred to 1982, so for the cost

Table 7
Corrections factors (C;) in Purohit method for shell and tubes heat exchangers.

Cs TEMA shell type (zero if type is E, J or X)

Cx Expansion joint

C Tube length (zero if length is greater than 20 ft [6.1 m])

Cnrp Tube passes (zero for one or two passes)

Cps Shellside design pressure (zero if pressure is lower than 150 psi
[10.5 bar])

Cpr Tubeside design pressure (zero if pressure is lower than 150 psi
[10.5 bar])

Cont Tube material (zero if welded carbon steel tubes are used)

Cins Shell material (zero if carbon steel is used)

Cch Channel material (zero if carbon steel is used)

Cunts Tubesheet material (zero if carbon steel is used)

Cg Tube gage (zero for 14 BWG)
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Fig. 9. Performances of different layouts when dry cooling is used.

based on different times, an escalation index is applied according with
equation (31) where Cggy is the estimated cost at the reference year ($),
Cg is the estimated cost at the original year ($) calculated with equation
(29), and Clgy/Cloy is the ratio of the cost index on the two dates [69].
The index used is the Fabricated Equipment component of the Chemical
Engineering Plant Cost Index (CEPCI) (reported monthly).

Cs = c,,-(l + c,-}A

i

29

6.6
G = [1 — e(T=Dswi27) ]'p S (30)

13

Cly,
Copy = Cro—2
ERy E Cloy

(€30

Cost estimation of the thermal energy storage (TES) system has been
taken from the NREL Gen3 roadmap for CSP [1], where the TES using
MgCl, based salt, for 720 °C, is taken as base case. The costs are given as
direct costs, so including both on-site and off-site values. The volume of
the cold tank is taken as base value (30,000 m®), being the escalation
factor 0.8. The base cost for the cold tank is 16.794 M$, for the hot tank
110.119 MS$, for structural steel 1.117 MS$, for tank insulation 6.6243 M
$, for electrical installations 1.161 M$, for foundations 5.113 M$ and
for site works 0.581 M$. The salt inventory cost varies linearly with a
specific cost of 295 $/tonne.
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Fig. 10. Performance comparison between selected layouts of the novel cycle and the conventional layouts when wet cooling is used.
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Fig. 11. Performance comparison between selected layouts of the novel cycle and the conventional layouts when dry cooling is used.

The cost of the tower, receiver and heliostat field has been estimated
by means of the SolarPILOT software [70]. The on-site cost of the tower
is scaled according to equation (32), as a function of the tower height
(hy). The on-site cost of the receiver is scaled with a base cost of 103 M$,
a base area of 1571 m? and an escalation factor of 0.7. Finally, the on-
site heliostat field is scaled linearly with a specific cost of 145 $,/m? for
the heliostat reflective area. Off-site costs are estimated according with
16 $/m? for site improvements and 24,710 $/ha for land cost. Specific
ratios for contingencies and other indirect costs are implemented in the
software.

ONSCioyer [M$] = 300113 he[m] (32)

14

3. Results
3.1. Layout selection

Two scenarios have been considered, depending on the heat sink:
wet cooling and dry cooling. In the former the main compressor inlet
temperature (MCIT) is assumed to be 35 °C, whereas in the latter 50 °C.
In each scenario, four layouts have been tested: recompression (RC-LP),
recompression with intercooling (RC-IC-LP), recompression with re-
heating (RC-RH-LP), and finally recompression with intercooling and
reheating (RC-IC-RH-LP). When intercooling and/or reheating are used,
the intermediate pressure is optimised to maximise the cycle efficiency.
In all cases, the split ratio in the compressors is evaluated to obtain a
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Fig. 13. Specific cycle power versus cycle efficiency between selected layouts of the novel cycle and the conventional layouts when dry cooling is used.

balanced LTR. Figs. 8 and 9 show the performance of all layouts in both
cooling scenarios, as a function of the turbine inlet pressure (TIP). The
cycle efficiency () and the CO, inlet temperature to the source heat
exchanger (SHXIT) are obtained. This temperature is an indicator of the
minimum molten salt temperature, which influences the molten salt
inventory, being the maximum temperature given (700 °C).

As the main compressor inlet is close to the critical temperature
when wet cooling is used, Fig. 8 shows no improvement is found if
intercooling is done (using or not using reheating). In fact, only the
cases with intercooling pressure higher than 90 bar have been plotted.
The situation is clearly different when dry cooling is used, achieving
higher efficiencies when intercooling is used, independently of re-
heating, which is in accordance with the findings in [19] (considering
only intercooling) and [26] (several arrangements). In both cooling
scenarios the SHXIT increases around 100 °C when reheating is used,
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independently of intercooling, as in [18]. This will lead to a higher cost
in TES when reheating is used. Trying to achieve an efficiency higher
than 50%, three cases have been selected, marked with red symbols in
Figs. 8 and 9. So, when wet cooling is used two configurations have
been highlighted: RC-LP at 250 bar and RC-RH-LP at 300 bar. The
pressure has been chosen taken into account the sensitivity of the ef-
ficiency to the turbine inlet pressure. When dry cooling is used, only the
most complex layout (RC-IC-RH-LP) achieves efficiencies well above
50%. Thus, 300 bar is selected for this scenario.

In order to compare the proposed layouts with the conventional
ones, Figs. 10 (wet cooling) and 11 (dry cooling) have been obtained,
where the selected cases for the proposed layouts have been high-
lighted. In the conventional layouts the point selected for the compar-
ison is the one at 200 bar, the maximum pressure allowed. In wet
cooling cases (Fig. 10) the cycle efficiency of the simple recompression
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Fig. 14. T-s diagrams of selected layouts (a, c and e) and equivalent layouts in conventional arrangements (b, d and f).

layout is slightly lower in the proposed cycle (51.37%) than in the
conventional cycle (51.78%). The SHXIT is more than 25 °C lower in
the proposed cycle (which implies a lower inventory of molten salt). On
the contrary, for the recompression with reheating layout, a larger ef-
ficiency in the proposed cycle is achieved (54.64% versus 52.79%), but
similar SHXIT. Similarly, in the dry cooling case, the cycle efficiency of
the recompression with intercooling and reheating layout is higher in
the proposed cycle (52.56% versus 51.34%), with similar values of
SHXIT. Thus, the higher efficiencies achieved in the proposed cycles are
not meaningful (3.5% in the best case). The increase in the pressure
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values are compensated by the reduction in the turbine inlet tempera-
tures (in fact, in the basic recompression layout, the conventional cycle
reaches a higher efficiency than in the proposed cycle). In conclusion,
the results obtained indicate that the proposed layout gives an effi-
ciency similar to the achieved with the conventional one.

However, the most important feature of the proposed cycle is the
higher compactness, which is derived from Figs. 12 (wet cooling) and
13 (dry cooling). These figures show the specific cycle power versus the
cycle efficiency classic diagram [10] updated for S-CO,, where each
point corresponds with a turbine inlet pressure. These figures show an
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Table 8
State points of the selected layouts in the proposed cycles.
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RC-LP (wet cooling)

RC-RH-LP (wet cooling)

RC-IC-RH-LP (dry cooling)

p [bar] T [°C] h [kJ/kg] p [bar] T [°C] h [kJ/kg] p [bar] T [°C] h [kJ/kg]
1 250 638.6 636.7 300 638.4 634.4 300 645.6 643.6
2 86.6 501.1 478.7 193.4 578.4 564 185.5 579.8 566.3
3 86.2 688 706.4 193 688 701.6 185.1 688 701.9
4 85.8 180.2 107.9 86.6 579.3 572.8 86.6 584.8 579.5
5 85.4 74.6 —29.27 86.2 688 706.4 86.2 688 706.4
6 85 35 -197.9 85.8 208.2 140.2 85.8 236.3 172.2
7 250.8 69.6 -170.7 85.4 81.62 -17.91 85.4 102.4 12.3
8 250.4 175.2 38.19 85 35 —-197.9 85 50 —80.9
9 250.4 175.2 38.19 300.8 76.62 —163.2 111.8 71.27 —69.79
10 250.4 175.2 38.19 300.4 203.2 68.19 111.4 50 —155.6
11 - - - 300.4 203.2 68.19 300.8 97.43 —-120.4
12 - - - 300.4 203.2 68.19 300.4 231.3 109.5
13 - - - - - - 300.4 231.3 109.5
14 - - - - - - 300.4 231.3 109.5
Table 9
State points of the conventional cycles.
RC (wet cooling) RC-RH (wet cooling) RC-IC-RH (dry cooling)
p [bar] T [°C] h [kJ/kg] p [bar] T [°C] h [kJ/kg] p [bar] T [°C] h [kJ/kg]
1 200 688 701.3 200 688 701.3 200 688 701.3
2 86.2 574.1 566.5 133.1 631.1 633.2 133.1 631.1 633.2
3 85.8 161.5 85.94 132.7 688 704.1 132.7 688 704.1
4 85.4 66.69 —43.29 86.2 628.6 633 86.2 628.6 633
5 85 35 —-197.9 85.8 161.5 85.94 85.8 201.5 132.5
6 201.2 61.69 —-178.4 85.4 66.69 —43.29 85.4 96.42 3.972
7 200.8 156.5 26.51 85 35 —-197.9 85 50 —-80.9
8 200.8 143.2 4.687 201.2 61.69 —-178.4 101.4 63.65 —73.85
9 200.8 151.5 18.45 200.8 156.5 26.51 101 50 —-126.1
10 200.4 526.3 499 200.8 143.2 4.687 201.2 91.42 —-102
11 - - - 200.8 151.5 18.45 200.8 196.5 85.84
12 - - - 200.4 579.9 565.5 200.8 180.9 63.57
13 - - - - - - 200.8 191.5 78.81
14 - - - - - - 200.4 591 579.3
Table 10 kg in RC-IC-RH to 138 kJ/kg in RC-IC-RH-LP (39.4% of relative in-

Performances of the selected layouts (in the case of dry cooling, CP stands for
the consumption of the fans).

Wet cooling Dry cooling

RC-LP RC-RH-LP RC-IC-RH-LP

MC1 [MW] 7.65 8.00 2.80
MC2 [MW] - - 8.87
AC [MW] 9.91 9.2 10.72
HPT [MW] 67.53 23.76 28.04
LPT [MW[ - 43.44 44.36
SHX [MW] 97.33 45.09 45.99
RH [MW] - 46.42 49.14
PC [MW] 47.33 41.52 23.50
IC [MW] - - 21.64
HTP [MW] 0.18 0.22 0.32
LTP [MW] 0.26 0.32 0.47
CP [MW] 0.76 0.67 0.1
Weyele [MW] 50.00 50.00 50.00
Weross [MW] 48.5 48.5 48.5
Wyercharge period [MW] 47.30 47.29 47.61
Wherdischarge period [MW] 47.56 47.61 48.08
Cycle efficiency [%] 51.37 54.64 52.56

important increment of the specific cycle efficiency in the proposed
cycles, as expected. So, in wet cooling the specific work rises from
104.8 kJ/kg in RC to 117 kJ/kg in RC-LP (11.2% of relative increment)
and from 109.1 kJ/kg in RC-RH to 148.1 kJ/kg in RC-RH-LP (35.7% of
relative increment). In dry cooling the trend is the same: from 98.99 kJ/

crement). These increases in the specific cycle work are translated into
decreases in the mass flow rate in the novel cycle, so leading to a higher
compactness, lower investments and a better dynamic response.

3.2. Analysis of selected layouts

Fig. 14 shows the T-s diagram for conventional and proposed cycles.
The low pressure heating supply can be observed in the 2-3 process in
Fig. 14a, and in the 4-5 process in Fig. 14c and e. In the case of re-
heating, the intermediate pressure is low enough to allow the use of a
STHX, although with tubes of large thickness. It can be seen the larger
areas enclosed by the cycles in the proposed arrangements compared
with the conventional cases, as previously mentioned, which produces a
larger specific cycle work. Table 8 gives the state points for the pro-
posed cycles and Table 9 for the conventional ones. They are referred to
the different label points shown in Fig. 3, and have been obtained from
the cycle models described in Section 2.2.

Once it has been checked that the proposed cycle achieves similar
efficiencies and a higher compactness than the conventional one, the
sizing and investment assessment have been carried out for the selected
layouts of the proposed cycle. So, taken into account the model and
assumption given in Sections 2.2 and 2.5.1, the performance of the
selected cycles is summarised in Table 10. This table shows a con-
sumption power in the cooling loop between 670 kW and 760 kW in
wet cooling and 100 kW in dry cooling. This lower consumption in the
dry cooling compensates the reduction in the cycle efficiency. The ef-
fectiveness of this design criterion can be checked in the net power

17
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Table 11 Table 13
Main dimensions of PCHEs. Main dimensions of STHXSs.
LTR HTR PC SHX RH
Wet cooling RC-LP Heat power [MW] 58.62 255.84 47.33 Wet cooling RC-LP Number of units 2 -
Height [m] 3.90 2.66 0.66 Heat power [MW] 48.665 -
Length [m] 10.74 12.64 3.12 Tube outer diameter [mm] 15.875 -
Width [m] 0.60 0.60 0.60 Tube thickness [mm] 2.768 -
Volume [m®] 25.11 20.17 1.25 Tube pitch [mm] 19.843 -
Number of modules 53.70 42.12 5.21 Number of tube passes 1 -
(actual) Number of shell passes 1 -
Number of modules (base) 3.1 4.46 3.1 Heat transfer area [m?] 17,085 -
Base PEC [M$] 3.0 5.0 3.0 Length [m] 28.36 -
Actual PEC [M$] 9.4 12.3 3.7 Shell diameter [m] 2.6 -
RC-RH-LP Heat power [MW] 53.36 191.13 41.52 RC-RH-LP Number of units 1 2
Height [m] 4.39 2.62 0.66 Heat power [MW] 45.09 23.21
Length [m] 9.36 10.02 275 Tube outer diameter [mm] 19.05 19.05
Width [m] 0.60 0.60 0.60 Tube thickness [mm] 3.404 5.3
Volume [m®] 24.64 15.72 1.09 Tube pitch [mm] 23.81 23.81
Number of modules 46.80 33.4 4.59 Number of tube passes 1 1
(actual) Number of shell passes 1 1
Number of modules (base) 3.1 4.46 3.1 Heat transfer area [m?] 12,786 7349
Base PEC [M$] 3.0 5.0 3.0 Length [m] 20.43 15.21
Actual PEC [M$] 8.9 11.2 3.5 Shell diameter [m] 2.9 2.55
Dry cooling  RC-IC-RH- Heat power [MW] 57.97 19359 - Dry cooling RC-IC-RH-LP Number of units 1 2
LP Height [m] 3.37 2.82 - Heat power [MW] 45.94 24.57
Length [m] 9.35 1145 - Tube outer diameter [mm] 19.05 19.05
Width [m] 0.60 0.60 - Tube thickness [mm] 3.40 5.3
Volume [m3] 1891 19.36 - Tube pitch [mm] 23.81 23.81
Number of modules 46.74 3816 - Number of tube passes 1 1
(actual) Number of shell passes 1 1
Number of modules (base) 3.1 4.46 - Heat transfer area [mz] 10,320 8426
Base PEC [M$] 3.0 5.0 - Length [m] 16.72 15.59
Actual PEC [M$] 8.9 11.8 - Shell diameter [m] 2.88 2.69
Table 12 is 437.1 M$. These values lead to 8691 $/kWe in recompression and
Main dimensions of air cooled heat exchangers. 8662 $/kWe in recompression with reheating, both in wet cooling
PC 1 scenario, and 8742 $/kWe in dry cooling scenario. Projections of the
Gen3 Roadmap [1] establish 200 M$ for a prototype of 10 MWe. Thus,
Dry cooling  RC-IC-RH- Heat power [MW] 2350 21.64 scaling to 50 MWe, it would become into 579 M$. In such projections, a
Lp T“bf 1e"lglth (m] 182 29.75 TES of 1350 MWh-th for 50 MWe is considered, with a cost (direct plus
Ai 1 2! T . . . .
ir length [m] 5 017 023 indirect costs) of 112.6 M$. Subtracting this cost to the projected in-
Frontal area [m~] 475 510 ;! )
Volume [m?] 78.97 118.1 vestment and adding the cost of the TES in the proposed layouts (from
Heat transfer inner area (actual) 3943 5899 32.6 to 52.1 M$, considering both direct and indirect costs) results in a
[m?] , range for the investment between 499.0 and 518.5 M$. So, the pro-
Heat transfer inner area (base) [m™] 1000 1000 posed layout reduces the projections of Gen3 Roadmap between 12.9
Base PEC [M$] 0.837 0.837 d 15.7%. Taki . h o . h .
Actual PEC [M$] 172 213 an .7%. Taking into account the uncertainties in the economic

produced, very similar in the three cases analysed.

Based on Section 2.4 the size of the different heat exchangers is
obtained, summarising the main dimensions in Table 11 for the PCHEs
and Table 12 for the air cooled heat exchangers. In these tables the basis
costs and the scaled investments (Section 2.6) have been also included,
along with the PEC obtained. Table 13 gives the main dimensions of the
STHXs, and Table 14 the breakdown of the different coefficients to
determine the PEC (Section 2.6). The main characteristics of the
thermal storage, taking into account the assumptions detailed in
Section 2.5.1, are shown in Table 15. Finally, the main features of the
receiver and the heliostat field, with the considerations explained in
Section 2.5.2, are summarised in Tables 16 and 17, respectively.

3.3. Investment estimation

Economic model description given in Section 2.6 is applied to obtain
all the results given in this section. Tables 18 and 19 summarise the
investments in the wet cooling scenario and Table 20 in the dry cooling.
The fixed capital investment in wet cooling scenario ranges from
434.6 M$ for the recompression layout to 433.1 M$ for the re-
compression with reheating; in dry cooling the fixed capital investment

18

model, it could be more appropriate to say that the proposed layout
investment is in accordance with the Gen3 Roadmap forecasts.

Table 20 reveals the reduced importance of the investment of the air
cooled heat exchangers, lower than 3% of the overall investment in the
heat exchangers. This means that the selected power consumption in
the fans (50 kW), which entails to large heat exchangers, is not
meaningful in the final investment, contributing to control the pumping
losses, as previously explained.

Fig. 15 shows an investment breakdown of the selected options into
the main components. The heat exchanger contributions round 50%,
being followed by the solar field, tower and receiver, which accumulate
30%. The turbomachines contribution is similar in all the cases (10%),
ranging the storage system share from 8% in RC-LP wet cooling to 11%
for both reheating cases. The cost increase of the storage system is due
to the molten salt cold temperature reduction in the reheated layouts
(80 °C in RC-RH-LP and 85 °C in RC-IC-RH-LP regarding to RC-LP),
which leads to an increase of 62% and 77% in the salt inventory in wet
and dry reheating layouts, respectively.

Although the investment assessment of the conventional layout has
not been carried out, the investment for shell and tubes heat exchangers
in RC-IC-RH-LP can be used to estimate the general trend. So, the PEC
in SHX (85 bar; 45.94 MW) is 19.7 M$, whereas the PEC in RH
(185.5 bar; 49.14 MW) is 35.7 M$ (81% higher than SHX for similar



J.L Linares, et al.

Table 14

PEC assessment of STHXs.
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RC-LP
(Wet cooling)

RC-RH-LP
(Wet cooling)

RC-IC-RH-LP
(Dry cooling)

SHX RH SHX RH SHX RH

P 0.622 - 0.747 0.747 0.751 0.747

f 1 - 1 1 1 1

T 1 - 1 1 1 1

Dgp, (in) 102.91 - 114.08 100.25 113.32 106.02
Dgp, (cm) 261.39 - 289.76 254.64 287.83 269.29
Cp ($/£63) 4.231 - 5.026 5.092 5.055 5.056
Cp ($/m?) 45.54 - 54.01 54.81 54.41 54.42
Cs 0.000 - 0.000 0.000 0.000 0.000
Cx 0.000 - 0.000 0.000 0.000 0.000
Cp 0.000 - 0.000 0.000 0.000 0.000
Cnrp 0.000 - 0.000 0.000 0.000 0.000
Cps 0.000 - 0.000 0.000 0.000 0.000
Cpr 1.060 - 1.143 2.441 1.138 2.455
Chnt 11.442 - 11.020 10.080 9.905 10.472
Cns 2.640 - 2.640 2.640 2.640 2.640
Cinch 1.584 - 1.584 1.584 1.584 1.584
Cmtsh 1.056 - 1.056 1.056 1.056 1.056
Cg 0.141 - 0.136 0.124 0.122 0.129
=G 17.923 - 17.578 17.926 16.444 18.336
A(ft?) 183,905.2 - 137,623.0 79,101.5 111,081.18 90,699.0
A(m?) 17,085.35 - 12,785.60 7348.77 10,319.78 8426.21
Ce ($) 14,723,301.4 - 12,850,394.28 7,622,628.38 9,796,555.37 8,873,947.09
Cgry($ 2017) 29,630,534.55 - 25,861,322.94 15,340,482.94 19,715,494.83 17,858,752.54
Number of units 2 - 1 2 1 2
PEC [M$] 59.3 - 25.9 30.7 19.7 35.7

Table 15 Table 16

Main characteristics of TES.

Main characteristics of receiver.

Wet cooling Dry cooling

Wet cooling

Dry cooling

RC-LP RC-RH-LP RC-IC-RH-LP RC-LP RC-RH-LP RC-IC-RH-LP
Salt inventory [tonnes] 5157 8374 9127 Sizing and geometrical characteristics
Energy stored [MWh] 292.0 274.6 285.4 Number of pannels 4 4 4
Hot tank Pannel width [m] 6.216 6.068 6.261
Temperature [°C] 700 700 700 Pannel height [m] 11.371 11.100 11.453
Volume [m?] 3549 5764 6281 Aperture width [m] 16.244 15.857 16.361
Cold tank Aperture height [m] 8.528 8.325 8.590
Temperature [°C] 510 590 595 Number of passes 2 2 2
Volume [m?] 3376 5598 6109 Inner/outer diameter [mm] 29/32 37/41 48/52
Number of tubes in each pannel 194 148 120
Thermal characteristics
heat duty). That is, shell and tubes heat exchangers when designed to Thermal power [MWth] 145.995 137.274 142.7055
Kk ol 200 bar d d hlv the double i h Solar multiple 1.5 1.5 1.5
work close to . ar demands roughly ft .e ouble investment t a'n Gycle thermal power [MWth] 97.33 91.516 95.137
when they are designed to work at 85 bar, as in the proposed cycle. As it Inlet MS temperature 510 590 595
is derived from Fig. 15, the investment in heat exchangers is 45% of the Outlet MS temperature 700 700 700
overall investment in the dry cooling case, being the STHX 69% of the Incident heat [MWth] 182.303 173.706 184.913
investment in heat exchangers. So, the proposed cycle allows important Convection heat loss [MWth] 2.254 2128 2.162
€ 8€IS. 50, the prop Y > 1P Radiation heat loss [MWth] 34.764 34.485 39.304
savings when the pressure is reduced to use the SHX, especially in dry Solar radiation heat loss [MWth] 7.351 7.005 7.457
cooling scenario, where the investment in air cooled heat exchangers is Infrared radiation heat loss [MWth] 27.412 27.480 31.847
low (lower than 3% of the overall investment in heat exchangers). Thermal efficiency 79.773 78.944 77.485
Thermal loss of each pannel
Convection heat loss [kWth]
4. Conclusions Pannel 1 602.880 561.701 579.784
Pannel 2 524.092 502.184 501.285
A novel supercritical CO, Brayton power cycle has been proposed Pannel 3 524.092 502.184 501.285
for power tower concentrating solar plants. The cycle faces the Pannel 4 602.880 561701 579.784
P L X 8 X p : Y Solar radiation heat loss [kWth]
thawing/clogging issues, described in several researches, when molten pannel 1 1693.486 1613.338 1717.425
salt circulates along the narrow channels of printed circuit heat ex- Pannel 2 1982.549 1889.056 2010.931
changers, which are required to support the high pressures of the Pannel 3 1982.549  1889.056 2010.931
conventional supercritical CO, Brayton cycle. To deal with these con- f;frr‘::rlez radiation heat loss [kWth] 1693.486  1613.486 1717.425
cerns, the novel cycle supplies the heat power through the low pressure Pannel 1 5508.073 6031.341 7011.902
side (85 bar for the main heat input and less than 200 bar for the re- Pannel 2 8108.164 7708.853 8911.724
heating input), so allowing the replacement of printed circuit heat ex- Pannel 3 8108.164  7708.853 8911.724
Pannel 4 5598.073 6031.341 7011.902

changers by shell and tubes heat exchangers, circulating the molten salt
inside the shell. Technical and economic assessments of the novel cycle
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Table 17 Table 19
Main characteristics of heliostat field. Summary of investments in RC-RH-LP (wet cooling scenario).
Wet cooling Dry cooling PEC Direct costs [M$] Indirect costs [M$]
[MS$]
RC-LP RC-RH-LP RC-IC-RH-LP ONSC OFFSC
[MS$] [M3]
Simulated heliostat area 488,276 488,276 488,276
[m?] Turbomachinery 141 308 - 61.1
Simulated heliostat count 3382 3382 3382 PCHEs
Optimized tower optical 150 150 150 LTR 8.9 19.4 -
height [m] HTR 11.2 24.4 -
Cloudiness efficiency [%] 100/100/100 100/100/100 100/100/100 PC 3.5 7.6 -
min/mean/max Air Cooled heat exchangers
Shading efficiency [%] 100/100/100 100/100/100 100/100/100 PC - - -
min/mean/max IC - - -
Cosine efficiency [%] 59.02/86.45/ 59.02/86.45/ 59.02/86.45/ STHXs
min/mean/max 99.98 99.98 99.98 SHX 25.9 56.4 -
Reflection efficiency [%] 90.25/90.25/ 90.25/90.25/ 90.25/90.25/ RH (two units; total cost) 30.7 66.9 -
min/mean/max 90.25 90.25 90.25 TES - 38.9
Blocking efficiency [%] 53.11/97.23/ 53.11/97.23/ 53.11/97.23/ Tower - 16.3 - 15.0
min/mean/max 100 100 100 Receiver - 18.2 -
Attenuation efficiency [%] 87.1/91.75/ 87.1/91.75/ 87.1/91.75/ Solar Field - 70.8
min/mean/max 97.42 97.42 97.42 Lands, site improvements - - 7.4
Image intercept efficiency 0.2/58.81/ 0.19/57.93/ 0.2/59.08/ Fixed capital investment [M$] 433.1
[%] 96.78 95.64 97.14
min/mean/max
Solar field optical efficiency  0.09/42.23/ 0.09/41.63/ 0.1/42.41/84.4 Table 20
[%] 84.3 83.93 . . . .
. Summary of investments in RC-IC-RH-LP (dry cooling scenario).
min/mean/max
PEC Direct costs [M$] Indirect costs [M$]
[MS$]
Table 18 ONSC OFFSC
Summary of investments in RC-LP (wet cooling scenario). [M$] [Ms]
PEC Direct costs [M$] Indirect costs [M$] Turbomachinery 14.1 30.8 - 61.7
[MS$] PCHEs
ONSC OFFSC LTR 8.9 19.4 -
[M$] [M$] HTR 11.8 257 -
PC - - -
Turbomachinery 15.8 34.4 - 61.2 Air Cooled heat exchangers
PCHEs PC 1.72 3.75 -
LTR 9.4 20.5 - IC 2.13 4.64 -
HTR 12.3 26.8 - STHXs
PC 3.7 8.0 - SHX 19.7 43.0 -
Air Cooled heat exchangers RH (2two units; total cost) 35.7 77.9 -
PC - - - TES - 41.7
1C - - - Tower - 16.3 - 15.0
STHXs Receiver - 19.0 -
SHX (two units; total cost) 59.3 129.2 - Solar Field - 70.8 -
RH - - - Lands, site improvements - - 7.43
TES - 26.1 Fixed capital investment [M$] 437.1
Tower - 16.34 - 15.0
Receiver - 18.82 -
E"lfg Field - 70.80 ; ” 62% in wet scenario). Regarding the economic assessment, all the
F?; ds ’;}E;;Ei?;zlzﬁ:s[wq 434.6 ’ analysed layouts range between 8614 to 8742 $/kWe for a plant of 50

have been carried out.

Two scenarios have been investigated: dry cooling and wet cooling.
In the former, the highest efficiency is achieved in the recompression
with intercooling and reheating layout, reaching a value of 52.6% at
300 bar of turbine inlet pressure. Options without reheating (with or
without intercooling) have been discarded because they do not reach
50%, while reheating with intercooling does at 225 bar. In the wet
cooling scenario, the recompression cycle (neither intercooled not re-
heated) exceeds 51% efficiency at 250 bar, increasing to more than 54%
if reheating is added. The efficiency does not take advantage of inter-
cooling in the wet scenario. If 50% cycle efficiency is set as a goal for
advanced solar plants, recompression in wet cooling scenario might be
the first prototype to test in this new technology, loosing 0.4 percentage
points regarding the conventional supercritical CO, Brayton cycle
(which is limited to 200 bar of turbine inlet pressure to use shell and
tube heat exchangers). The inclusion of reheating always reduces the
molten salt temperature gap, so increasing the salt inventory (roughly

20

MWe, in accordance with the projections of Gen3 Roadmap.

The proposed cycle takes advantage of the higher turbine inlet
pressure to increase the specific cycle work, compensating the lower
turbine inlet temperature with the higher pressure. Moreover, the re-
duction in the working pressure of the shell and tubes heat exchangers
allows to decrease significantly the investment of the heat exchangers.
So, the proposed cycle is able to face the potential salt clogging/
thawing issues, achieving a higher compactness (better dynamic re-
sponse) and lower investments, maintaining the efficiency.
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Fig. 15. Investment (fixed capital investment) breakdown of the selected options.
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