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Abstract:

This paper presents the dynamic modeling & simulation of a concentrating solar power (CSP)
plant integrated with a thermochemical energy storage (TCES) system. The TCES material used is
calcium hydroxide and the power cycle studied is a Rankine cycle driven by the CSP. Firstly,
dynamics models of components written in Modelica language have been selected, developed,
parametrized, connected and regulated to create the CSP plant with different TCES integration
concepts. Then simulations were then performed to determine and compare the energy efficiency,
water consumption and energy production/consumption of three integrations concepts for two
typical days (summer and winter) and for a basic continuous production mode. After that, a

feasibility study has been performed to test a peak production scenario of the CSP plant.

The results showed that a TCES integration could increase the overall efficiency of the CSP
plant effieienes=by more than 10%. The Turbine integration concept has the best global efficiency
(31.39% for summer; 31.96% for winter). The global electricity consumption of a CSP plant with
TCES represents about 12% of its total energy production for a summer day and 3% for a winter
day. An increased nominal power by a factor of 10 could be reached for the peak production mode

within one hour using the Turbine integration concept, but with a lower global efficiency (17.89%).

Keywords: Thermal energy storage (TES); Thermochemical energy storage (TCES); Concentrating

solar power (CSP); Dynamic modeling; Production mode; Integration concept
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1. Introduction

Concentrating solar power (CSP) is expected to play a key role in the future energy transition
scenarios towards a more electrified world with low-carbon technologies [IEA, 2018]. Meanwhile,
thermal energy storage (TES) systems become indispensable to increase the dispachability and the
economic competitiveness of modern large-scale powerful CSP plants [Alva, 2018; Kuravi, 2013].

Currently more than 80% of the CSP plants under construction or planned incorporate TES systems
[NREL, 2018; IRENA, 2018].

Sensible storage using molten salt is the most developed and commonly used TES
technology for existing CSP plants because of its simplicity, reliability and cost-effectiveness [ Pelay,
2017a; b]. However, the salt corrosiveness [Ding, 2019; Walczak 2018; Wang, 2019], the limited
working temperature [Gimenez, 2015; Villada, 2018] and the risk of salt solidification [ Vignarooban,
2015; Villada, 2019] are the major drawbacks remaining to be solved. Other sensible TES systems
have then been proposed and studied during the last years, as summarized in recent review papers
[Mohan, 2019; Nunes, 2019]. As an alternative, latent heat storage using phase change materials
(PCMs) is under intensive investigation, owing to their high density and almost constant phase
change temperature during charging or discharging |Lin, 2018; Nazir, 2019]. Special attention has
been focused on the improvement of their limited thermal conductivity through encapsulation as

well as nanomaterials additives [Qureshi, 2018; Tao, 2018].

Another trend on the TES systems for CSP plants is the development of thermochemical
energy storage (TCES) technology based on reversible endothermic/exothermic chemical reactions
involving a large amount of reaction heat. TCES systems become a very attractive option because
of their high energy density (up to 10 times greater than latent storage) and the long storage
duration at ambient temperature [Prieto, 2016]. Latest advances on the thermochemical materials,
reactors and processes are reviewed and summarized in Refs [Liu, 2018; Jarimi, 2019]. Recently,
great efforts have also been devoted to investigate the appropriate coupling of the TCES system
with the power generating cycle (e.g., Rankine cycle; Brayton cycle, etc.) of the CSP plant [e.g.,
Alovisio, 2017; Cabeza, 2017; Ortiz, 2017; 2018; 2019; Schmidt, 2017; Pelay, 2019]. This process
integration issue plays actually a key role on the adaptation of the TCES technology to the future
CSP plants. Particularly in our previous study [Pelay, 2019], three TCES integration concepts using
Ca(OH)2/CaO couple have been proposed. Energy and exergy analyses results indicated that
compared to a reference plant without storage, the TCES integration could significantly improve
the adaptability and dispatchability of the CSP plants with the increased power production [Pelay,
2019].

While most of the earlier studies reported in the literature are focused on conceptual or static
analysis, detailed exploration of the TCES process integration issue is still lacking. The dynamic
behaviors of CSP plant with TCES integration are of particular importance because this type of
installation is inherently subjected to transient boundary conditions such as the varying solar

irradiation. Moreover, the dynamic simulations also make it possible to highlight the influences of
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thermal inertia, which has usually been neglected in the static analysis but plays an important role

regarding the real operations of the CSP plant.

As the following work of our previous study [Pelay, 2019], this paper makes a step forward
by presenting the dynamic modeling & simulation of a CSP plant integrated with a TCES system
under real conditions. Dynamic models of each component written in the Modelica language have
been either adopted from the Dymola library or developed in-house. These models have then been
parametrized and further interconnected to build the global model for the CSP plant with TCES
integration. The main objectives of this study include: (1) to characterize, for the first time, the
dynamic behaviors of a CSP plant coupled with a TCES unit; (2) to compare the performances of
different TCES integration concepts under realistic variable environmental conditions; (3) to
showcase the feasibility of the basic continuous production mode and the peak production mode by
implementing advanced control strategies. The contributions of this paper are important because it
will expand the limited literature and provide additional insights on the dynamic behaviors of CSP
plants with TCES integration. The results obtained may be used for the large deployment of the
TCES technology in CSP plants.

The rest of the paper is organized as follows. Section 2 introduces the methodology used for
this study, including the proposed TCES integration concepts, the mathematic model for individual
component, the operation mode, the control and the initialization parameters. Section 3 presents
and compares the dynamic simulation results for the CSP with different TCES integration concepts
under the continuous production mode. Section 4 reports a feasibility study on the peak production

mode with the Turbine integration concept. Finally, main findings are summarized in section 5.

2. Methodology

In this section, the three TCES integration concepts previously proposed are briefly
introduced. Then the dynamic model for each individual component used in the simulation is
presented. The production scenarios, the control strategy, the simulation parameters and the

initialization used for this study are also explained.

2.1. Proposed TCES integration concepts in a CSP plant

The reference 100 MW, CSP plant based on the Solar Power Tower (SPT) technology is

schematically shown in Fig. 1. The solar tower group is mainly composed of the tower and the

central solar receiver installed at the top. The power cycle in this study is a conventional

recenerative Rankine cvcle including a steam generator. a turbine. a condenser. an open feedwater

heater and pumps. The TES group is not included in this reference SPT plant.
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Figure |. Schematic view of the reference SPT plant without TES. Adapted from [Pelay, 2019]

Different TCES integration concepts have been proposed for a-this conceptual SelarPewver
i d4sSPT plant using CaO/Ca(OH).

i - . The
charging stage uses solar energy for the decomposition of Ca(OH): into CaO and the svater

M) g £

as the reaction couple

J J

svaporsteam while the discharging stage gets the CaO and the water~apersteam into contact for
heat release by the exothermic reaction, as shown by the reaction formula in Eq. (1). For a reaction

temperature at 500 °C, the equilibrium pressure equals to 0.1 MPa (1 bar).

Ca(OH)z(S) + AhR d CaO(S) + HZO(g) (1)

The amount of produced water is preferably to be stored in the liquid form rather than in

the gaseeus—steam form during the period between the charging and discharging, so as to largely

reduce the required volume of the storage unit. The proposed TCES integration concepts then
distinguish themselves by the management of the water—~apersteam from the TCES reactor for
energy-efficient coupling between the TCES unit and the Rankine cycle, briefly described as follows.

e Thermal integration ( Thermal Int. ): during the charging stage, watervapezsteam (500 °C,
1 bar) released from the TCES reactor is partially condensed in a heat exchanger to
preheat the working fluid of the Rankine cycle, then completely condensed by a
condenser and stored as the saturated liquid (100 °C, 1 bar) in a separate water reservoir.
During the discharging stage, steam extracted from the turbine of the power cycle is used
to vaporize the stored liquid water to the saturated vapor (100 °C, 1 bar), which will then
enter into the TCES reactor for exothermic reaction. The Rankine cycle and the TCES

circuit are thermally coupled with each other but without direct mass contact or exchange

(as shown in Fig3-ef{Pelay2019]ig. 2a).

e Mass integration (Mass Int.): the high temperature water~vapersteam generated in the
TCES reactor during the charging stage is stored as the saturated water (41 °C, 0.008
MPa) in a water reservoir shared with the Rankine cycle. During the discharging stage, the
stored liquid water is firstly pressurized by a pump and then evaporated into saturated
vapor (100 °C, 0.1 MPa) by high temperature extracted steam from the Turbine. For this

concept, the Rankine power cycle and the TCES circuit are coupled and share the same

working fluid with mass exchange (as shown in Fig. 2b-¥ie4-ef{Pelay26191).
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162 e Turbine integration (Turbine Int.):_during the charging stage, high temperature water
163 svapersteam (500 °C, 1 bar) from the TCES reactor passes through an additional turbine
164 to valorize a part of its thermal energy as power production. The condensed water
165 (41.5 °C, 0.1 MPa) is stored in a separate water reservoir. The discharging stage is the
166 same as that of the Thermal Int. The principal Rankine circuit and the TCES circuit are
167 completely independent of each other during the charging stage (no heat or mass
168 exchange) and thermally coupled during the discharging stage (as shown in Fig. 2cFig:

169 5-of [Pelay-2019).
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Figure 2. Schematic view of the SPT plant with TCES integration. (a) Thermal Int. concept; (b) Mass Int.

concept; (¢) Turbine Int. concept. Adapted from [Pelay, 2019]

Detailed description of the three proposed Int. concepts as well as their performance

modelling based on static energy and exergy analyses can be found in our earlier work [Pelay, 2019].



Table |. Component model of the CSP plant with TCES integration used for the dynamic modeling

Component (Name)

Library/Reference

Modeling assumptions

Features

Steam turbine
(SteamTurbine)

ThermoCycle [Quoilin, 2017]

- No thermal inertia
- Constant Isentropic efficiency

- Simple and robust

- The Stodola’s law with partial arc admission permets the
modeling of a gas expansion without sizing the turbine [Altés
Buch, 2014]

Open water tank
(OpenTank)

ThermoCycle [Quoilin, 2017]

A heat exchange port with the outside
is added to model the heat loss

- Dynamic energy and mass conservation model
- Constant outside pressure
- Inlet/outlet fluid at liquid state

- Simple and robust
- Constant pressure inside the tank

Closed water tank

ThermoCycle [Quoilin, 2017]

- Dynamic energy and mass conservation model

- A closed tank with a variable pressure inside

(Tank_PL) - Constant outside pressure - Inlet fluid can be a mixture of liquid and vapor
- Saturated outlet fluid
- No heat exchange with the outside
Pump ThermoCycle [Quoilin, 2017] - Non-dynamic model - Simple and robust
(Pump) - No heat loss - Variable rotation speed
- No thermal inertia
- Constant isentropic and mechanic efficiencies
- Inlet/outlet fluid at liquid state
Comepressor ThermoCycle [Quoilin, 2017] - Non-dynamic model
(Compressor) - No heat loss

- No thermal inertia
- Constant isentropic and mechanic efficiencies
- Inlet fluid at gaseous state

Throttle valve
(Valve)

ThermoCycle [Quoilin, 2017]

- Non-dynamic model

- No heat loss

- Incompressible fluid

- Quadratic pressure loss for turbulent flow

- Non-linear equations generated by quadratic friction
coefficient

Linear valve
(LinearValve)

Modelica [Altés Buch, 2014]

- Non-dynamic model
- No heat loss

- Incompressible fluid

- Linear pressure drop

- Simple and robust
- A no-return option for fluid

Three way valve
(Three-way valve)

Modelica Buildings library [MBL, 2018]

- Non-dynamic model
- No heat loss
- Linear pressure drop

- Relatively simple control
- Presence of a dead volume preventing sudden pressure
variations

TCES reactor In-house - Uniform temperature in the composite - Sensitive to pressure variations
(Reactor) - Uniform temperature in the wall - Complicated to simulate several reactor in parallel
Appendix Al - Uniform temperature in the fluid
- Entering vapor is instantly at composite temperature
Solar receiver In-house - No heat loss - Constant convective heat transfer coefficient
(Solar_Rec) - No thermal inertia - Dynamic model
Appendix A2 - Gaseous entering fluid

- Uniform temperature in the solar receiver




Component (Name)

Library/Reference

Modeling assumptions

Features

Condenser

[Altés Buch, 2014]

- Constant temperature of cooling fluid

- Variable heat transfer coefficient

(CrossCondenser) - Fluid to be cooled is treated as a mixture of liquid and vapor - Discretized model on cold side
- No sub-cooling at the outlet of condenser - Possibility to be coupled with a tank at the exit of the hot side
- No heat loss - Very sensitive to pressure variations
- No inertia
- No liquid stored in the condenser
Condenser ThermoCycle [Quoilin, 2017] - Dynamic model - Very robust when coupled with a PID system

(Tank_Condenser)

Based on the Tank model, heat transfer
between hot and cold fluids is added in
the conservation energy equation

- Wall temperature equals to the hot fluid temperature
- Uniform temperature of hot fluid

- Fixed outlet temperature of cold fluid

- No sub-cooling

- Compressible hot fluid

- No heat loss

- Overestimated heat transfer surface area

- Condenser with an integrated tank

Evaporator
(Simplified_Evaporator)

In-house

Appendix A3

- Incompressible fluid
- No heat loss
- Fixed hot fluid outlet temperature

- Extremely robust
- Very fast simulations

Evaporator
(Tank_Boiler)

ThermoCycle [Quoilin, 2017]

Based on the Tank model, heat transfer
between hot and cold fluids is added in
the conservation energy equation

- Dynamic model

- Wall temperature equals to the cold fluid temperature
- Uniform temperature of cold fluid

- Fixed outlet pinch temperature

- No over-heating

- Compressible cold fluid

- No heat loss

- Overestimated heat transfer surface area

- Extremely robust

Heat exchanger
(Simplified_Heat_Exchanger)

In-house

Appendix A4

- Incompressible fluid
- No heat loss
- Fixed pinch temperature

- Extremely robust
- Very fast simulations

Heat exchanger
(HxIDlInc)

ThermoCycle [Quoilin, 2017]

- Dynamic model

- Uniform velocity on the cross section
- Incompressible cold fluid

- Negligible longitudinal heat transfer

- No heat loss

- Precise discretized model
- Very sensitive to pressure variations
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2.2. Mathematic model for individual component

Object-oriented Modelica modeling language is used for this study, enabling the description
of transient behaviors by models based on differential, algebraic and discrete equations. The
conservative equations of heat and mass transfer are firstly formulated for each component of the
CSP plant. These mathematic models are then coupled together to represent the whole CSP plant
with TCES integration. The resulting system of equations is solved at each time step by the DASSL
(Differential Algebraic System Solver) integration algorithm of Dymola solver [Dassault, 2011].
Special attention is given to the initialization of simulations for such a complex system with

algebraic loops.

Too complex model for each individual component is difficult to be solved and coupled
together while a simpler model ignoring too many details may not be enough precise. A compromise
has thus to be reached between the accuracy and the complexity. Moreover, a global view of the
CPS plant to be simulated is also indispensable so as to identify the limiting factors (i.e. components

having the highest thermal inertia) for reasonable simplifications on les impacting components.

For most of the components, existing models in the Dymola library or in the literature are
adopted, with some necessary modifications. For the key components of the plant (e.g., solar
receiver, TCES reactor), their models are developed in house based on the proposed design and sizing.
Table 1 recapitulates the mathematical model used for every component, together with the modeling

assumptions of each. Note that for turbomachines (turbines, pumps and compressor). constant

coefficients (isentropic and volumetric efficiencies) were used. without taking into account the

partial load operation curves. Other components were sized for a nominal case covering all the

partial load scenarios and/or integrating variable coefficients. Detailed descriptions of the in-house

developed models can be found in Appendix A of this paper.

2.3. Operational mode

Two clear sunny days (one in summer and another in winter) have been selected at eastern
Pyrenees (42.497TN, 1.959E) where the Themis power plant is located [ Larrouturou, 2014 |-hasebeen
seleeted. The average Direct Normal Irradiance (DNI) curves [PVGILS| during the day are shown on

Fig. +3. For the summer day. the sunrise occurs at 5h07 and sunset at 18h37 whereas for the winter

day, the sunrise occurs at Th52 and sunset at 15h52. The solar power Py (W-m-2) based on the DNI

data is described by Eqs. (2-3) and will be used as inputs for each time step ¢ (s) of the dynamic

simulations. Note that the short DNI variation due to clouds has not been taken into account.

For a typical summer day:

if t(s) <18420; 0
_ Jif 18420 < t (s) < 67020 ; —4.985809 X 1072* X t° + 1.264474 x 10718 x t° — 1.309668 x 10713 x t* 9
sol = +7.086230 X 107° x t3 — 2.116637 X 107 X t2 + 3.328676 x t — 2.10949 X 10* (2)
if t(s)>67020; 0

For a typical winter day:
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P = if 28320 < t (s) < 56220; —2.86954539 x 10715 X t* + 497529124 x 10710 x 3 — 3.28214478 X 1075 X t? (3)
sol —

+9.75426171 x 107* x t — 1,05104646 x 10*

{ if t(s) <28320; 0
if t(s)>57096; 0
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Figure 43. Average DNI for a typical summer and a winter day at eastern Pyrenees (42.497N, 1.959E) [PVGIS]

The basic production mode is firstly studied for three Int. concepts. The CSP plant is
expected to produce electricity continuously at a constant power output over the longest possible
period of time with the help of the TCES unit. Nevertheless, the continuous dynamic simulation of
the CSP plant for a whole day is difficult at this stage, due to the complicated initialization and
calculation instability. As a result, dynamic simulations have been performed for three separate

phases of the operational mode, as shown in Fig. 2-4 and explained in detail as follows.

e Phase I: plant starting. At the beginning of a day, the solar power (Pyy) is not enough to

run the Rankine power cycle at its nominal output (PRrantine). This amount of solar energy
is used only for the TCES unit, i.e., to preheat the TCES reactor and to initiate the

endothermic reaction when the equilibrium reaction temperature (500 °C) is reached.

e Phase 2: nominal production. Once the solar power meets the need to run the Rankine

power cycle (P> PRrantine), the nominal production of the CSP plant (phase 2) starts. The

TCES system is charged simultaneously by excessive amount of solar energy for later use.

e  Phase 3: prolonged production. At the end of the day when the decreased solar power

becomes insufficient to run the Rankine power cycle at its nominal output (P <PRankine),
the TCES reactor begins to discharge to compensate the deficiency. The production of
CSP plant is prolonged owing to the stored solar energy in phases 1 and 2, until the TCES
reactor temperature (T'r) falls below a threshold value fixed by users-{e-25485°C}. The

cut-off temperature of the TCES reactor at the end of phase 3 is determined to equal to

485 °C, permitting still the overheated steam of the principal Rankine cvcle at the outlet

of the evaporator rising to 480 °C. The heat loss of the TCES reactor overnight is

estimated to be negligible supposing that the TCES reactor is well-insulated.

10
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At the end of each phase, all the system’s variables (e.g., reactor temperature, reeeptorsolar
receiver temperature, pressure in all points, chemical reaction progress) are recorded and transferred
to initiate the next phase. Moreover, phase 2 is delayed from the end of phase 1 because discretized
components used in the Rankine cycle are unstable to simulate at zero flowrate. Other simulations
of the Rankine cycle and more precisely of the evaporator showed that the Rankine cycle needs 15

minute to reach its nominal operation point.

2.4. Control strategy

The proper operation of the CSP plant with TCES integration requires an adapted control
strategy to perform multiple controls of the installation. The widely-used PI or PID controllers have
been used owing to their robustness and high controlling efficiency. To determine the PID
parameters, the manual setup was used whenever possible for simple systems. Otherwise, the

Ziegler-Nichols reaction curve method was adopted [Das, 2014]. The controllers used in this study

are recapitulated in Table Bl-ef AppendixB2.

Table 2. List of all PID controllers

Phase Target Controlled element Controller Varied parameter
type
1,2 HTF’s temperature at the outlet =~ Compressor rotation speed Pl Variation of the HTF flowrate
of the solar receiver
2 Vapor temperature at the outlet ~ Three way valve Pl Variation of the HTF flowrate passing
of the evaporator opening/closing through the evaporator
3 Vapor temperature at the outlet Compressor rotation speed PI Variation of the HTF flowrate passing
of the evaporator through the evaporator
23 Pressure at the inlet of the Turbine’s partial arc variation PI Variation of the fluid pressure drop in
turbine (Rankine cycle) the turbine
1,2, Pressure of the hot fluid in the Flow-rate of cooling fluid Pl Variation of the cooling fluid flow-rate
3 condenser passing through the condenser
3 Pressure of the steam entering Withdrawal valve for the PID Variation of the withdrawal flow-rate
into the TCES extraction from the turbine between high pressure and low
pressure
2.3 Tank’s water level Pump’s rotation speed PI Variation of the water flow-rate
outgoing from the tank
2.3 Fluid temperature at the outlet Withdrawal valve for the PI Variation of the withdrawal flow-rate
of the open feedwater heater extraction from the turbine between high pressure and low
pressure

2.5. Sizing and simulation parameters

11
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The solar field (heliostats) has been sized so that the TCES reactor can be almost completely
charged (X=0.05) at the end the charging stage (phase 2) for a summer day. Note that the cosine

loss was not considered during the sizing, which may results in an underestimation of the required
solar field areas [Peng, 2013]. The solar field surface areas for different TCES integration concepts

are listed in Table 23. Details for the modeling of the solar receiver are provided in Appendix A2 of
this paper.

Table 23. Sizing of the solar field for different TCES integration concepts

Thermal Int. Mass Int. Turbine Int.
Solar field area (m?) 1 033 000 | 065 500 908 000

The nomenclature. the Pparameter values and variables fixed by the user and controlled by

the PID controllers for the dynamic simulation can be found in Tables B2-B5-ef Appendi=B4-7.

Note that the power parasitic consumption is taken into account in the TCES reactor (stoichiometric

reaction coefficient) and in the pumps. the turbines and the compressor (isentropic and volumetric

efficiency). For other components, no power parasitic consumption is considered.

Table 4. Parameter values for different components of the system

Thermal Turbine
Parameters Mass Int.
Int. Int.

Type of fluid Air Air Air
Solar Receiver
Masse (kg) 10000 10000 10000
External surface area (m?) 1503 1534 1396

Internal surface area (m? 18000 18000 18000
Heat transfer coefficient (W K' m?) 150 150 150

Compressor

o

.8

(%2l
[oo)
(%2l

Isentropic efficiency .85
Volumetric efficiency

Masse of CaO (kg)
Length/width of CaO plate (m)

1
1.10x10’

6/1

Thickness of CaO plate (mm) 30
Thickness of diffuser plate (mm) 5
Thickness of wall plate (mm) 2

495

104000

TCES Reactor

.16x107 1.11x107
[ [

]
o

O N U1

BN
(%2}
BN

Initial temperature (°C)
Reaction enthalpy (] ‘mol)
Heat capacity ENG (] K" kg'') 700
Density ENG (kg m™) 2250
Rate of salt (%) 20

Kinetic reaction coefficient 5x
Stoichiometric reaction coefficient 1
Convective heat transfer coefficient between wall and reactive

salts (W K''m?) -

(=)
s
(=3
(=3
o
(=)
s
(=3
(=3
o

N
BB
> T lole

N
BB

o IO

o
[
(%l
X
o
[
(%
X

N
(=
o
N
(=3
o
N
(=3
o

Turbine 2

Isentropic efficiency
Volumetric efficiency

o
o
(Val
o
=]
(Ol
o
o
(Ol

Isentropic efficiency
Volumetric efficiency
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Thermal Turbine
Mass Int.
Int. Int.

Parameters

Turbine | High Pressure
part
Isentropic efficiency .85
Volumetric efficiency 1

o
00
(Ol
o
00
(Ol

Turbine | Low pressure
part
Isentropic efficiency 0.85
Volumetric efficiency 1

o
ool
(%2l
o
ool
(%2l

Evaporator
HTF outlet temperature (°C) 250

Volume (m?) 100
Cold fluid exit temperature (°C)

30
Incondensable partial pressure (bar’ 0
10
0

N
()
o
N
()
o

Condenser

=)
1S3
=)
1S3

Evaporator bleeding
Pinch point (°C)
Incondensable partial pressure (bar]

Volume (m?)
Pinch point (°C)

ol © |g‘
olg 1© |g‘

=
s
s

Heat exchanger |

=
=
.

310
311

312 Table 5. Variables fixed by user - Phase |
313

Parameters Thermal Int. Mass Int.  Turbine Int.

HTF

HTF pressure (bar) 15 15 15

Solar receiver
HTF exit temperature (°C) 00 600 600

TCES reactor o o
1 1

Steam exit pressure (bar)

Turbine 2
Turbine exit pressure (bar) - - 0.08

314

315

316 Table 6. Variables fixed by user - Phase 2
317

Parameters Thermal Int. Mass Int.  Turbine Int.

HTF

HTF pressure (bar) 15 15

Solar Receiver

o~
(=
o

15
HTF outlet temperature (°C) 600 600
TCES Reactor
1

Steam outlet pressure (bar) 1
Turbine 2

Turbine outlet pressure (bar) - -

o
(=]
00

Pumps
Evaporator inlet pressure (bar)

00
o
8
00
o

Open feedwater heater

Pressure (bar)
Temperature (°C)

o~ Io
o

Turbine | High Pressure part
Inlet pressure (bar)
Outlet pressure (bar)

Turbine | Low Pressure part

Inlet pressure (bar)
Outlet pressure (bar)

(=]
%m ©B B
(=]
%m ©B B

o

p 00

o 100 loo o ‘
’oo |

Evaporator
Rankine fluid exit temperature (°C)

i
{or]
S
i
{or]
S
»
0
o

Condenser

Vapor pressure (bar)
Liquid level

o
(=]
[¢+]
o
(=]
[¢+]
o
(=]
[¢+]

o
o~
o
o~
o
o~

318

319

320 Table 7. Variables fixed by user - Phase 3
321
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Parameters Thermal Int. Mass Int.  Turbine Int.

HTF
HTF pressure (bar) 15 15 15
TCES Reactor
Steam inlet pressure (bar) 1 1 1
Steam state Saturated Saturated Saturated
Pumps
Evaporator enter pressure (bar) 80 80 80

Open feedwater heater
Pressure (bar)
Temperature (°C)

Inlet pressure (bar)
Outlet pressure (bar)

Inlet pressure (bar)
Outlet pressure (bar)

Turbine | High Pressure Part

B B
B B
é\oo

8 |
o

Turbine | Low Pressure Part

o
o 100 |00

[e2)

©
o 100 oo
00
o
o 100 |00
{e0)

Evaporator

o
N
(0]
o
N
(0]
o

Rankine fluid outlet temperature (°C) 480

Condenser

o
(=]
[¢5]
o
(=]
[¢5]
o
(=]
[¢+]

Vapor pressure (bar)

Liquid level
Incondensable partial pressure (bar

Heat exchanger 2

o
\o\o“
O |-
| \o‘b\‘
(=)
| \o‘o\‘

Inside pressure (bar)
Liquid level

o
o
©
o
o
o

322
323
324 3. Results and discussion for the basic production scenario
325

326 This section shows main results of the dynamic simulation for summer and winter days.

327 Recall that the solar field and relevant components have been sized to offer an optimal operation

328 for a typical summer day and for the basic continuous production scenario.

329

330

331  3.1. Charging/discharging duration

332

333 From Fig. 3-5 one may observe that there is a slight difference on the charging/discharging

334 durations for different Int. concepts. Indeed, due to their conceptions, all the systems do not need
335  thesame minimal amount of energy to operate. For example, the Turbine Int. concept would benefit
336 an earlier start and delayed stop, thereby rendering a relatively longer charging and a shorter
337 discharging in summer. In winter, these durations are significantly lower than those of summer for
338  all the Int. concepts studied. The CSP plant does not have the necessary solar power to decompose
339  all the TCES materials: the TCES reactor is largely oversized for a typical "winter" day.

340

18
16 L B Charging summer @ Discharging summer
14 OCharging winter @ Discharging winter
~ 12 | ks 3 [
<
Rl
g o8t
=
a 6 F
4 -
. LU [ i
0 0 521 M SR L i
341 Thermal Int. Mass Int. Turbine Int.
|342 Figure 35. Charging/discharging durations for different integration concepts
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3.2. Electricity consumption/production

In order to make an easier comparison between the three integration concepts, the ratios of
the electricity consumption (whole plant or Rankine cycle) to the electricity production have
beenare represented on Fig. 46.

0.16
0.14

0 Global summer B Rankine summer
O Global winter O Rankine winter
0.12

0.10
0.08
0.06
0.04

0.02 l_l I_] H

Thermal Int. Mass Int. Turbine Int.

Figure 46. Ratio of electricity consumption to production for the CSP plant with different TCES integration
COncePtS (MW-heI consumed/MW-heI produced)

Ratio of electricity consumption
to production

The electricity energy is mainly used to run the compressor for the HTF (pressurized air) in
the solar circuit and the pumps in the Rankine cycle. In summer, the Rankine cycle electricity
consumption is just about one tens of the overall electricity consumption. And in winter, the
proportion is one third. It can be noticed from Fig. 4-6 that the electricity consumption for the
Rankine cycle is approximately the same for all the integration concepts (about 0.01
MW .heonsumed/ MW . hproducea for both summer and winter). This is because the electricity consumption
for running the pumps mainly depends on the mass flow-rate of the Rankine cycle’s HTF, which is
almost identical for all the integration concepts because of the same nominal production power of

100 MW..

The global electricity consumption of the CSP plant is about 12% of the total electricity
production for a typical summer day whereas for a typical winter day, the proportion is about 3%.
No big difference between the three Int. concepts hasbeenis observed. Meanwhile, the noticeable
difference in global consumption between summer and winter is mainly due to the different mass
flow-rate of HTF (pressurized air) in the solar circuit. Higher amount of solar energy available in
summer needs to be transported by the HTF, resulting in higher electricity consumption in the air

compressor.

Several methods may be employed to decrease the electricity consumption of the compressor
(thus the global electricity consumption). A simple way is to raise the upper temperature limit of
the HTF (700 °C in the current study) so as to reduce the required HTF mass flow-rate. However,
the equipment used for the solar circuit should resist to higher temperature in this case. Another

way is to use a liquid HTF having a higher heat capacity (e.g., molten salts, synthetic oils) instead
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409

of the pressurized air. But it will bring new problems such as the solidification of molten salts and

the higher environmental impacts [Batuecas, 2017].

3.3. Water consumption

The water consumption refers to the quantity of cooling water for the condensers of the CSP
plant, one for the Rankine cycle and another for the TCES unit. Note that the cooling water inlet
temperature is 15 °C and the outlet temperature is fixed at 30 °C (maximum allowable temperature
in France) [Khalanski, 1996; MTES, 1998]. Figure 5-7 shows the water consumption (kton) per
MW .h. produced for different Int. concepts of the CSP plant.

For a typical summer day, the Turbine Int. concept has the lowest water consumption (0.12
kton/MW.h.) because of its highest turbine bleeding at the nominal power that decreases the water
consumption for the condenser of the Rankine cycle. However, for a typical winter day, its water
consumption is the highest (0.17 kton/MW.h.) compared to the Thermal Int concept (0.14
kton/MW.h.) or the Mass Int. concept (0.12 kton/MW.h.). In winter, the ekarge-charging of the
TCES reactor is more important for the Turbine Int. concept, which induces a higher water
consumption. CSP plants are usually installed in desert/remote areas close to the equator (e.g., USA,
Morocco, Spain, MENA |[Pelay, 2017a; b]) with summer climate in principle. The Turbine Int.

concept seems to be more beneficial regarding its lower water consumption during summer.

0.18
~ 0.16 | O Summer O Winter

0.14 =
0.12
0.10
0.08
0.06
0.04
0.02
0.00

Water consumtion (kton/MW.h,

Thermal Int. Mass Int. Turbine Int.

Figure 57. Water consumption (kton/MW.h) of the CSP plant with different TCES integration

concepts

3.4. Energy efficiency

The Rankine efficiency (Nrankine) is defined as the efficiency of the Rankine cycle without
considering the solar circuit whereas the global efficiency (1gopq;) represents the efficiency of the

whole CSP plant. They are calculated following the Eqs. (4) and (5).

Nrankine = (Wrc = Wpc).-He + (Wrp = Wpp). Hp
frankine (Q@s¢ + Qr)-Hc

(4)
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_ (Wre —Wp e —Wepe)-He + (Wrp —Wpp —Wepp). Hp ()
T6iobal (@sc + Qr)-He

with: W7, the energy produced by the turbines (W)
Wp, the energy consumed by the pumps (W)
Qsc, the energy consumed by the Rankine cycle’s steam generator (W)
Qr, the energy consumed by the thermochemical reactor (W)
Wep, the energy consumed by the compressor (W)
H, the duration (h)
The indices C and D indicate the charging and the discharging stage, respectively.

Table 3-8 lists the simulated values of global and Rankine energy efficiencies for different
Int. concepts during typical summer and winter days. It can be easily observed that the Turbine
Int. concept has the highest global energy efficiency: 31.39% for summer and 31.96% for winter,
respectively. The option of using a second turbine to valorize the waste heat of high temperature
vapor-steam from the TCES reactor makes it attractive. Despite that the solar field is designed for
summer operation, the winter’s global efficiency is higher than that of summer for all the Int.
concepts. In fact, the heat storage in the TCES reactor has two parts: thermochemical reaction heat
and the sensible heat of the reactive salts and the reactor body. The TES by thermochemical
reaction is generally less efficient than the sensible storage due to the heat loss of the superheated

vaporsteam extracted from the TCES reactor during its condensation. For a typical winter day, the

TCES reactor is only partially charged: approximately 20% of the Ca(OH): has been decomposed
whereas it is about 80% for summer. This makes the contribution of the “sensible part” more
important for the total TES, leading to the higher global energy efficiency of the CSP plant. Note
that the reference case (without TES) has a significantly lower global energy efficiency of 21.50%.
Indeed, an important amount of solar radiation received by the central solar receiver cannot be

converted into heat and is thus lost.

Table 38. Simulation results on energy efficiency of the CSP plant for typical summer and winter days (basic
production mode)

Thermal Int. Mass Int. Turbine Int.
Reference case

Summer  Winter | Summer Winter | Summer Winter

Global efficiency (%) 21.50 28.15 30.83 27.81 30.80 31.39 31.96
Rankine efficiency (%) 21.51 31.54 31.45 31.55 31.47 34.74 33.05
Rankine efficiency (%) static study [Pelay, 2019] 42.6 30.80 30.00 33.88

Generally speaking, the Rankine efficiency is slightly higher than the global efficiency by
neglecting the losses in the solar circuit. The values of Rankine efficiency obtained by the dynamic
study are close to those obtained in the static study [Pelay, 2019] for all the three Int. concepts (less
than 1% difference). However, the Rankine efficiency of the reference case has halved from 42.6%
to 21.51%. This is because during the static study, the amount of solar energy was considered as
constant all along the day. While in this dynamic study, it is varied all the time. This variability

induces a large amount of lost energy.
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4. Peak production mode

In this section, the dynamic simulation results for a peak production mode are reported.
Contrary to the basic continuous production scenario, the peak production mode aims at a massive
electricity production within one or several short periods of time when the electricity selling price is
the highest on the spot market [Tapacheés, 2019]. It is thus interesting to compare the same TCES
Int. concept for two different modes of production. The Turbine Int. concept has been selected for
this purpose because it enables the waste heat recovery of overheated vapors via the second turbine

when the principal Rankine cycle is not working.

The operation mode is shown in Fig. 68. During phase 1, the Rankine cycle is at the stop
state without electricity production. The TCES reactor is charged and a part of the waste heat of
the superheated wapersteam is valorized as electricity production via the second turbine in the
TCES circuit. During phase 2 (peak hour but insufficient sunshine), the stored heat will be all
discharged to run the Rankine cycle at about 1000 MW, (10 times of the nominal power), in order

to realize a peak power production within about 1 hour.

— Solar Power TCES Charging Phase 2
I Production by Production by ine

the second TCES discharging
turbine during

. Phase 1
charging

Solar power (P,,,)

Time
Figure 68. Schematic view of the operational mode for the peak production mode

Table 4-9 summarizes all the mains simulation results for a typical summer day under peak
and basic production modes. The charging duration of 12.7 hours corresponds to the total sunshine
duration (Fig. 8). The discharging duration (1.1 hour) is determined by the size of the TCES reactor
which is the same as that for the basic production mode. The second turbine of the TCES circuit
produces 550 MW .h. during the charging (Phase 1) while the Rankine cycle generates 1002 MW .h
during the peak hour.

Table 49. Dynamic simulations results of Turbine Int. concept for a typical summer day in basic and peak
production modes

Basic mode Peak mode
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Efficiency

Global efficiency (%) 28.15 17.89
Rankine efficiency (%) 31.54 27.96
Storage

Charge duration (h) 12.3 12.7
Discharge duration (h) 13.06 1.1
Energy produced/ consumed

Global energy produced (MW.h) 2601 1552
Global energy consumed (MW.h) 304 567
Rankine energy consumed (MW.h) 27 12
Water consumption

Global water consumption (kton) 333 219

The Rankine cycle electricity consumption (12 MW.h.) only represents a small proportion
(2%) of the high global electricity consumption (567 MW.h.). The latter (0.37 MW.hg,
consumed/ MW . hel, produced) is mearly—four times higher than that of the basic production mode (0.09
MW .het, consumed/ MW . hel, produced). This is because the mass flow-rate of HTF has increased by a factor
of 10 (16000 kgs'! instead of 1500 kg-s!), resulting in much higher pressure loss in the central solar
receiver thus higher electricity consumption of the compressor. The water consumption is also more
important for the peak production mode (0.14 kton/MW.he, producea) compared to that for the basic
production mode (0.12 kton/MW.he1, produced)-

The Rankine and global energy efficiency is respectively 17.89% and 27.96%, both lower
than those for the basic production mode. Regarding the energy efficiency and environmental
impacts, the peak production mode seams less interesting than the basic mode. A techno-economic
study considering the variation of the selling electricity price on the spot market is necessary to

better evaluate its potential.

5. Conclusion and prospects

In this study, the dynamic simulation of a CSP plant with TCES system integration have
been performed. The Dymola environment has been used with component models existing in the
library or developed in-house. Both the basic continuous production mode and the peak production
mode have been investigated. Based on the results obtained, main conclusions can be summarized

as follows.
e TESintegration is needed to increase the output of a CSP plant. Among the three TCES Int.
concepts proposed, the Turbine Int. concept has the best global efficiency (31.39% for

summer; 31.96% for winter).

e The TCES unit and solar field sized for a typical summer day will be largely oversized when

used for a typical winter day.
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e The global electricity consumption of the CSP plant with TCES integration is about 12% of
the total electricity production for a typical summer day and about 3% for a typical winter

day.

e The water consumption of the CSP plant with TCES integration is about 0.12 kton/MW .h.
for a typical summer day. For a typical winter day, the water consumption of the Turbine
Int. concept is the highest (0.17 kton/MW.ha) compared to the Thermal Int concept (0.14
kton/MW.h.) or the Mass Int. concept (0.12 kton/MW.h.).

e The peak production mode is achievable by using the Turbine Int. concept. An increased
nominal power by a factor of 10 could be reached by discharging the stored heat within one
hour. However, a lower global efficiency (17.89%) is rendered due to the higher electricity

consumption of the air compressor in the solar circuit. H—will-then be-interestingto-earry

One limitation of the current study is that the simulations are based on two perfect summer
and winter davs while the effect of cloud passages has not been considered vet. Nevertheless, the

simulations showed that the large thermal inertia of the TCES unit, owing to the great quantity of

stainless steel (~1.2X107 kg) and reactive salts (~1.1X107 kg) involved. can allow a quick

charging/discharging switch and maintain a constant output of the Rankine power cycle. A future

work using real DNI curves surveved for some typical cloudy days will provide more details on
influence of the short DNI variation.

Another simplification made is that the DNI value has not been corrected with the cosine

loss, which could have a non-negligible impact on the simulation results: about 5% in summer and
30% in winter based on the estimation of Peng et al., [2013]. Taking into account the cosine loss

would increase the size of solar field (designed for a perfect summer dayv) and thereby decrease the

electricity production of the winter day. This matter of concern should be addressed in the future

studies.

It should be noted that this study has focused on the energy modeling and dynamic
simulation of the CSP plant. under the basic and peak operation modes. The improvement of the

models used for the simulations and their parameter remains an important objective. A real power
parasitic consumption of the turbomachines (turbines. pumps and compressor) would be obtained

with variables isentropic efficiencies. Futures experiments will also enable the use of a real

stoichiometric reaction coefficient for the thermochemical reactor. Furthermore. a techno-economic

assessment is also suggested in the future study to further understand the usability and the cost-

effectiveness of the proposed TCES integration concepts. Recent advances on the techno-economic
issue can be found in Refs [Salas, 2018: Tapaches: 2019].
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560  Appendix A. Detailed description of the in-house developed models
561

562

563

564

565 Nomenclature

566

567  Latin letters

568 H charging or discharging time, h
569 P power, W

570 Q heat exchange rate, W

571 w work exchange rate, W

572 T temperature, K

573 t time, s

574 X reaction progress, (-)

575

576  Greek symbols

577 1 energy efficiency

578  Ahg specific reaction heat, kJ.kg!
579

580  Subscripts

581 C charging stage

582 CP compressor

583 D discharging stage

584 el electricity

585  Global Whole system

586 P pump

587 R reactor

588  Rankine Rankine circuit

589  SG steam generator

590  sol solar

591 T turbine

592

593
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Appendix A. Detailed description of the in-house developed models
Al. Modeling of the TCES reactor

The TCES reactor is the most crucial element of the whole system, having the largest
thermal inertia. It is designed based on the concept of a plate heat exchanger-reactor as shown in
Fig. Al. There are four main parts that constitute the TCES reactor: (i) the mixture of salts
(Ca(OH)2/Ca0) and the expanded natural graphite (ENG) as the reactive/storage material; (ii) the
HTF channels; (3) the metal wall separating the reactive salts and the HTF; and (iv) the dead
volume comprising the composite porosities, the diffuser and the envelop. Figure A2 shows the
schematic of the TCES reactor created in the Dymola environment. The modeling of heat and mass

transfers in this TCES reactor is presented as follows.

hrein () Choreing HTF out rin (°) Discharging HTF out
(hot) (cold) (cold) (hot)
o Heat = == | HTF Heat —)
Wall l Wall I
Salts + ENG Overheated S Saturated

Steam Steam
Diffuser h ‘ Diffuser % -

— - - -
Envelop Envelop

Figure Al. Schematic view of the plat-type TCES reactor. (a) charging; (b) discharging

Salts+ENG

Figure A2. Schematic diagram of the TCES reactor created in the Dymola environment

e The reactive bloc
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The reactive bloc is composed of the composite (salts and ENG) and the dead volume. Heat
transfer occurs between the composite, the dead volume and the wall whereas mass transfer occurs
between the composite and the dead volume. A nodal model was used for the modeling of the
reactive bloc. The heat conduction between the reactive salts and the dead volume is neglected by
assuming the identical temperature. The heat absorbed or released by the reactive salts is transferred
to the wall by heat conduction and convection. During the synthesis, a certain amount of heat
(named as Qgeps) released by the reaction is used to raise the steam temperature entering in the
TCES reactor up to the equilibrium temperature. The thermal balance of reactive bloc may be
written as Eqs. (Al) and (A2).

chomp dnHz 0

Mcomp- Cpcomp-T = HW/comp-SW/comp- (TW - Tcomp) - Athomp- dt + Qsens (Al)

Qsens = mHZO- (hRext - hRint) (A2)

with M4y, the composite mass (kg)
Cpeomp, the specific heat of the composite (J.kg!1. K1)
Tomp, the temperature of the composite (K)
Tw, the wall temperature (K)
Hwicomp, the heat transfer coefficient between the wall and the composite (W.m-2.K-1)
Swicomp, the contact surface area between the wall and the composite (m?)
Athomp, the molar reaction heat of the Ca(OH)2/CaO couple (104 kJ-mol-')
nm20, the mole number of H20 reacted with the CaO salt (mol)
My, 0. the vapor mass flow-rate (kg.s!)
hg,..» hg,,, the enthalpy of the vapor at the interior and outsite of the TCES reactor,
respectively (J.kg!)

The vapor mass flow-rate (fy,) entering/exiting the TCES reactor is directly dependent
on the reaction rate, calculated by Eqs. (A3) and (A4).

dnH 1)
My,0 = My, 0. dtz

dnHzO ax (A4)
T == VR-nsazt-E

with My, ¢, the H20 molar mass (kg.mol!)
Yr. the global reactor efficiency (-)
Ngait, the salt molar quantity (mol)
X, the molar reaction progress

The reaction progress is calculated by the kinetic model proposed by Mazet and Amouroux
[Mazet, 1991] for the decomposition (Eq. A5) and for the synthesis (Eq. A6), respectively.
dx Pop — Peq

—_— = Kcin'X'

dt Pop (45)
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dXx pop - peq (A6)
— = K. (1 — X). 22—
dt cin ( ) Doy

with K.y, the reaction kinetic coefficient (s!)
Pop> the operational pressure (Pa)
Peg» the equilibrium pressure (Pa)

The reaction kinetic coefficient (K..) is chosen be to equal to 5X10-3 s'! at a first time,
subjected to possible modifications during the simulations [Mazet, 1991]. The equilibrium pressure

Peq is determined with the Clapeyron equation represented by Eq. (A7) and simplified as Eq. (A8).

Ah
1n<peq > _ Rcomp ( 1 _ L) (A7)

pref R Tref Teq
AHRcom;f), 1 1 ) (A8)
\
Peq = Prer-€ K Trer Teq

With  pr.p, the reference pressure (1 bar)
R, the ideal gas constant (8.314 J.mol-'.K-1)
T\, the reference temperature (298.15 K)
Ty, the equilibrium temperature (773.15 K)

Pop—Peq

The term represents the difference between the operational and the equilibrium

Pop
conditions as the driving force for the reaction.

The physical properties of the composite depend on the temperature, the percentage of ENG
and the reaction rate. Three parameters were used to settle simple equations to calculate various
physical properties of the composite:

Myan0) the anhydrous salt mass (CaO) at the initial state (kg);
Peng the ENG apparent density (kg-m-3);

Tsa the mass ratio of reactive salt in the composite, defined as Eq. (A9).

- _ msalt(O) (A9)
salt mcomp(O)

Mcomp is the mass of the composite composed of reactive salts and the ENG:

Meomp = Msait + Mgng (A10)

Mgy = (1 — Tgaie) X Mcomp(0) (A11)
The mass of reactive salts in the TCES reactor depends on the reaction progress, shown in
Eq. (A12):
Mgait = Nsait(0)- (X- MCa(OH)z + (1 - X)-MCaO) (A12)

with  mgau, the salt mass (kg)
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N, the salt molar quantity (mol)

X, the molar progress

M q(on),- the Ca(OH): molar mass (kg.mol)
Mcq0, the CaO molar mass (kg.mol!)

The specific heat of the composite varies according to its temperature and its composition,

calculated by Eq. (A13):

Cpcomp = Tsait- ((1 - X) CpCaO + X. CpCa(OH)Z) + (1 - Tsalt)' CpENG (A]-?))

where Cpcqp and CPeaon), are determined by Eq. (Al4) and Eq. (AlS5), respectively
[Martienssen, 2005].

CPcao = 0.16495 X T + 798.647 (A14)

CPeaqom, = 0-38612 X T +1217.29416 (A15)

The volume of the composite used for the sizing of the TCES reactor is determined by Eq.
(A16):

_ (1 - Tsalt)-msalt(O)

Vcomp = (Al6)

Tsel- PENG

The porosity € is the ratio of dead volume and composite volume, calculated by Eq. (A17):

PENG . Tsair  X-VMgapix=1) + (1 — X). VMgqiix=0)
— PENG- 1

e=1-—

PENG = Tsalr Mgqit (0 (A17)

with:  VMgeix=1) = VMcaom2
VMseyx=1) = VMcao
Mseic0y = Mcao

PENG»> the GNE density (kg.m3)
DeNG» the GNE apparent density (kg.m3)

Vi, the molar volume (m3.mol-!)
e The dead volume (DV)

The dead volume corresponds to all the unoccupied volume in the TCES reactor, including

void volume of the composite material and the gas diffuser, calculated by Eq. (A18):

VDV = & Vcomp + Vdiffuser (A18)
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The volume of diffuser depends on the reactor geometry. For a plate-type heat exchanger,
it is calculated according to the total surface area of the plates (Sw) and the fixed diffuser thickness

(thaiffuser), by Eq. (A19):

Sw
Vdiffuser = 7 thdiffuser <A19)

The vapor flowrate variation dm is the difference between the entering flowrate (m;;,) and

the outgoing flowrate (Mg, ). Mass conservation equation in the DV can be written as.

dm = My — Moyt (A20)

) dh dp dP dp A21
dt dhl, dt dp

With m, the mass flow-rate (kg.s!)

h, the mass enthalpy (kJ.kg!)

p, the density (kg.m-3)

The energy conservation in the DV is calculated with Eq. (A22):

Vpy-p,,- Mp,o 1 d 1 R.T,,m
o ) (=2 A €Pyso- (Teomp = Trep) — -
R'Tcomp pop dt Tcomp MHZO
(A22)

chomp C _ R _ﬁ h
gt \"Pmo Ty dt " eom?

with, Vpy, the dead volume volume (m?)
Teomp, the composite temperature (K)
p. the pressure (Pa)
Teomp, the composite temperature (K)
CpHZO, the H>0 mass specific heat capacity (J.kg'.K-1)

e The wall

A nodal model was used for the wall, assuming uniform temperature and constant specific
heat. The thermal inertia of the model was however taken into account. The total exchange area

can be calculated with Eq. (A23):

Vcomp
S, = ——— A23
W = oy (A23)
The total wall mass (m.) can then be determined with Eq. (A24).
my, = thy,.S,,. pw (A24)
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where th, is the thickness of the wall fixed by the designer. p,, is the density of the wall

material.

The energy conservation is represented Eq. (A25)

dT,
my. pr-d_zv = Sext-‘Pout + Sint-(pin (A25)

with ¢, the entering flux (W.m"?)
®,, the outgoing flux (W.m-2)
my, the wall mass (kg)
Cp., the wall mass specific heat capacity (J.kg!'. K1)
T, the wall temperature (K)
Sex, the exterior surface (m?)
Sin, the interior surface (m?)

e HTF

The HTYF part permits the entering of HTF (pressurized air) from one side and leaving from
the other side to exchange the heat with the wall part during charging and discharge periods. Since
no phase change is occurred during the cooling/heating of the HTF, a “light non-discretized model”
was chosen for modeling the HTF part. The outlet temperature (To.) of the HTF is determined by
Eq. A26, using the NUT (Number of Unity of Transfer) method.

_HHTF-SR/HTF)
) (A26)

Tout = Tin — (Tin — Toue)- <1 — e( MyTF-COHTF

with  Tou, the outlet temperature (K)
Tin, the inlet temperature (K)
Hpyrr, the HTF heat transfer coefficient (W.m-2.K-1)
Sgr/uTF- the exchange surface area between the HTF and the reactor (m?)
Myrr, the HTF mass flow-rate (kg.s!)

Cpurr, the HTF mass specific heat capacity (J.kg!. K1)

Hpyrr, the convective heat transfer coefficient is calculated by using the plate heat exchanger
correlations [Vidil, 1990], shown in Eqs. (A27-A28):

Nu = 0.212. Re?638 pr033 (A27)
o= Nu. A (A28)
= I

with  Re, the Reynolds number
Pr, the Prandlt number
Nu, the Nusselt number
H, the heat transfer coefficient (W.m-2.K-!)
Lec, the characteristic length (m)
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A, the thermal conductivity (W.m-1. K1)

The Reynold number Re and Prandt number Pr were calculated by Eq. (A29) and Eq. (A30),

respectively.
Uyrp. L
Re = —HTF~¢ (A29)
v
C . A
pr— PHTF-HHTF (A30)
Aurr
with  unrr, the HTF velocity (m.s'!)

with

Vyrr the HTF kinematic viscosity (m?®.s'!)

Ayrp the HTF thermal conductivity (W.m1.K-1)

Uyrr the HTF dynamic viscosity (J.s.m2)

Cpurr the HTF specific heat (J.kg!. K1)

L. the characteristic length of the HTF side plates (m)

Pressure loss (Ap) induced by the HTI are calculated with heat plate exchanger correlations

L u? (A31)
Ap=f.-L.p.—
p=f D, P2

f. the friction factor

L,, the pipe length (m)

D, the hydraulic diameter (m)

p, the density (kg.m-3)

u, the fluid mean velocity (m.s!)

The friction factor fis a function of the Re, shown in Eq. (32) [Vidil, 1990]:

—3.0812.107%. Re3 + 7.4857.107*. Re? — 6.798.1072. Re + 2.89; if Re < 40
f= 23.33.Re~"8%%if 40 < Re < 500 (A32)
0.557.Re 9211 if Re > 500

A2. Modeling of the solar receiver

The central solar receiver of the CSP plant absorbs and converts the sunlight into heat, and

transfers it to the HTT flowing through it. It was modeled as a volumetric receiver made of metallic

foam. Figure A3 shows the schematic view of the solar receiver model created in the Dymola

environment, composed of one receiver element absorbing the solar flux, one heater element

transmitting the solar heat to the HTF and another element representing the pressures drops. To

simplify the modeling, the following assumptions were made:

- No thermal inertia;
- No heat loss;
- Gaseous entering fluid;

- Uniform temperature in the volumetric solar receiver;
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- Constant convective heat transfer coefficient.

Receiver
Solarflux — ee—

HTF heater Pressuredrop
’___‘ -
HTFin —) . o ® L ) HTF out

Figure A3. Schematic diagram of the volumetric solar receiver created in the Dymola environment

m

The energy conservation in the solar receiver is described in Eq. (A33).

dT

C receiver
receiver* preceiver' dt

= Poor Ssal' C+ Sreceiver/HTF' Hreceiver/HTF- (Treceiver - THTF)

- Myeceiver, the mass of the solar receiver (kg)

- CPreceiver, the specific heat of the solar receiver (J.kg!. K1)
- Theceiver, the receiver temperature (K)

- Qsol, the solar flux (W.m-2)

- Sel, the receiver surface area (m?)

- C, the receiver concentration ratio

(A33)

- Sreceiver/utF- the receiver total exchange area between the receiver wall and the HTF (m?)

- Hyeceiver/HrF» the heat transfer coefficient (W.m=2.K-!)
- Turr, the HTF mean temperature (K)

Energy conservation for the HTF flow is written as Eq. (A34).

dhyrp
Vure Pyrp “dr + myrp. (hHTFout - hHTFL-n) = S.hgy. (Twau — Thrr)

- Vurr, the volume of the HTF (m3)

- Pyrp- the density of the HTF (kg.m3)

- hyrp, the average masse enthalpy (kJ.kg!)

- Myrp, the mass flow-rate of the HTF (kg.s'!)

- hyrp,,,» the mass enthalpy of the HTF at the outlet (kJ.kg)
- hyrp,, » the mass enthalpy of the HTF at the inlet (kJ.kg!)

(A34)

The heat transfer coefficient H is calculated by the Albanakis correlation [Albanakis, 2009].

_H.d,

N
Y=

Nu = 0.76. Re®*Pr%37 for Re<40

- Nu, the Nusselt number

- A, the thermal conductivity of the metallic foam (W.m1.K-1)
- d,, the average diameter of the pores (m)

- Pr, the Prandtl number

- Re, the Reynolds number calculated by Eq. (A37)

(A35)

(A36)

34



1065

1066
1067
1068

1069
1070

1071
1072

1073
1074
1075
1076

1077
1078
1079
1080
1081

1082
1083

1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096

Re = (A37)
v
with - v, the kinematic viscosity (m?2.s)
- up, the velocity in the pores (m.s!)
- L., the characteristic length (m), calculated by Eq. (A38) [Lu, 2006].
L= (1-e(-2004) g, (A38)

with: - g, the foam porosity ratio
- dy, the fiber’s diameter (m)

The relation between dy, d, and € can be described by Eq. (A39) [Zhao, 2001].

d 1—¢ 1
i A39
a, 1 /3.71 '(1_e—<1—s>-o-04) (A99)

with d,,, the pore average diameter (m)

The pressure drop AP in the solar receiver was calculated by the Wu correlation [Wu, 2010],
shown in Eq. (A40).

AP 1039 — 1002¢ 0.5138.¢7>739 ,
= (A40)

Az dpz Byrp-Up T d, Pyre Up

with - AP, the pressure drop (Pa)
- Az, the foam thickness (m)
- d,,, the pore mean diameter (m)

- typp» the HTF dynamic viscosity (m?.s)

- uy, the velocity in the pores (m.s'!)

A3. Modeling of the heat exchanger

The modeling of heat exchanger is based on a fixed pinch temperature: minimum
temperature difference between two fluids. Following assumptions were made.
Incompressible fluid
No heat loss

Fixed pinch temperature

The indices in, out, pinch, sat indicate the inlet, the outlet, the pinch and the saturation

points; the indices hot and cold indicate the hot and the cold fluids.

The energy conservation in the heat exchanger between the hot and the cold fluids can be

written in Eq. (A41).
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Mooty . = heotas, — —225 . (Rnot,.. — hnot.)
coldyy: = "cold;y, . *\*hotoye hotin (A41)
Meota

with - h, the average masse enthalpy (kJ.kg1)
- 1, the mass flow-rate (kg.s1)

The pinch temperature ATy, ¢, between the hot and the cold fluids is calculated by:
ATpinch = Thotpinch - Tcoldpinch (A42)

with: - T, the fluid temperature (K)

The hot fluid mass enthalpy at pinch point (thtpinch) is calculated with Eq. (A43):

Meota
Mpot

thtpinch = thtin - ' (hCOldout - hCOldsat) <A43)

with - h, the average mass enthalpy (kJ.kg!)
- 1M, the mass flow-rate (kg.s!)

A4. Modeling of the evaporator

The modeling of the simplified evaporator is based on a fixed-by-user outlet temperature of
the hot fluid. It allows a very robust operation and simplified pressure variations. The modeling
assumptions are as follow:

- Incompressible fluid

- No heat loss

- Fixed hot fluid outlet temperature

The indices in, out indicate the inlet, the outlet points; The indices hot and cold indicate the

hot and the cold fluids.

The energy conservation in the evaporator between the Rankine fluid (Cold) and the HTF
(Hot) can be written as Eq. (A44):

Mpot
Mceold

- (Photoe = hotsy) (Add)

hcoldout = hcoldin -

with: - h, the fluid average mass enthalpy (kJ.kg!)
- 1M, the mass flow-rate (kg.s!)
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Fhermal Furbine
SolarReceiver
Masse{kg) 40000 +0000 40000
External-surfacearea{m?) 1503 1534 139
Internalsurface area(m?) 18000 18000 18000
i Ktm?) +50 450 450
Volumetric efficiency + + +
FCESReactor
B Hoxe?  Lhexio? L Hxo?
Lengthfwidth-of CaO-plate{m) 6+ 6H 6H
e 30 30 30
Fhickness-of-diffuserplate-(mm) 5 5 5
Thickness of wall-plate (mm}) 2 2 2
B 405 495 495
Reaction-enthalpy-(-mel™) Loon eenn eenn
Heat capacity ENG-(J-K'-kg™") 700 700 700
Density ENG-(kg-m~) oo lT4] 2250 2250
Rate of salt (%) 90 90 90
Kinetic reaction-coefficient 5x10° 5x103 5x103
Stoichiometric reaction-coefficient + + +
c . : fhici .
sakts (WK -m?) 400 400 400
Isentropicefficieney - - 085
Velumetric-efficieney - - 1
Volumetricefficieney + 1 1
Turbine High P
Volumetric efficiency + + +
Turbine i1
Volumetric efficiency + + +
HTF outlet temperature (*C) 250 250 250
Volume{(m?) oo oo oo
e 30 30 30
treondensable-partial-pressure{bar) [ 0 0
Evaporator-bleeding
i 10 10 10
treondensable-partial-pressure{bar) 0 0 0
Volume{(m?) 10 10 10
Heat-exchanger|
Pinch-point (°C) 10 10 -
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. HTF-pressure-(bar) +5 15 15
e 600 600 600
Steam-exit-pressure-(bar) + + 1
Furbine-exitpressure-(bar) - - 0.08

15 15
Selorlossiier
B 600 600 600
TCES Reactor
Steam-outlet pressure (bar) + 1 1
Furbine-outlet-pressure(bar) - - 0.08
Evaporator-inlet-pressure-(bar) 80 80 80
Open feedwater heater
8 8 8
] 42 42 160
Turbine_ High P
Inlet pressure (bar) 80 80 20
Outlet-pressure(bar) 8 8 8
Turbine | Low Pressure part
Inlet pressure (bar) 8 8 8

Evaporator-enter-pressure-(bar) 80 80 80

Openfeedwater heater
8 8 8
e 42 42 160

Turbine| High P

Inlet-pressure-(bar) 80 80 80
Outlet-pressure(bar) 8 8 8

Sroplime L les s Presciyee Pops
Inlet-pressure-(bar) 8 8 8
Incondensable partial pressure (bar) 0 0 0

Heat-exchanger2

nside-pressure-(bar) + 1 1
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