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Abstract

For the first time, a dynamic model of a 1-MWth thermo-

chemical hydrogen production plant is developed and im-

plemented for CeO2 redox cycle. The work explores how

the variables of the process like the direct normal irradia-

tion (DNI), temperature, pressure and degree of oxidation

affect the annual production of hydrogen. The model re-

veals that the thermal inertia of CeO2 is significantly high

to accomplish the oxidation without refrigerate the oxi-

dizer. The operation is optimized to obtain the maximum

amount of hydrogen in a year by only modifying the mass

flow rates at the inlet of the reactors. The flexibility and

adaptability of the model allows to test different system

configurations and optimize the hydrogen production.

Keywords: Solar fuels, Central receiver, High tempera-

ture, Dynamic modelling

1 Introduction

Solar energy is, by far, able to be massively ex-

ploited for delivering all of the world energy needs

utilizing only a few percent of the deserted ar-

eas (IRENA and IEA-ETSAP, 2013; Lewis and Nocera,

2007). Nevertheless, the storage of the thermal energy for

its use during the non-solar periods is required to couple

production/demand rate in the energy market. In this con-

text, the conversion of the solar concentrated source into

storable and transportable fuels is a remarkable alternative

to extent the commercialization of solar power technolo-

gies.

One attractive pathway is the solar thermal production

of hydrogen. Within all possible solar driven routes, so-

lar thermochemical H2O splitting offers a path to pro-

duce carbon-free hydrogen. Hydrogen is an energy car-

rier in addition to a commodity used for the several indus-

trial processes (Ramachandran and Menon, 1998). Never-

theless, direct thermolysis of H2O requires temperatures

well above 2000 K to obtain significant H2 concentrations

(Fletcher, 2001). In addition, to avoid the recombination

of the product gas H2 and O2 upon cooling, they need

to be separated at the dissociation temperature, which is

technically challenging (Fletcher, 2001). In this respect,

H2O-splitting thermochemical cycles have been investi-

gated to reduce the process operating temperature com-

pared to direct thermolysis. In addition, the need for

high-temperature product gas separation is eliminated, be-

cause H2 and O2 are produced in separate process steps.

Compared to multi-step cycles, two-step cycles promise

to reach higher process efficiencies due to higher operat-

ing temperatures and less irreversibilities (Abanades et al.,

2006).

Besides the environmental benefits of the thermochem-

ical cycles, several impediments must be confronted to the

economic realization which concerns the design of reactor

to reduce the radiation and conduction losses and mate-

rials development revealing satisfactory durability, reac-

tivity and efficiencies (D’Souza, 2013; Roeb et al., 2012).

Likewise, heat and mass transfer play a crucial role in the

building components and for the technological implemen-

tation of thermochemical reactors.

Up to date, 300 redox systems have been proposed al-

though only few tens of them have been performed ex-

perimentally mainly due to temperature and thermody-

namic limitations (Muhich et al., 2015). In terms of eco-

nomic assessment, a recent report has indicated that so-

lar fuels produced with 20% efficiency are likely to be

cost competitive (Kim et al., 2012). Upon all the possible

metal oxide candidates, Ceria (CeO2) is the most promis-

ing material so far studied during the last 50 years be-

cause it demonstrates faster hydrogen production kinet-

ics and high selectivity (Ackermann and Steinfeld, 2014;

Chueh et al., 2010; Furler et al., 2012; Gao et al., 2016;

Scheffe and Steinfeld, 2012). In this cycle, the nonsto-

ichiometric ceria, with fluorite-type structure, retain the

oxygen vacancies maintaining its cyclability. The reac-

tions involved in this process are:

CeO2 →CeO2−δ +
δ

2
O2(g) (1)

CeO2−δ +δ H2O(g)→CeO2 +δ H2(g) (2)

The thermal reduction (Equation 1) occurs at tempera-

tures not lower than 1500 °C accompanied by a low O2

partial pressure about 1 Pa (Chueh et al., 2010). This con-

dition requires a large amount of inert gas flowing into the

reaction media and, consequently, an enormous economic

penalty influenced by three factors: cost of inert gas, sep-

aration of O2 produced downstream and energy losses

transferred to the gas (Furler et al., 2012). In the low tem-

perature step, the exothermic water splitting (Equation 2)
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takes place at lower temperatures commonly between 600

and 1000 °C.

The thermochemical efficiency was largely explored

in previous works (Bader et al., 2013; Ermanoski, 2015;

Ermanoski et al., 2013; Bulfin et al., 2015). In this con-

text, a maximum of 68% could be obtained if all the

CeO2 is reduced to Ce2O3 at 2200 °C with the sun as

only heat source. However, at 1500 °C only 2% con-

version is obtained in real conditions, lowering the effi-

ciency up to 1.72% from solar to fuel without heat recov-

ery (Furler et al., 2012). This value could be enhanced

to 20% if ideal heat recovery is applied (Ermanoski et al.,

2013). However, all the previous thermodynamic analy-

sis are based on steady-state simulations with the aim of

maximizing the reactor efficiency of the process giving an

single value of DNI without considering the variability of

the solar resource, heliostat field design and receiver per-

formance. The goal of this work is to provide insights

on the effect of the variability of the solar resource over

the annual performance emulating a solar production plant

based on a Ceria thermochemical water splitting cycle.

In the present paper, a new dynamic model of a solar

hydrogen production plant is developed for annual simu-

lations. The model is based on an object-oriented mod-

elling methodology following a modular and hierarchical

structure. The final model has been graphically imple-

mented by connecting different components which encap-

sulate the main thermodynamic processes that take place

in the plant. Modelica and Dymola 2017 were the lan-

guage and the simulation environment used in this work.

2 System description

A 1-MWth solar hydrogen plant is designed to be placed

in Geraldton (WA), Australia. Table 1 shows the system

design specifications. It consists of two rotatory reactors

(for reduction and oxidation), where a flow of particles of

CeO2 is recirculated in order to efficiently use the thermal

inertia of the reactors.

The thermal reduction (Equation 1) is endothermic and

takes place in a windowed reactor-receiver where the con-

centrated solar radiation directly heats the moving bed of

particles. Bader et al. (2013) suggests a concentration ra-

tio of 3000 to get a high efficiency ratio according the fol-

lowing equation:

Q̇sol,0 = AreaC0G0, (3)

The design parameters are defined as follows:

Q̇sol,0 = 106 W which is the design power at the re-

ceiver, G0 = 950 W/m2 that is the DNI and C0 = 3000

which is the concentration ratio. This expression allows to

obtain the diameter of the aperture (considered circular)

of the receiver at the design point (0.67 m).

In order to get a suitable concentration ratio at the re-

ceiver aperture, a secondary concentrator is placed to in-

crease the flux density of the radiation. A compound

parabolic concentrator (CPC) has demonstrated high per-

formance in this kind of processes (Pitz-Paal et al., 2011).

Table 1. System design specification.

Solar resource

Location: Geraldton (WA)

Longitude: 114.7°

Latitude: -28.8°

Local time zone: UCT+8

Heliostat field

Heliostat size: 2.44 x 1.84 m

Number of heliostats: 604

Mirror reflectivity: 0.95

Soiling factor: 0.95

Heliostat availability: 0.99

Solar tower

Design thermal power: 1 MW

DNI design value: 950 W

Tower height: 19.45 m

Receiver elevation: -10°

Receiver acceptance angle: 70°

CPC aperture diameter: 1.16 m

Reactor aperture diameter: 0.67 m

Flux shape factor: 0.87

Solar concentration ratio: 3000

These devices, based on non-imaging optics, collect radia-

tion entering the entrance aperture diameter (DCPC) within

angle of θCPC and direct it to the reactor aperture diameter

(Drea) with negigible losses (O’Gallagher and Winston,

1983). The relationship between the aperture angle and

the concentration ratio is:

CCPC =
1

sin2(θCPC)
, (4)

and the relationship between both (CPC and reactor) aper-

ture diameters is:

DCPC =
Drea

sin(θCPC)
. (5)

The typical values of the heliostat field concentrating ratio

rounds 1000. In this respect, a value of 3 for the CPC con-

centrating ratio is required to provide the required design

parameters. According this value, the acceptance angle

(i.e. 2θCPC) is 70° and the CPC diameter 1.16 m.

SolarPILOTT M (NREL, 2016) was used to design and

optimize the heliostat field. It allows fast generation and

optimization of solar fields according a series of design

parameters. Figure 1 shows the optimized solar field lay-

out for this study. In addition, SolarPILOTT M provides the

total optical efficiency of the solar field which includes

cosine error, reflectivity and soiling, blocking and shad-

ing, atmospheric attenuation and scattering and spillage

of a whole year as function of the zenith and azimuth so-

lar angles (Table 2). The efficiency factor is calculated

for a specific receiver, in this case, a 1.16 m side-squared

receiver. In order to compensate the difference between
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Table 2. Reference solar field optical efficency as a function of Zenith and Azimuth angles.

θzen \ θazi -150° -120 ° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180°
0.5° 0.42947 0.42832 0.41992 0.40721 0.39708 0.39435 0.39443 0.39397 0.39521 0.40576 0.41858 0.42729
7° 0.37594 0.38236 0.39179 0.40135 0.40839 0.41095 0.40835 0.40135 0.39176 0.38262 0.37587 0.37355

15° 0.35315 0.36675 0.38640 0.40662 0.42085 0.42596 0.42087 0.40617 0.38656 0.36641 0.35311 0.34833
30° 0.30117 0.33196 0.37561 0.41417 0.43945 0.44756 0.43918 0.41437 0.37532 0.33190 0.30110 0.29084
45° 0.25081 0.30291 0.36867 0.41824 0.44617 0.45552 0.44604 0.41737 0.36826 0.30301 0.25063 0.23260
60° 0.20337 0.26952 0.34444 0.39892 0.43285 0.44481 0.43247 0.39877 0.34452 0.26885 0.20281 0.16978
75° 0.15311 0.20778 0.27510 0.33189 0.37052 0.37133 0.37056 0.33101 0.27444 0.20749 0.15253 0.11308
85° 0.09236 0.11869 0.14569 0.14285 0.15079 0.14289 0.15139 0.14214 0.14519 0.11818 0.09174 0.06352

Figure 1. Heliostat field layout.

both shapes, square and circle, a correction factor is ap-

plied. This shape factor, that is the fraction of the total

concentrated power in both shapes, has a value of 0.87.

The oxygen generated during the reduction of CeO2

should be removed in order to get an optimum reduction

performance. O2 is pushed out by a purge flow of high pu-

rity N2 allowing reach a very low oxygen partial pressure

inside the reactor.

The hydrogen production is accomplished at the oxi-

dizer and depends on the temperature, the reduction de-

gree of the moving particles of CeO2 and the amount of

water entering the reactor. In order to obtain a high pro-

duction of hydrogen, this plant considers CeO2−δ as the

limiting reagent (Equation 2). It is expected that the resi-

dence time of the CeO2−δ inside the oxidizer is sufficient

to achieve the complete oxidation. A small tank of CeO2

after the oxidizer allows a better management of the CeO2

particles in the cycle.

In order to achieve a higher system efficiency, several

heat recovery strategies were implemented. Two shell-

and-tubes heat exchangers placed at the input of both reac-

tors to recover the sensible heat of the gases. Furthermore,

it is assumed that steam lines are pre-heated up to 200

°C in order to prevent condensation. Finally, a solid-solid

heat exchanger is placed between both reactors (receiver

and oxidiser) to recover the sensible heat of CeO2 par-

ticles exiting the receiver as proposed in previous works

(Bader et al., 2013; Ermanoski, 2015; Ermanoski et al.,

2013; Bulfin et al., 2015).

3 Object-oriented modelling

The model described in this section follows an object-

oriented methodology based on equations. The main

physical and chemical phenomena were identified and en-

capsulated into independent and reusable modules. These

modules are connected creating hierarchical structures.

This approach allows to study different plant configura-

tion to improve the annual performance.

The model was implemented in Modelica language

(Modelica Association, 2016) and is fully compatible with

Modelica Standard Library (MSL). Modelica Fluid and

Modelica Thermal connectors were used to define rela-

tionships between components. The thermodynamic prop-

erties of fluids are obtained from medium models that ex-

tend from Modelica Media Interface (MMI). All the sub-

models are locally balanced ensuring robust modelling

and debugging (Olsson et al., 2008).

3.1 Subsystem modelling

The system model that reproduces the plant described in

§2, is presented in Figure 2. It consist on the following

sub-models: data source, sun, heliostat field, receiver, oxi-

dizer, tank, heat exchangers, pumps and valve. This model

also includes: fluid source, fluid boundary, thermal source,

real expression and medium sub-models.

General assumptions are summarized as follows:

• CeO2 particle properties are assumed to be quasi-

fluid.

• One-dimensional consideration within the direction

of heat and mass flows.

• Heat conduction and radiation are negligible in fluid

components. Axial heat flow is also negligible in

both fluids.

• Lumped thermodynamic properties are assumed in

fluid components.

• Chemical reactions only take place in receiver and

oxidizer.

Receiver and oxidizer sub-models are fully described

with complete set of equations in this work. The re-

maining models were obtained and adapted from exist-
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Figure 2. Modelica component diagram of the system model.

ing libraries. In fact, this demonstrates the high re-

usability, extensibility and customizability of the mod-

elling methodology used. The models of data source, sun,

heliostat field and tank are been re-used from the open-

source SolarTherm library (de la Calle et al., 2016a) with

some adaptations and extensions. This library is available

at https://github.com/solartherm/solartherm

and consists on concentrating solar thermal (CST) compo-

nents that are used to perform the annual simulations and

the economic assessments of solar thermal plants. The

models of heat exchangers and pumps are utilized and

adapted from previous works of de la Calle et al. (2016b).

The models of fluid source, fluid boundary, linear pres-

sure drop valve, thermal source and real expression are

included on the MSL and medium models extends from

MMI.

A brief description of each one of the sub-models is

provided below:

3.1.1 Medium models

Two medium models were implemented to describe gas

mixture and Ceria properties. The gas medium is

used in both reactors and extends from the Modelica

Media IdealGases.Common.MixtureGasNasa. This

medium is composed of water, oxygen, hydrogen and ni-

trogen at its gaseous state and assumes ideal gas properties

provided by McBride et al. (2002).

The ceria medium model includes a function of the de-

gree of reduction (δ ) explicit in temperature and oxygen

partial pressure (Ermanoski et al., 2013). In addition, the

medium includes a function for knowing the minimum re-

quired amount of water to achieve the oxidation based on

the water equilibrium and heat of reaction explicit in δ
(Bulfin et al., 2015).

3.1.2 Data source

This model encapsulates the extraction of weather data. It

uses a MSL’s CombiTimeTable with spline interpolation

such that derivatives are continuous. The raw file is a typ-

ical meteorological year data set in the TMY3-file format

(Wilcox and Marion, 2008). In order to be readable, the

file is modified being compatible with Modelica specifica-

tions (Modelica Association, 2016).

3.1.3 Sun

This model provides the sun position relative to

the plant location and the DNI in every time step.

Users can choose between different correlations such

as Duffie and Beckman (2013) or Blanco-Muriel et al.

(2001) for calculating the declination and solar hour an-

gles. The time variable matches with the local time where

0 s is 00:00 of 1st of January in this time zone. The DNI

is provided by a RealInput connector.

3.1.4 Heliostat field

This model calculates the total concentrated solar power

of the heliostat field (Q̇sol) as:

Q̇sol = NhelAhelηavηopG, (6)
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where the number of heliostats (Nhel), the heliostat area

(Ahel) and the heliostat availability (ηav) are design pa-

rameters (Table 1). Solar angles and DNI (G) are provided

by the SolarPort connector and the total optical efficiency

(ηop) is calculated using the MSL’s CombiTable2D with

spline interpolation and the Table 2 as input. The start-up

and the shutdown of the plant is automatically controlled

according the minimum starting power, minimum operat-

ing power and the deploy angle, which are model param-

eters (Appendix I).

3.1.5 Receiver

This model provides the dynamic amount of CeO2 re-

duced at the reactor. It is designed to perform annual sim-

ulations, therefore it is able to deal with zero-mass flow

rates and zero mass. It is a lumped parameter model which

assumes a single control volume (CV). The main particu-

lar assumptions are the following:

• Infinite thermal conductivity inside the reactor: same

temperature at shell, CeO2 and gas.

• Black body receiver approach: while radiative ther-

mal losses are considered only at the reactor aper-

ture, convective thermal losses are considered at all

the external reactor surface.

• Perfect mixer approach: both inner CeO2 particles

and gas are perfectly mixed with their respectively

accumulated masses.

• Pressure drop is neglected inside the reactor. The

same pressure is assumed in all the CV.

• Constant inner molar flow rate of CeO2 is assumed.

The residence time of CeO2 inside the reactor is con-

stant.

The gas mass inside of the reactor (mg) is determined

by the inner gas (ṁg,in), the outer gas (ṁg,out ) and the gas

produced during the reduction (ṁgen,O2
):

ṁmmg = ṁg,in − ṁg,out + ṁgen,O2
. (7)

The gas pressure (p) is determined by means of the ideal

gas law:

pVg = mgkgT, (8)

where the specific gas constant (kg) depends on the mass

fraction of gases. The volume of the reactor (V ) is constant

and filled with CeO2 (Vce) and gas (Vg):

V =Vg +Vce. (9)

The oxygen mass balance is calculated according the

mass fractions:

ṁmmg,O2
= ṁg,inXO2,in − ṁg,outXO2

+ ṁgen,O2
. (10)

The outer mass fraction is the same as the CV mass frac-

tion:

XO2
= max

(

0,
mg,O2

mg

)

, (11)

XH2O = 1−XO2
, (12)

where the maximum function is used to avoid numeri-

cal problems. The oxygen generated during the reduction

is calculated as function of the oxygen molecular mass

(MO2
) and the generated molar flow (ṅgen,O2

):

ṁgen,O2
= MO2

ṅgen,O2
. (13)

The generated molar flow depends on the degree of reduc-

tion (δ ) and the inner CeO2 molar flow (ṅce,in):

ṅgen,O2
=

ṅce,inδ

2
. (14)

The amount of CeO2 (nce) inside the reactor is calcu-

lated by the molar balance:

ṅnnce = ṅce,in − ṅce,out , (15)

where the molar flow at outlet (ṅce,out ) is calculated ac-

cording the following when-clause:

ṅce,out =

{

ṅce,in when nce ≥ nce,max,

0 elsewhen nce ≤ 0.
(16)

The maximum number of moles (nce,max) is calculated ac-

cording the maximum volume of CeO2 which is a model

parameter (Appendix I).

The mass of CeO2 (mce) is determined by its molar

mass (Mce) which depends on delta:

mce = Mcence, (17)

and the volume by:

Vce =
mce

ρce

. (18)

δ is calculated as function of the temperature and the

partial pressure of oxygen (pO2
). The maximum value of

δ is limited to 0.25 which is the maximum value possi-

ble to maintain the fluorite structure of CeO2. The partial

pressure is calculated as:

pO2
=

mO2

MO2

p. (19)

The temperature of the reactor is calculated according

to the global energy balance:

ηshQ̇sol − Q̇loss = ∆Q̇re +∆Q̇g +∆Q̇ce, (20)

where the concentrated solar power (Q̇sol) coming from

the heliostat field is attenuated by the shape factor (ηsh).
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The heat loss (Q̇loss) is the sum of the radiative (Q̇loss,rd )

and convective losses (Q̇loss,rd ):

Q̇loss,rd = Aapσξ
(

T 4
−T 4

amb

)

, (21)

Q̇loss,cv = Areα (T −Tamb) . (22)

The radiative losses are only applicable to the aperture

area of the reactor due to the lack of thermal insulation,

and the convective losses to the whole reactor. Emissivity

(ξ ) and heat transfer coefficient (α) are model parame-

ters and the ambient temperature (Tamb) is an input of the

model.

The receiver mass contribution into the energy balance

(∆Q̇re) is mostly due to the thermal inertia of the metal

cover:

∆Q̇re = mreCp,reṪTT , (23)

where the mass (mre) and the specific heat capacity (Cp,re)

are model parameters. The gas contribution into the en-

ergy balance is determined by:

∆Q̇g = mgCp,gṪTT + ṁg,in (hg −hg,in) . (24)

where it is assumed that the outlet temperature is the same

as the temperature inside the reactor. The following equa-

tion calculates the CeO2 contribution into the energy bal-

ance:

∆Q̇ce = mceCp,ceṪTT + ṁce,in (hce −hce,in)−nce,inδ Qred.
(25)

where it is also assumed that the outlet temperature is the

same as the temperature inside the reactor and heat of re-

duction (Qred) depends on δ .

3.1.6 Oxidizer

This model dynamically provides the amount of hydrogen

produced. It is a lumped parameter model (1 CV) similar

to the receiver. The particular assumptions are the same

as for the receiver but in this case, due to the lack of an

aperture, only convection losses are been considered. The

main assumption is the complete oxidation of the CeO2.

The gas mass inside of the reactor is determined by

the inflowing gas, the outflowing gas, the gas produced

(ṁgen,H2
) and the consumed at the oxidation (ṁcon,H2O):

ṁmmg = ṁg,in − ṁg,out + ṁgen,H2
− ṁcon,H2O. (26)

The oxidizer pressure and the volume calculation are de-

termined by Equations 8 and 9.

The mass balances of nitrogen, hydrogen and water are

calculated according the mass fractions:

ṁmmg,N2
=ṁg,inXN2,in − ṁg,outXN2

, (27)

ṁmmg,H2
=ṁg,inXH2,in − ṁg,out XH2

+ ṁgen,H2
, (28)

ṁmmg,H2O =ṁg,inXH2O,in − ṁg,outXH2O − ṁcon,H2O. (29)

The outflowing mass fractions are determined by:

XN2
= min

(

1,
mg,N2

mg

)

, (30)

XH2
= max

(

0,
mg,H2

mg

)

, (31)

XH2O = min

(

1,
mg,H2O

mg

)

, (32)

where maximum and minimum functions are used for pre-

venting numerical problems.

The mass flows due to the oxidation are:

ṁgen,H2
= MH2

ṅgen,H2
, ṁcon,H2O = MH2Oṅcon,H2O, (33)

where the molar flows depends on the degree of reduction

of the inflowing CeO2:

ṅcon,H2O =
ṅce,inδ

2
, (34)

ṅgen,H2
= ṅcon,H2O. (35)

Equations 15-18 are used in this model to calculate the

CeO2 mass and volume dynamics. The temperature is cal-

culated according to the global energy balance:

− Q̇loss,cv = ∆Q̇re +∆Q̇g +∆Q̇ce, (36)

where Equations 22-24 provide the heat losses, the re-

ceiver mass contribution and the gas contribution to the

energy balance. The CeO2 contribution is determined by:

∆Q̇ce = mceCp,ceṪTT + ṁce,in (hce −hce,in)−nce,inδ Qox,ce.
(37)

where heat of oxidation is assumed as Qox =−Qred .

3.1.7 Tank

This model introduces the dynamics of a small storage ele-

ment which pressure is fixed parametrically. It is a lumped

parameter model which assumes a cylinder volume and an

ideally mixed fluid. The mass balance is:

ṁmm = ṁin − ṁout , (38)

and the energy balance is:

mḣhh = ṁin (hin −h)− Q̇loss, (39)

where shell capacitance is neglected. The convective heat

losses to the environment are only applied to the metal

surface that is in contact with the fluid.

3.1.8 Heat exchanger

This quasi-steady-state heat exchanger model allows

to calculate sensible heat transfer between two fluids

based on the mathematical development of Spakovszky

(2008) and whose implementation was performed by

de la Calle et al. (2016b). It is a lumped parameter model

which assumes that every state at the heat exchanger is lo-

cally steady. The model is able to manage zero-mass flow

rates.
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3.1.9 Pump

This ideal pump model provides a controlled mass flow

rate between two points in the same streamline.

3.1.10 Linear valve

This model calculates the mass flow rate that crosses

through the valve opening with a linear approximation of

the pressure drop.

3.1.11 Fluid source

This model provides an input boundary condition where

the mass flow rate, the specific enthalpy and mass fraction

are defined. It is used to simulate the inflowing gas at the

reactors.

3.1.12 Fluid boundary

This model provides an output boundary condition where

the pressure, the specific enthalpy and mass fraction are

defined. It is used to simulate the environment (fluid mod-

els).

3.1.13 Thermal source

This model provides a thermal boundary condition where

the temperature is defined. It is used to simulate the envi-

ronment (thermal models).

3.1.14 Real expression

It is a model used to connect experimental data as inputs

of the models in a graphical way.

3.2 Automatic control system

The automatic control system (ACS) is designed to guar-

antee the stability of the plant in annual simulations. This

system is made up by a series of on-off controllers which

control the circulation of the fluids inside the plant.

The ACS must prevent the reverse flow of gases at

valves. For this reason, the valves are only opened when

the pressure drop is higher than half of the nominal pres-

sure drop.

The gas source is opened since the heliostat field

reaches the start-up power and it is closed when the he-

liostat field is shut down and the reactor temperatures are

below a certain shutdown temperature.

The ceria pump starts when the heliostat field is started,

both gas valves are open and the receiver temperature is

higher than a minimum operating temperature. In order to

take advantage of the thermal inertia of the reactors, the

pump shut down when the heliostat field is shut down and

the receiver temperature is below the minimum operating

temperature.

4 Simulation

Dymola 2017 (Dassault Systemes, 2016) was the tool used

for the Modelica implementations and simulations. The

numerical solver used for the dynamic simulations has

been DASSL (Petzold, 1983) whose absolute and relative

tolerances were set to 10−4.

The model is a set of high-index differential and alge-

braic equations (DAEs) of 745 scalar variables. After the

translation, the model has 255 time-varying variables and

14 continuous-time states.

The numerical value of model parameters can be re-

viewed in Appendix I. The annual performance of the

plant is very sensible to the operating parameters. Few op-

erating parameters have been optimised: CeO2 mass flow

rate, inlet receiver gas flow rate and inlet oxidizer mass

flow rate and its composition. The optimization method

was the Simplex algorithm and the objective function was

the final hydrogen production.

The annual simulation was performed using weather

data for the Geraldton location provided by AUSTELA

(2016). The CPU-time for integration was 161 s for the

whole year simulated with 9997 state events mostly re-

lated with the ACS.

The amount of hydrogen produced during the simulated

year is 46.57 t. The variation in time of this production

is depicted in Figure 3, where the different seasonal rate

(winter-summer) can be observed . The solar to hydrogen

efficiency of the plant, defined as:

η =
mH2

HHV

Qsol

, (40)

where mH2
is the annual amount of hydrogen, HHV

is the hydrogen heating value and Qsol is the annual

amount of energy that reach the heliostat field, has a value

of 25.27%. This result is in line with previous works

(Bader et al., 2013; Ermanoski, 2015; Ermanoski et al.,

2013; Bulfin et al., 2015).

Figure 4 shows the simulation details of 5 days (from

28 August to 1 September). This week has one sunny day

(240), three partially cloudy days (241, 243 and 244) and

one completely cloudy day (242) (Figure 4(a)). The con-

centrated solar power by the heliostat field is shown in

Figure 4(b). The plant does not use all the available en-

ergy (Q̇raw) because a minimum start-up power and min-

imum operating power are applied. Although 1.2 MW of

peak power is reached 2 days, only few hour per day the

power is higher than 1 MW. At the day 242, the system

did not achieve the start-up power in the whole day and at
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Figure 3. Annual hydrogen production.
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Figure 4. Simulation details of 5 days.

days 243 and 244 the peak power barely reached 1 MW.

Figure 4(c) shows the CeO2 temperatures inside the re-

ceiver and the oxidizer. The operating reduction tempera-

ture is ranged between 1850− 1950 ◦C and the operating

oxidation temperature is around 1000− 1100 ◦C. When

the plant is shut down, the temperature decreased quickly

and 32 hours after is close to the ambient temperature.

The pressure inside both reactors is shown in Figure 4(d).

While the receiver works at ambient pressure, the oxidizer

nominal pressure has been set to 1.5 bar in order to assure

higher pressure than ambient when the hydrogen produc-

tion is large. The degree of reduction is depicted in Fig-

ure 4(e), where peaks of 0.25 can be observed. For achiev-

ing the total oxidation of the CeO2, a minimum amount

of water per hydrogen released is required inside the ox-

idizer (Bulfin et al., 2015). In Figure 4(f) is depicted as

xmax (the mass fraction of hydrogen into water) and it lim-

its the amount of hydrogen produced at the oxidizer with

the water used. The figure shows that in the whole simu-

lation, the hydrogen released (xox)is lower than the maxi-

mum amount expected at the equilibrium.

5 Conclusions

In this work, a dynamic model of a solar hydrogen plant

based on the CeO2 redox cycle has been presented. The

model has been developed with an object-oriented mod-

elling methodology that it allows the re-used of several

work previously developed. The system is design to study

the transient behaviour of the plant in annual simulations.

It was implemented with the Modelica language and sim-
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ulated with Dymola 2017. A basic automatic control sys-

tem based on on-off controllers to guarantee the system

stability was included.

The model predictions are reasonable and some usual

simulation problems like zero-mass flows were solved

with effectiveness. The computational effort of the model

is low, therefore it can be used in optimization and control

studies.

Increasing the model accuracy should be the objective

of next works. The model reveals that thermal inertia of

the CeO2 is too much high to accomplish the oxidation

without extract heat flow from the reactor. The results sug-

gest to review the assumptions related with heat losses and

design a cooling systems at the oxidizer. The optimization

of the plant through few operating parameters has demon-

strated the flexibility of the system to be improved. Future

studies should include operating cost and advanced oper-

ating strategies.
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