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Abstract

The actual thesis had the objective of analyzing Power Tower CSP plant with thermochemical storage.
To investigate the generation efficiency in the power generation system an exergy analysis on each
component of the Central Receiver System (CRS) was conducted. With the exergy analysis it was
shown where we should be focusing our efforts to improve system efficiency.
EBSILON®Professional software was used in this study to obtain the exergy efficiency and the
irreversibility in each component of a hypothetic CRS power plant to pinpoint the causes and locations
of the thermodynamic imperfection. The obtained results show that at a constant DNI the maximum
exergy loss occurs at the Solar Tower Receiver (STR). The performance of the STR affects
significantly the efficiency of the entire solar power generation system and minimizing the heat loss of
the STR plays a dominant role in increasing its performance. The simulation tool ANSYS®
FLUENT® was used to compare the heat loss in an external type receiver and a cavity type receiver.
The result showed that the heat losses in the external receiver are much higher than the heat losses in
the cavity receiver making the cavity receiver a better option for increasing the power generation
efficiency of the CRS.

Other major challenge is the increase of the system efficiency of the energy storage method.
Thermochemical concept seems to offer an attractive solution to this problem. A thermochemical
conversion of solar energy into chemical fuels offers an efficient path for long term storage and long-
range transport of solar energy. In this study a thermochemical system using ammonia as energy
storage carrier is investigated. A transient mathematical model using MATLAB software was
developed to predict the behavior of the ammonia closed-loop storage system including but not limited
to the ammonia solar reactor and the ammonia synthesis reactor. The MATLAB model contains
transient mass and energy balances as well as a chemical equilibrium model for each relevant system
component. For the importance of the dissociation and formation processes in the system, a
Computational Fluid Dynamics (CFD) simulation on the ammonia solar and synthesis reactors has
been performed. The CFD commercial package FLUENT is used for the simulation study and all the
important mechanisms for packed bed reactors are taken into account, such as momentum, heat and
mass transfer, and chemical reactions. The FLUENT simulation reveals the profiles inside both
reactors and compared them with the profiles from the MATLAB model. The good agreement
between both models gives hope for the feasibility of the design.
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Chapter 1 — Introduction

1.1  Scope: Ammonia closed-loop storage system

Thermochemical conversion of solar energy into chemical fuels offers an efficient path for long term
storage and long-range transport of solar energy [1]. With decades of research the ammonia
dissociation and synthesis system is one of the more advanced concept thermochemical energy
systems. The basic principle of the ammonia closed-loop storage system is based on the reversible
dissociation of ammonia. Instead of storing heat by increasing the temperature of a substance or
changing its physical state as the case of other CSP existing storage methods, an ammonia closed-loop
storage system uses a reversible reaction to store energy in chemical bonds. The concept of using
ammonia thermochemical storage system in concentrating solar power systems was first proposed at
the Australian National University (ANU). The solar thermal group at (ANU) has been working for
over three decades on a system for dissociating ammonia with concentrated solar energy so that the
products can be stored and recycled through a conventional ammonia synthesis converter to achieve
continues generation of electricity [2]. The industrial maturity of the ammonia synthesis tended to
make researchers focus more on the ammonia dissociation part. Recently C. Chen, K. Lovegrove, and
A. Lavine at the University of California have proposed a preliminary design of an ammonia synthesis
system that is intended to heat steam from (350 °C) to (650 °C) making it suitable for a supercritical
steam Rankine cycle power block [3]. Figure (1) shows a Schematic of ammonia dissociation, storage,
and synthesis system. In this design the ammonia is used as a heat transfer fluid at the solar receiver
side and as a product at the synthesis reactor side. The heat recovery process at the synthesis
associated with the formation of ammonia can be used to produce steam required for electricity

generation.
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FIGURE 1. Schematic of ammonia dissociation, storage, and synthesis system [3]



As shown in the figure above, the reactants pass through endothermic and exothermic reactors; where
the dissociation and the formation of the ammonia take place respectively. In between the reactors
there is a storage container (vessel). The vessel is attached to counter-flow heat exchangers between
ingoing and outgoing reactors. The ammonia is dissociated at the solar reactor and formed at the

synthesis reactor according to the reversible reaction.
NH; + AH—0.5N, + 1.5H, [AH = 66.8 kJ/mol] 1)

Even though ammonia had been studied as energy carrier in CSP technologies in the last three
decades, few papers were published on this topic. In 1995 Luzzi concluded that dish-based solar
thermal systems, which incorporate the ammonia-based closed-loop thermochemical energy storage
and transport technology, are technically viable using commercially available system components [2].
In 1998 Kreetz did an exergy analysis of a (30 MPa) isobaric system. His exergy analysis revealed
that the major irreversibilities occur within the exothermic reactor and the counter flow heat exchanger
between ingoing and outgoing reactors [4]. In 2003 Lovegrove completed an experimental solar driven
ammonia-based closed-loop thermochemical energy storage system and the system used a cavity
receiver containing 20 reactor tubes filled with iron based catalyst material. Lovegrove concluded that
ammonia dissociation receiver/reactors are well suited for operation through solar transients and that
ammonia synthesis heat recovery reactors are capable of stable, predictable operation with heat
recovery at temperatures suitable for high quality superheated steam production. However, using such
system in large scale power plants might be challenging not only from the design point of view but
also the parameters that ensure the maximum possible efficiency. Therefore, the optimal parameters
such as mass flow rate and pressure of the whole system are of great interest. In 2016 Abdiwe [5]
developed a mathematical model of ammonia solar and synthesis reactors and concluded that
maintaining the best mass flow rate is important for achieving the maximum ammonia dissociation
and formation processes and as a result the maximum thermal output. Furthermore operating the
reactors at higher pressure than suggested increases the formation of ammonia at the synthesis,
however it lowers the thermal output of the system.

In this study a mathematical model was developed for the ammonia closed-loop storage system
including but not limited to the ammonia solar reactor and the ammonia synthesis reactor to predict the
behavior of the reaction process inside both reactors. For the importance of the ammonia dissociation
and formation processes in the system a Computational Fluid Dynamics (CFD) simulation on the
ammonia solar and synthesis reactors has been performed to compare the result from the MATLAB
model and the CFD model. It should be mentioned that the ammonia dissociation and formation
processes contain several numbers of reactors; however, both models are designed for one tubular

solar reactor and one tubular synthesis reactor.



Chapter 2 — Submodels

2.1 Physical Model

The performance of the Solar Tower Receiver (STR) affects significantly the efficiency of the entire
solar power generation system and minimizing the heat loss of the STR plays a dominant role in
increasing its performance. For the same absorbed area, the radiation loss in the cavity receiver is
lower by almost (80%) than the radiation loss in the external receiver making the cavity receiver a
more attractive option in STR technologies [6]. Therefore, the cavity receiver type was considered in
this study. The geometry of the cavity receiver is assumed to have a cylindrical shape with a little base
in the bottom to hold a bundle of solar reactors organized in a way that allows equal distribution of the
solar flux between them. Figure (2) shows a schematic design of the cavity receiver with a bundle of

solar reactors attached to it.

Tubular Reaktor Reactors Assembly Cavity Receiver Receiver Assembly

FIGURE (2). A schematic design of a solar cavity receiver

The solar and synthesis reactors as well as the heat exchangers and cooling pipes in both loops are
assumed to be of tubular geometry type. Figure (3) shows longitudinal cuts of reactors, heat
exchangers, and cooling pipes. The tubular reactors are filled up with catalysts to enhance the reaction

rate.
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FIGURE 3. Geometries of the tubular: (a) solar reactor (b) synthesis reactor (c) heat exchanger (d) cooling pipe

Table (1) shows the physical parameters of the cavity receiver, ammonia solar reactor, ammonia
synthesis reactor, catalyst bed, and vessel. The standard commercial catalyst material used a packed

bed in both packed bed reactors is Iron-cobalt catalyst. Table (2) shows the properties of the catalyst.



TABLE 1. Geometry specifications of the main system components as analyzed

Item Geometry Type Dimensions
Cavity Receiver Cylinder Outer Diameter=4.0 m
Inner Diameter =3.5 m
Height=4 m
Solar Tube dissociater Tubular (tube in tube Outer Diameter = 0.08166 m
Reactor design) Inner Diameter = 0.06166 M
Length=3 m
Synthesis Tube Reactor Tubular Outer Diameter = 0.1 m
Inner Diameter =0.09 m
Length=3 m
Catalyst Bed (Iron-Cobalt) Cylinder Diameter = 0.0052 m
Height =0.0050 m

Vessel Cylinder Volume =50 m®

TABLE 2. The properties of the catalyst

Name Iron-Cobalt
Chemical Composition Al, % wt25
Fe, % wt 24
Co, % wt 24
K, %wt2l
Impurities S <200ppm
CI <50ppm
Physical Properties Axial strength 400 kg/cm?
Particle density 2.5 kg/1
Filling density 1.6 kg/1
Activation Energy 95E + 03 [j/mol ]
Pre exponential Factor 1E — 2 [mol/s.cm3.atm]

Knowing the geometry of the cavity receiver the heat flux on solar reactor can be calculated as shown

below:
Qrad,cavity = €eff- Aap- E (2)
E=0.T* (3)
T* = (Top — Tab) (4)

The effective emissivity (eq¢r) Of the cavity receiver can be derived using the following equation [7]:

1 ()

RS




_ Qrad,cavity (6)
Aab

In the synthesis side, the reaction is exothermic and the heat recovery process necessary to produce
steam to generate electricity can be calculated thanks to the mature industry in producing ammonia.

2.2  Mathematical Model

The ammonia is dissociated endothermically to hydrogen and nitrogen by absorbing the solar energy
at the cavity receiver during the daytime according to equation (1); the hot reactants will pass through
the reactor’s catalyst bed towards the vessel after exchanging their thermal energy in a counter-flow
heat exchanger with the incoming ammonia. The temperature inside the vessel is above the ambient
temperature saturation pressure of ammonia, therefore the ammonia will be condensed in the bottom
of the vessel and the nitrogen and hydrogen stay at the top. During discharge, nitrogen and hydrogen
mixture leave the vessel and react exothermically at standard ammonia synthesis to produce ammonia
providing thermal energy for superheated steam production. In order for the reaction to occur during
the dissociation and the formation stages, packed bed reactors are used with standard commercial
catalyst material. Figure (4) shows the global system of the ammonia closed-loop storage. The system
is divided into two loops, the solar reactor loop and the synthesis reactor loop. Figure (5) illustrates the
main functions of the solar and synthesis reactor loops.
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FIGURE 4. Global system of the ammonia closed-loop storage
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Figure (6) shows a simplified model of the ammonia closed-loop storage system including the

reactors, heat exchangers, cooling pipes and vessel.
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Tubular Reactor

Cold Side I Cooling Pipe
Hot Side
Cold Side

Synthesis Reactor

FIGURE 6. Simplified model of the ammonia closed-loop storage system

For any simple combustion where the number of possible species in the one exhaust stream matches
the number of elements involved, the mass and energy balances allow predictive simulation behavior.
However, in a general chemical reactor, additional information is required to predict the behavior of
the reaction process and this information can be provided by functional equations. Typical examples
for such equations are: pressure drop prescription, definitions of separation efficiencies, conversion
rates, etc. These equations express the second law of thermodynamics taking in consideration that heat
will always flow from the hot to the cold side and that chemical reactions always proceed towards an
equilibrium state (with respect to temperature, pressure, and composition).

Several steps must be taken to implement equilibrium models such as the solar and synthesis reactors.
Due to the similarity in both reactors, only the steps for the solar reactor will be explained as

following:

12



1. Defining a control volume on the reactor

The control volume of the solar reactor is simple with one feed stream and one drain stream as shown
in (Fig. 7). Both gas streams are modeled as ideal gases. The feed stream ideally consists of ammonia

only, and the overall reaction scheme can be described by equation (1).

Heat (solar radiation)

\ Catalyst

Feed in Drain out
. HA R
NH, T Hy,N,,NH;

FIGURE 7. Sketch of solar reactor control volume.

Ammonia dissociation is limited by chemical equilibrium conditions in the drain. The syngas product

contains three species: nitrogen N2, hydrogen H2, and ammonia NH3.

2. Summary of output variables attributed to determining equations

The output variables that are necessary for determining equations of the solar reactor are illustrated in
table (3).

TABLE 3. Output variables

Symbol Description Determining equation
Pyrain Pressure drain stream Pressure drop set
Tirain Temperature at drain stream Energy balance
Narain Total molar flow of drain stream Global mass balance

YnHs drain Drain stream ammonia content Ammonia balance

Yn, drain Drain stream nitrogen content Nitrogen balance

Y, drain Drain stream hydrogen Hydrogen balance

3. Modeling equations
The modeling equations can be illustrated as shown below:

a) Pressure drop [bar]
Pirain = Pfeed - Ap (7)

b) Energy balance [W]

13



Ndrain 'H;rain = Nfeed -H;eed + Qadd (8)
H* - represents the conventional enthalpy

Where

H:lrain = Z Yi 'Hi* (Tdrain) (9)
i

c) Sum of drain mole fractions = 1 [mol/mol]

YNH3,drain + YHz,drain + YNZ,drain =1 (10)

d) Hydrogen balance [moly,/s]

3 (11)
Ngrain - YHz,drain + E YNH3,drain = Nfeed E YNH3,feed

e) Nitrogen balance [moly,/s]
1 (12)

rain *\ * Ny, drain NHj,drain = eed *+ INHj,fee
Narai Y; drai + E Y; drai n d > Y; d

f)  Ammonia dissociation equilibrium [-]

YN drain-YI-? Jdrain Pd i\ (13)
KP,NH3(Tdrain) = B : < ram)

2
YNH3,drain PO

Kp Is a function of temperature only and can be calculated from Gibbs free enthalpy of reaction
according to:

AGg(T)

n(Kp(D) = —— = (14)

AGR Is the Gibbs free enthalpy of standard pressure (1 bar) and can be calculated from the

conventional enthalpies and entropies of the participating species:

L

AGS = Z[vi. H; (P,.T)] - T.Z[vi.Si(PO.T)] (15)
i
Therefore, equilibrium can be calculated directly from thermodynamic data.
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4. Calculating strategy

In principle, the six output variables listed in step 2 together with equations in step 3 represent a fully
determined system of algebraic, non linear equations. To solve such a system, a numerical method
must be applied (MATLAB). When solving the model a good starting guess is required to obtain a

solution and care must be taken to prevent any Y; 4r.in t0 get below zero at any time.

The same steps must be applied for the synthesis reactor taken into consideration that the reactants in
the solar reactor are the products in the synthesis reactor and vice versa. The system operates under
isochoric conditions, therefore a change in molar specific volume of the gas/ammonia mixture during
operation of dissociation and formation reactions. No reaction occurs outside both reactors because the
kinetic energy transferred is low making the molecules movement not fast enough to allow reactions.

The values of the running parameters for a single tube reactor are shown in table (4).

TABLE 4. Simulation parameters

Parameter Value
Mass Flow Rate 17 g/S
Pressure 50 bar
Inlet Gas Temperature in Both Reactors 250 °C
Heat Flux Distributed in the Solar Reactor 100 kW

For the other components of the system where no reaction occurs such as the heat exchangers, cooling
pipes, and vessel, an energy balance should be applied (this was done in a work project at Vienna
technical university by Etienne Bertrand [8]). Figure (8) shows a sketch of a tubular counter flow heat

exchanger control volume.

T _cold_out €—— l&—— T cold_in =T ambient

T _hot_in —> h_HEx ——> T hot_out

FIGURE 8. A sketch of a tubular counter flow heat exchanger control volume

Applying a global energy balance

Qhot * (Thot—in - Thot—out) = (cola * (Tcold—out - Tcold—in) (16)

q=mx*cp (17)
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T, o1a—in - The temperature of the gas inside the vessel

Teota—our - The Inlet gas temperature in both reactors

Thot—in - The temperature of the mixture leaves the reactor and calculated by reactor’s function

Thot—out - The temperature of the ammonia enters the reactor calculated thanks to the global energy balance
m - The mass flow rate

¢p - The specific heat capacity

Thot—out = Thot—in - (qcold/q}lot) * (Tcold—out - Tcold—in) (18)

Surface area of the heat exchanger is then deduced from NTU method. Figure (9) shows the

connection between the solar reactor and the heat exchanger.

Reac_ HEx.m

T_R_in =T cold_out |
\J/ Heat Exchanger I

l«—l— T cold_in = T_ambient
|

Receiver

 NH3,y_N2, y_H2 I
y_ , VN2, y_ ——I% T_hot_out

|
|
|
!
| T_R
i
|
|
| T_R_out = T_hot_in

FIGURE 9. Connection between Receiver and Heat exchanger

When all geometric data specified and T,,,piens and T_R;, are given, Reac_HEx.m function
computes the temperature profile T_R, the three mol fraction profilesy_NH3, N2 , y_H2, the outlet

temperature T},:—oy @Nd the surface area of the heat exchanger.
[y_NH3,y_N2,y_H2, T_R, Thot—our» S_HEx]=Reac_Hex (Molarflow, T_ambient, T_R_in]

The following diagram resumes the connection between receiver and heat exchanger:
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a = T_initial_min
b = T_initial_max

T_R_in=T_cold_out = (a+b)/2 <€———

ReacDiscrete_Q.m

T_R_in=T_cold_out
&
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J

[ T_cold_in=T_ambient ?

Reac_HEx.m

—J

[ T_cold_out=T_R_in is suitable

<
%ﬁ
[

FIGURE 10. A diagram of the connection between the receiver and heat exchanger

Figure (11) shows a sketch of a tubular cooling pipe used between both receivers and the vessel.

Outside environment :

T_ambient Steel pipe
A /

Fluid —:9 H_in q H_out —_>
1 1
—_——— e — —. L ——. P J
x=0 x_k x_k+1 x=1_C

FIGURE 11. A sketch of a tubular cooling pipe
Heat exchanged per unit length is given by:
q = he * =+ Do * (Te — Tampient) (19)

h. - The global heat transfer coefficient
Do, - The outer diameter of the cooling pipe
T. - The temperature of the cooling pipe

Applying an energy balance

Hoyt — Hin = —q x dx (20)

17



Because of the similarity between solar and synthesis loops, the same can be done for the heat
exchanger and the cooling pipe in the synthesis loop. In the vessel component which connects both
loops, few assumptions were made:
a) Temperature is constant
b) Ammonia is mainly liquid
¢) Nitrogen and Hydrogen are mainly gaseous
d) Nitrogen and Hydrogen are initially present in stoichiometric proportion
Based on the ammonia vapour diagram showing in the Figure (12) the ammonia around the blue zone is mainly
liquid:

Tyesset = Tambient = (20 —30) °C

P_vessel = (15-60) bar
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o
Bl
[}
50
40
a0

oA

5
5
4
)

o2

01

Vapour Pressure (bar or 0.1 MPa)

[ ]
]
004
[ L]

[1le-]

&

005
130 140 150 160 17D 180 150 200 210 220 230 240 250 260 /0 280 280 300 310 330 330 30 330 380 30

Temperalure (K)
FIGURE 12. Ammonia vapour pressure diagram

As the case with the previous components, a control volume must be defined for the vessel to apply an
energy balance. Figure (13) shows the inputs and outputs of the vessel
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FIGURE 13. Inputs and outputs of the vessel

The liquid and vapour phases composition in the vessel must be illustrated. Nitrogen and hydrogen
partial pressures can be calculated as following:

Pn2 = (nNZ * R * Tambient)/V_vap (21)

Pu2 = (nHZ * R * ambient)/V_vap (22)

From Henry’s law, the molar fractions of nitrogen and hydrogen in liquid phase can be calculated as

following:
y_L_N2 = p_N2/K_N2 (23)
y_L_H2 = p_H2/K_H?2 (24)
y_ LNH3 = 1- (y_.L_N2 + y_L_H?2) (25)

From Raoult’s law, the molar fraction of ammonia in vapour phase can be calculated as following:
y_V_.NH3 = y_L_NH3 * P_sat_NH3/p (26)

When water is solvent, at T_ambient = 25°C the Henry’s constants K_N2 and K_H2 and also for

ammonia NH3 vapour pressure at 25 °C P_sat_NH3 (= 9.5bar) can be found [9].

19



Chapter 3 — Computational Fluid Dynamics Modeling

3.1 Governing Equations

For the importance of the dissociation and formation process in the system, a Computational Fluid

Dynamics (CFD) simulation for both reactors has been performed to validate the MATLAB model.

The commercial CFD software FLUENT solves the governing integral equations for conservation of

mass, momentum, energy and other scalars such as turbulence and chemical species. The equation for

conservation of mass, or continuity equation, can be written as follows [10]:
dp

E + V. (pﬁ) = Sm

(27)

Equation (27) is the general form of the mass conservation equation and is valid for incompressible as
well as compressible flows. The source (S,,) is the mass added to the continuous phase from the
dispersed second phase (e.g., due to vaporization of liquid droplets) and any user-defined sources.
Conservation of momentum in an inertial (non-accelerating) reference frame is described by [10]:

a -
5 (P0) +V.(pUV) = —Vp +V.(D) + pg +F (28)

Where p is the static pressure, T is the stress tensor, and pg and F are the gravitational body force and

external body forces respectively. F also contains other model-dependent source terms for porous-

media.

In the employed CFD software package FLUENT [10], porous media are modeled by the addition of a
source terms to the momentum equations of flow. The source term is composed of two parts: a viscous
resistance loss and an inertial resistance loss. There are various forms of the momentum equation
porous medium analogue to the Navier-Stokes equation. The commonly used Darcy’s law is in refined
and one dimensional form expressed as [11]:

dp _ nQ (29)

dx KA
A is the area perpendicular to flow direction, K is the permeability, u is the dynamic viscosity, and Q is
the volume flow. The coefficient K, called permeability in single phase flow, is independent of the
nature of the fluid and is exclusively given by geometry of the medium. Darcy’s law is valid as long as
Reynolds number based on average grain diameter does not exceed some value, often between 1 and

10 [12]. The fluid can be treated as incompressible and Newtonian and the porous medium is fixed.
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When Reynolds number increases over a certain level, the pressure drop becomes higher than what is
predicted by Darcy’s equation. Non-linear terms are introduced in the so called Forchheimer equation
which later had been modified by Ergun by fittings to experimental data according to [13].

Ap _ (1-¢)? U (1—¢)pU? (30)

p p

The first term is the viscous loss D (proportional to velocity) and the second term is the inertial loss C

(proportional to velocity squared). Compare this to the fluent expression for momentum sink:

A 1
e DpU + - CpU? (31)
1 2
Do 150(1 — g)? (32)
B (psz2£3
_35(1-¢) (33)
c==2"" =
@Dy’

o is the sphericity of the cylindrical particles or pellets. The Ergun equation assumes that the bed is
filled with uniform sized and shaped particles. The sphericity parameter is used as a conversion factor
for non-spherical particles (comparing the surface volume ratio of these particles to an equivalent
spherical particle) and for fully spherical particle, the sphericity equal one. In general the sphericity
can be defined by:

Sp (34)

6
=57
Dp Vp

For common shapes, like sand particles, sphericity can be around (0.8 — 0.9). From equation (30) a
modified Reynolds (Re") number can be defined:

. pDpU 1 (35)
on (-9

Re

Knowing the particle density and the filling density the porosity can be determined as following:

Filling density (36)
Particle density

&=

The energy equation of gas phase and the energy equation of solid phase are coupled by a heat transfer

coefficient:
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Nu)\g (37)

In FLUENT a dual cell mesh technique is employed which allows a cell based heat transfer between
the gas phase and the solid phase within the concept of porous medium treatment [14].
The general form of the conservation equation for chemical species in Fluent as following [10]:

) ~ . (38)

Where R; is the net rate of production of species i by chemical reaction and S; is the rate of creation by

addition from the dispersed phase plus any user-defined sources. ]T is the diffusion flux of species i,
which arises due to gradients of concentration and temperature. The net source of chemical species i
due to reaction R; is computed as the sum of the reaction sources over the Ny reactions that the species
participate in [15]:

AL (39)

M,y ; - The molecular weight of species i

—

R; r - The molar rate of creation/destruction of species i in reaction r

The reaction may occur as a volumetric reaction, a surface reaction, or a particles reaction. The r'" reaction can

be written as:

N N (40)
vieM; = z v irMj
i=1 i=1

M; - The symbol denoting species i
N - The number of chemical species in the system
v'; r - The stoichiometric coefficient for reactant i in reaction r
V"i_r - The stoichiometric coefficient for product i in reaction r
For our ammonia reaction

2NH; + dH © N, + 3H, (41)

M1 = NH3 M2 = N2 M3 = H2

Vll,r =2 V’2,r =0 vi3,=0

vir=0 Var=1 vz, =3
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The forward rate constant for reactionr, kg, is computed using an expanded version of the Arrhenius
expression:
Ep
kf,r = Ar Tﬁ‘"e_ﬁ (42)
The backward rate constant for reactionr, ky, . can be computed from the forward rate constant kg,

and the equilibrium constant for reaction K. by the following equation:
kb,r = kf,r/Kr (43)

The equilibrium constant for reaction can be extracted from the thermodynamic properties of the

materials.

3.2 Geometric Model and Grid

A CFD model was developed to simulate the dissociation and formation of ammonia in regular fixed
bed reactors. SolidWorks modeling package was used to draw the reactors (solar tubular reactor and
synthesis reactor) separately then imported to the commercial CFD software FLUENT for meshing
and simulating. The objective of designing the fixed bed reactor is to identify a set of system
parameters for optimal operation. These parameters are temperature, pressure, composition, flow rate,
dimensions of the reactor tube, and catalyst pellet.

The tubular packed bed reactor simulated has a tube in tube design. Figure (3 - a) shows a sketch of
the solar reactor and the domain contains three regions. Entrance and exit are the extrusions to allow
the flow to develop. The space between the outer tube and inner tube is filled with randomly arranged
cylindrical catalyst where the reaction takes place. The reaction products leave through the inner tube
in the middle and exchange the heat with the inner tube side of the catalyst.

The geometrical modeling is a critical stage in CFD simulation and in order to get more practical state
for the simulation, the correct definition of the geometry must be provided. Also the technique used
for constructing the geometry will ensure the feasibility of generating a mesh good enough to capture
all of the phenomena involved in the problem. Tetrahedral grid is adopted for meshing the reactor and
the total number of cells used for the reactor is about 2 millions cells. The model treated the catalyst as
porous media fluid with user provided porosity, viscous resistance, inertial resistance, and effective
diffusivity. The tubular outside wall is exposed to a constant heat flux which is provided from the

heliostats to the cavity receiver that holds the ammonia tube reactors as shown in figure (5).
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3.3 Boundary Conditions

The boundary conditions determine the flow and thermal variables on the boundaries of the physical
model. The inlet (entrance) is modeled as velocity inlet and the outlet (exit) is modeled as pressure
outlet. The reactor bed walls are maintained at a constant heat flux of (100 kW/m?) and the domain
operating pressure is assumed to be (50 bar). The porous resistance coefficients are calculated using
Ergun equation and the pressure drop is (0.48 bars). From equation (36) the porosity is found to be
(0.36). The concentrations of the mixture species are given in the table (5). The inlet flow assumed as
uniform and the inlet velocity and temperature are (5m/s) and (250°C) respectively.
The flow is laminar in the porous media and turbulent in the remaining part of the domain. The
turbulence is modeled by the standard k — & turbulence model.

TABLE 5. Inlet concentrations of the species

Species Mole Fraction
NH; 100 [%]
N, 0 [%]
H, 0 [%]

] 0050 0100 {m)

005 0.075

FIGURE 14. Velocity contour along the length of the solar tube reactor
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Chapter 4 — Results

The dynamic behavior of the ammonia closed-loop storage system under a steady-state operation has
been predicted with a MATLAB numerical model. Two important inputs for the model are the steam
mass flow in the heat recovery process at the synthesis reactor, and the heat flux distributed on the
solar reactor inside the cavity which has been derived based on the geometry of the cavity receiver. In
the discharging case, the steam mass flow is the only inputs since no heat flux occurs at the solar
receiver during night time. The model confirmed the technical feasibility of the design concept of the
whole system. Figure (15) and (16) show modeled internal reactor temperature and corresponding
reaction extent profiles of the reactants and products in both reactors. The horizontal axis shows the
position along the catalyst bed as measured from the point of gas inlet.

The tube in tube design of the solar tube reactor allows the heat exchange between the gas mixture at
exit and at inlet of the reactor as shown below in the temperature profile. The reaction in the solar
receiver is endothermic and the temperature required for efficient dissociation depends on the catalyst.
There is a wide variety of materials that has been found to be effective but some materials require high
temperatures. The solar cavity receiver can provide the high temperatures needed for the ammonia
dissociation (cracking) and also to overcome thermal losses in the reactor. An extreme increase in the
solar reactor temperature is undesirable because it damages the reactor materials (catalyst and
container); therefore, it is important to keep a small portion of ammonia not dissociated to prevent the
overheating and keep the reactor bed at an optimum temperature.

The reaction in the synthesis reactor is typically carried out over catalysts at temperatures around 400-
600 °C and pressures ranging from 200 to 400 bars. However, operating the ammonia closed-loop
storage system at higher pressure than suggested for maximum ammonia production at the synthesis
lowers the thermal output [5]. It’s important to emphasize that the thermal output from the synthesis in
the ammonia closed-loop storage system is more important than producing maximum amount of

ammonia. Therefore, our system operates at lower pressure to maintain the maximum thermal output.
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Solar Reactor : Temperatures vs. Reactor Length Synthesis Reactor : Temperature vs. Reactor Length
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FIGURE 15. Temperature profiles in the solar and synthesis tube reactors (MATLAB model)
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FIGURE 16. Mole fractions of the species along the solar and synthesis tube reactors (MATLAB model)

The CFD simulation results of the solar reactor indicate that the ammonia concentration has decreased
due to the reaction occurring along the length of the reactor and the concentrations of the product
species (Hydrogen and Nitrogen) have increased. Figures (17), (18), and (19) show the contours of the
temperature, mass fraction of species, and the pressure at a longitudinal cut of the solar reactor,
respectively. The higher pressure is located around the catalyst entrance and then the pressure drops

through the catalyst due to the viscous and inertial resistance.
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FIGURE 17. Temperature contour of the mixture in the solar tube reactor
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FIGURE 18. Mass concentration contours of NH3, H2, and N2 in the solar tube reactor in (a), (b), and (c)

respectively



ANSYS

FIGURE 19. Pressure contour of the mixture in the solar tube reactor

The results from the CFD simulation are compared with the result from the MATLAB model. The
geometry and boundary conditions considered are equal in both cases. Figures (20) and (21) show a
good agreement in the concentrations profiles and the temperature profiles, respectively. Both the
temperature and the conversion of reactants to products are high because of the constant heat flux
condition on the reactor walls. Physically the rise in temperature leads to catalyst deactivation and in
order to avoid the rise in temperature the ammonia must not totally dissociated.
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Solar Reactor: Mole Fraction vs. Reactor Length
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FIGURE 20. Comparison of the species’ mole fractions along the solar tube reactor (a) CFD, (b) MATLAB
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Solar Reactor: Temperature vs. Reactor Length
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FIGURE 21. Comparison of the mixture’ temperature along the solar tube reactor (a) CFD, (o) MATLAB
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Synthesis Reactor: Mole Fraction vs. Reactor Length
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FIGURE 22. Comparison of the species’ mole fractions along the synthesis tube reactor (a) CFD, (b)
MATLAB

The CFD simulation results (figures 18 to 22) indicate that the concentrations of species changes due
to the reaction occurring along the length of both reactors. In the solar reactor, the ammonia

concentration has decreased leading the increase in the concentrations of product species (Nitrogen
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and Hydrogen). In the synthesis reactor, the concentrations of reactants species (Nitrogen and

Hydrogen) have decreased leading the increase in the concentration of ammonia.

The results from the CFD simulation are compared with the result from the MATLAB model. The
geometry and boundary conditions are considered equal in both models. Figures (20) and (21) show
good agreements in temperature and concentration profiles of the solar reactor in both models. The
constant heat flux condition on the solar reactor walls makes the temperature and the conversion of
reactants to products high. In the synthesis reactor there is a good agreement between the
concentration profiles from both models as shown in Fig (22).

One advantage of the ammonia based close-loop storage system is that the ammonia dissociation
reaction has no side reactions, making solar reactors particularly easy to control. Another is that by
operating above the ambient temperature saturation pressure of ammonia, the ammonia fraction in
storage is present largely as a liquid. Thus, automatic phase separation of ammonia and
hydrogen/nitrogen is provided and a common storage volume can be used. Figure (23) shows the
volume, pressure, mole fraction of the mixture inside the proposed vessel during a simulated 24 hours

period with pressure ranging between (30 and 50) bar.

Vessel [50m 3] : Volume vs. Time
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Vessel [Sﬂm"'] : Pressure vs. Time
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FIGURE 23. The volume, pressure, and mole fraction of gas mixture inside the proposed vessel (a), (b), and (c)

respectively
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Because of the effect of automatic phase separation in the common storage volume, the composition of
gases sent to the heat recovery reactor for power production is independent of the degree of

dissociation achieved in the solar reactors during energy storage.

To evaluate the ammonia based thermochemical energy storage system with (50 m3) vessel a
comparison to state of the art thermal storage system (two-tank molten salt) is recommended. For a
hypothetical (50 MWe) (110 MWt) plant with 12 hours of storage a rough engineering comparison

between both systems can be made as shown in table (6, and 7)

TABLE 6. Commercial Two-Tank molten salt system

Thermal capacity [MWh] 1320
Energy [M]] 4752000
Specific energy  [k]/kg] 450
Inventory [tons] 10560
Density  [kg/m3] 1800
Volume  [m?] 5867
The system in a 2-Tank arrangement is double (1 hot, 1 cold storage)
The tanks are atmospheric (thickness 15-29 mm)
The hot tank needs extensive insulation

TABLE 7. Ammonia based thermochemical storage system with a VESSEL

Enthalpy of reaction  [k]/mol] 66.8
Molar mass of NH;  [g/mol] 17.031
Density  [kg/m3 ] 614
Specific energy  [M]/kg] 3929
Energy density  [M]/m3 ] 2413
Required volume for 1320 MWh  [m3] 2000
Realistic size of one vessel

Diameter [m] 2,5

Height [m] 20

Volume  [m®] 98,2

Number of vessels 20

In the case of ammonia based thermochemical storage system, the energy density of the N2 + 3H2
gas mixture is (=~ 2413 MJ/m?3) at the proposed storage conditions of (300 K) and (50 bar), therefore
roughly (2000 m3) of storage volume is required. While this is comparable to the volume required for
two-tank molten salt, it has the advantage of ambient temperature storage. However, the elevated
pressure in the vessel results in high cost to contain the gas in conventional steel-based pressure
containment systems. In the case of two-tank molten salt system, the unwanted freezing problem
during operation remains as a challenge. The salt will freeze if the temperature drops below (240 °C)
and block pipes and prevent the whole system from working and to overcome this problem a complex

and costly insulation must be used.
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Chapter 5 — Conclusion and Future Work

In this chapter | conclude this dissertation by summarizing my contributions and discussing

directions for future work.
5.1  Summary

In this dissertation, | have focused on selected aspects of a thermochemical approach to improve

the competitively of CSP tower technology. In this section, I briefly review my main conclusions.

o Developing mathematical model of the tubular ammonia solar reactor and ammonia synthesis
reactor allowed analyzing the performance of ammonia solar reactor and ammonia synthesis
reactor and allowed making recommendation for an optimal design of the ammonia based closed-

loop storage system.

e Maintaining the optimum mass flow density rate is important for achieving the maximum
ammonia dissociation and formation processes which maximizes the thermal output of the system.
The model leads to the statement that the change of gas inlet temperature has a minor influence on

the efficiency of both reactors.

e Operating the system at higher pressure than suggested for maximum ammonia production at the
synthesis would lower the thermal output of the system. In this regard, it should be mentioned that
the main objective of the synthesis in the storage system is getting the maximum heat possible in
the heat recovery process unlike the conventional synthesis where producing the maximum

ammonia is the objective.

The study has compared a CFD simulation for a tubular packed bed reactor for the ammonia
dissociation process at the receiver and the ammonia formation process at the synthesis to a MATLAB
code in both reactors. The simulation includes momentum, heat and mass transfer, and chemical
reactions within the catalyst particles. The good agreement between both models in regards to

temperature and concentrations profiles gives confidence about the results of the MATLAB model.
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5.2  Future Directions

The model presented in this work is able to provide a rather accurate description of the major
phenomena governing the operation of ammonia closed-loop storage system. However, further

research of a number of topics would be beneficial as listed below.

e Our results indicated the functional feasibility of the ammonia closed-loop system. However,
the results are preliminary and need to be experimentally validated before deployment can be
recommended.

o A detailed engineering analysis of a scaled up system should be conducted in order to evaluate

the techno-economical feasibility.

e The development of new catalysts and processes should be concomitant, with the catalyst
operating conditions guiding the process design, and the bottlenecks in the process steering the

development of the catalyst.

e Future work may carry out a more detailed investigation on how the change in the operational
load (throughput) would affect the operating conditions such as temperature, pressure, and gas

distribution in the catalyst bed.

Finally, the model-based analysis in this work has only focused on the technical characteristic of the
ammonia close-loop storage system. An economic assessment of the system that satisfies demands for
steam production would be valuable to see if such a storage system would be economically

competitive with other alternatives.
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Notation

Abbreviations

CRS
STR
CFD
ANU
NH3
N2
H2

Central receiver system

Solar tower receiver
Computational fluid dynamics
Australian national university
Ammonia

Nitrogen

Hydrogen

Greek letters

€ Emissivity [-]

c Stefan-Boltzmann constant [J /K* m? s]
o Absorptivity [-]

n Dynamic viscosity [kg m~1 s71]
p Density [kg m~3]

0] Sphericity of the cylindrical particles or pellets. [-]
€ Porosity [-]

Br Temperature exponent

A Thermal conductivity [W /m. K]
v Kinematic viscosity [m2/s]
Subscripts

ab Absorber

ap Aperture

add  Addition

cold Cold side

drian Drain stream

eff  Effective

feed Feed stream

g Gas

HEx  Heat exchanger

hot  Hotside
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in Inside
out Outside
p Particle

rad Radiation

Variables
Area [m?]

Pre-exponential factor [j/mol]

N

<

Infrared energy [w]

Convective heat transfer coefficient [W /m?2. K]

T = ™

Enthalpy [J/kg]

Molar flow

Mole fraction

Heat flux [W]

Pressure [bar]
Temperature [K]

Mass flow rate [kg/s]
Specific heat capacity [-]

“w .o 3N T o <3

Entropy [J/K]

=
<

Nusselt number

~
®

Reynolds number

A"
S

Prandtl number

x

Universal gas constant [8313 J/kg. mol.K]

=
m:

Modified Reynolds number

N

Surface area of the particle [mz]

'c<

Volume of the particle [m3]
Permeability [m?]

Superficial fluid velocity [m s™1]

g @ X

Sphere particle diameter [m]

1
-

Activation energy [mol/s.cm3 . atm)]
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Appendix

Investigation on the Exergy Performance of a Central Receiver

Power Plant

1. Abstract

The present paper describes the exergy analysis of a Central Receiver System (CRS) power plant. The
plant consists of a thousand heliostats with an area of 130 m2 each, an external receiver with an area
of 59 m? and a height of 70 m , a steam generator, two steam turbines with a reheater in between, two
feed water heaters and a condenser. EBSILON®Professional software was used to obtain the exergy
efficiency and the irreversibility in each component of the power plant to pinpoint the causes and
locations of the thermodynamic imperfection. The model analyzed and tested the effect of two design
parameters including the Direct Normal Irradiation (DNI) and the outlet temperature of the Heat
Transfer Fluid (HTF) on the exergy performance. The obtained results show at a constant DNI the
maximum exergy loss occurs at the Receiver followed by the heliostat field and the power cycle has
the lowest exergy loss. The increase of the DNI affects negatively the exergy efficiency of the overall
system. The variation of the outlet temperature of the HTF has an impact of the exergy performance of
the receiver subsystem as well as the overall system; the increase of the outlet temperature from
450 °C to 600 °C leads to an increase the exergy efficiency of the receiver to about 5% and an

increase the exergy efficiency of the overall system to about 1%.

Keywords: Central Receiver System, External receiver, Exergy efficiency, Irreversibility
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2. Nomenclature

)i

Whet
Wturbine
Woump

y&z

Trec,sur
I total
I heliostat
I receiver
I pcycle

*
Qtotal
QT“

inc
Qinc,abs

Qinc,loss

lp;otal
w;nc

l/Jinc,abs

Exergy efficiency (%)

Net output of the overall system (W)
Output of both turbines (W)

Work for both pumps (W)

Mass fractions

Steam mass flow rate (kg/s)

Molten salt mass flow rate (kg/s)
Atmospheric temperature (°C)

Inlet water at the condenser (°C)
Receiver surface temperature (°C)
Overall system irreversibility (W)
Heliostat field irreversibility (W)
Receiver irreversibility (W)

Power cycle irreversibility (W)

Total isolation (W)

Incident isolation (W)

Heat absorbed by the receiver (W)
Heat lost at the receiver (W)

Exergy input into the heliostat field (W)

Exergy delivered to the receiver (W)

Exergy absorbed by the receiver (W)
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3. Introduction

Solar energy is an important alternative energy source used in many applications, especially in solar
power systems which utilize the heat generated by collectors concentrating and absorbing the sun’s
energy to drive heat engines/generators and produce electric power [1]. Most known types of the solar-
thermal systems to produce electricity are trough/steam turbine, tower/steam turbine, and dish/heat
engine systems. Out of all these technologies, tower/steam turbine looks like to be the best choice for
high power production as it has the largest operating temperature range [2]. Tower/steam turbine or
what so called Central Receiver System (CRS) is composed of the following main components: the
heliostats, the receiver and the power block. The thermal storage and balance of plant components
allow high temperatures which lead to high efficiency of the power conversion system [3]. However,
the power generation efficiency of the CRS systems is found to be low which directly increase the
capital cost of the electricity generation. To investigate the cause of the low generation efficiency in
the power generation system an exergy analysis is required. The exergy analysis has proven to be a
powerful tool in thermodynamic analyses of the system [4]. Therefore, a theoretical investigation

based on the second law efficiency has been conducted for a CRS power plant.

The Exergy is the maximum useful work that can be obtained from a system at a given state in a given
environment; in other words, the most work you can get out of a system. In the last several decades
exergy analysis has begun to be used for system optimization by analyzing the exergy destroyed in
each component in a process. With the exergy analysis we can see where we should be focusing our
efforts to improve system efficiency. The exergy analysis method is a useful tool for promoting the
goal of more efficient energy-resource use, as it enables the locations, types and true magnitudes of
wastes and losses [5].

However, few papers have appeared on the exergy analysis and performance assessment of the solar
thermal power plant. Bejan (1981) showed that the amount of useful energy (exergy) delivered by
solar collector systems is affected by heat transfer irreversibility occurring between the sun and the
collector, between the collector and the ambient air, and inside the collector [6]. Singh (2000) stated
that the collector-receiver assembly is the part where the losses are maximum and the maximum
exergy loss occurs in the solar collector field [7]. Gupta and Kaushik (2010) made an exergy analysis
for the different components of a proposed conceptual direct steam generation (DSG) solar—thermal
power plant and found that the maximum exergy loss is in the solar collector field while in other plant
components it is small [5]. Chao Xu (2011) evaluated the exergy losses in each component and in a
power tower solar plant and the results showed that the maximum exergy loss occurs in the receiver

system [8].
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The objective of this paper is to evaluate the exergy efficiencies and the irreversibilities of all
components of a CRS power plant with an external central receiver and a supercritical Rankine cycle
and pinpoint the causes and locations of the thermodynamic imperfection and the magnitude of the
process irreversibilities in the system. Two parameters have been varied to see their effect on the

exergy efficiency of the receiver and the overall system.

4. System Configuration

The schematic of the solar tower power plant is shown in figure (1). The system consists of a heliostat
field system, an external central receiver, a steam generator, two steam turbines with a reheat in

between, a wet condenser, open and close feed water heaters and two pumps.
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Heliostat EV 11 (v) (2) (1-y-z)
A —(O)— "
a A 4 |
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P 1
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9 8
Pump2

FIGURE 1.The schematic diagram of the system layout

The target is to do an exergy analysis for each component of the power plant including the power
cycle, the receiver and the heliostat to have more profound understanding of the performance of the
CRS power plant. Also to compare all components and see which one has the biggest fractional exergy

loss which will provide the guides of improving the performance and optimizing the operation.
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The following assumptions are made in the analysis:

a. The system runs of steady state with a constant solar insulation

b. Capacity of the power plant is 30 MW

c. The CRS power plant is using molten salt as HTF

d. The temperature of molten salt entering the receiver 290 °C and leaving it 565 °C.
e. Kinetic and potential exergy are ignored

f. The optical efficiency of the receiver is assumed to be 93%

g. Conductive heat loss in the receiver is ignored

5. The Exergy Analysis

The Second Law Efficiency or what so called the exergy efficiency of the whole system can be
defined as the ratio of net electricity output from the whole system to the exergy input associated with
the solar irradiation on the heliostat surface [8]. The exergy input into the heliostat field (¥;,:q:) IS
basically the electricity output (W,,..) plus the irreversibility (I;,+q;) Which is also called the exergy
destroyed. The exergy destroyed represents energy that could have been converted into work but was

instead wasted. Therefore, the exergy efficiency of the overall system is given by:

Wnet

¥
Ll’total

N = €Y)

— Whet
(Wn ett Itotal)

ulil (2)
Where the net output work (electricity) from the whole system is calculated as:

Whet = Whptur + Wlptur - Wpumpl - Wpumpz 3)

The total irreversibility (I:,:4;) Of the whole system is the summation of the irreversibilities of the

subsystems:

Itotal = Iheliostat + Ireceiver + Ipcycle (4)
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5.1  Power cycle

To improve the exergy efficiency of the power cycle a regenerative Rankine cycle is used as the case
of most existed solar tower power plants. The power cycle of our system as shown in figure (1)
consists of high and low-pressure turbine stages, a condenser, two pumps and feed water heater. Since
a molten salt is being used as Heat Transfer Fluid, it is necessary to use an open and a closed feed
water heaters to prevent the solidification of the molten salt in the steam generation subsystem.

The exergy efficiency of the power cycle subsystem can be calculated as:

Whe
nu = (5)

Wnet"'lpcycle

Whet = Wiurbine — Wpump (6)
Wiurbine = Whptur + Wlptur ™
Wpump = Whump1 + Wpumpz )

In order to calculate the power cycle output (W) , it is necessary to apply an energy balance in the
regenerative Rankine cycle. As a result the power delivered by the turbines and consumed by the

pumps can be evaluated as following:
Wiurbine = [(hy —hy) + (1 —y)(hs —hy) + (1 —y — z)(h, — hg)] )
Woump = (1 =y —2z)(h; —hg) + (1 —y)(hg — hg) (10)

vy & z are the mass fractions and can be calculated by applying an energy balance on the open and the

closed feed water heaters. Therefore, the values of the mass fractions are:

_ hypo—hg
Y =1, h, (11)

_ (1-y)(hg=h,)
" (hy~hy) (12)

The irreversibility of the power cycle (Ipcyce) Is the summation of the irreversibility of each

component of the power cycle subsystem.

Ipcycle = Iturbines + Icondenser + Isgenerator + Ipumpl + IpumpZ + Iofwh + Icfwh (13)

The entropy generation in a system is the cause of the exergy destruction. The destruction of useful

work because of the entropy generated is knowing also as irreversibility. The exergy destruction is a
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proportional of the entropy generated. The general equation for the exergy destruction can be

expressed as:
[ = ToSgen (14)
Sgen 1s the entropy generated, for a steady state control volume, this leads us to:
Sgen = ZoutMeSe — inMisi = X - (15)

Where

m; & m, are the mass flow rate in and out respectively
s; & s, are the entropy in and out respectively

Q is the heat loss to the surrounding.

T, is the temperature of the heat source.

As a result, the irreversibility of each component of the power cycle can be defined as:
Tturbines = Mgt To[(s2 — 1) + (1 —y)(s4 —53) + (1 —y — 2)(s5 — S4)] (16)

Isgenerator = mstTo((Sl - S10) + (1 - Y)(S?, - SZ) - (((hl - th) + (1 - Y)(h3 - hz))/

Trecsur)) (17)
Ipump = Ipump1 + lpump2 (18)
Ipump = Mg To(1 —y —2)(s7 — s6) + ms To (1 — y)(sg — Sg) (19)
Lotwh = Mt To((1 = y)sg = 254 — (L =y — 2)s7) (20)
Iefwh = Mgt Ty (ysz + (1 —y)(s10 = So)) (21)
Leondenser = MsiTo(1 =y =2)((s6 —s5) = (2))  (22)
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5.2 Receiver

In the solar receiver, the heat flux arriving at the aperture area is transferred into a heat flow directed
to the HTF. The heat is used to raise the temperature of theHTF. On the way from the aperture to the

fluid, some optical and thermal losses occur. Therefore, the incident isolation can be obtained by:
Qinc = Qincabs T Qincloss (23)
Qincabs = Mpys(hy — hy) (24)

h, & hy, are the inlet and exit enthalpy of the molten slat at the receiver respectively.

Regarding the thermal losses, only the radiation and convective losses have been considered and the

others are partially small and to be ignored.

Qinc,loss = Qloss,radiation + Qloss,convection + Qloss,optical (25)

The radiation and convective heat loss is obtain from a CFD model for the same receiver geometry and
same boundary conditions done by the author [9]. Table (1) shows the values of the thermal heat loss

at the receiver.

Table 1. Thermal loss at the receiver [9]

DNI [W/m?] Wind speed [m/s] Radiation loss [kW] Convection loss [kW]

800 4 774 251

The optical efficiency is assumed to be 93% . Therefore, the Qo5 opticar 1S €qual to 0,07Q7,,

The exergy delivered to the receiver can be calculated by [8]:

To

lp;nc = Q;nc (1 - F) (26)
T™ is the apparent sun temperature as an exergy source and will considered 4500 K.

Similarly the exergy absorbed in the receiver can be given by:

To
llJinc,abs = Qinc,abs (1 - ) (27)

Trec,sur

The exergy efficiency of the receiver is defined as
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Winc,abs
= 28
Nu Ve (28)

The irreversibility in the receiver

lreceiver = L|";‘nc - L|"inc,abs (29)

5.3  Heliostat field system

The incoming solar irradiance onto the receiver aperture area is concentrated by a large number of
individually tracked heliostats. The flux density distribution on a defined aperture surface is the output
of the heliostat field. This aperture surface can be used as an interface between the optical concentrator

and the solar receiver.

The total isolation (Q/,:4;) IS @ proportional to the heliostat field aperture area and can be given by

[8]:
Qtotal = An-DNI (30)

Ay, is the heliostat field aperture area.

DNI is the direct normal irradiation.
Q:otal = QyiKnC + Qfoss (31)

The total exergy (¥;,+q;)associated with the solar irradiation on the heliostat mirror surface (Q/y¢a1)

can be expressed as [8]:

* * To
Wiotal = Qtotal (1 - F) (32)

lj":otal = Yinc + lheliostat (33)

The exergy efficiency of the heliostat will be as:

LIJT
— *mc 34
N e (34)
The irreversibility in the heliostat is:
Iheliostat = lI":otal - q—’iknc (35)
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6. Fractional Exergy Loss

The ratio of the irreversibility of each component to the irreversibility of the whole system is the
fractional exergy loss for that component. That illustrates the loss of useful energy in each component
which helps us to decide where we should be focusing our efforts to improve system efficiency.

The fractional exergy loss of each component can be calculated as:

1
Fractional Exegy LosScomponant = C(’Z";p—(’ml‘m x 100 (36)
tota

7. Results

The exergy analysis has been carried out for a CRS power plant with reheat-regenerative Rankine cycle
using one open and closed feed water heater. At a constant DNI the exergy efficiency differs from a
component to another. The highest exergy efficiency is associated with the power cycle subsystem
meanwhile the receiver subsystem has the lowest exergy analysis. It can be seen from the graph in the
figure (2) that at fixed DNI 800 W /m? and also fixed Outlet temperature of the HTF (molten

salt) 565 °C, the exergy efficiencies are 80%, 74% and 58% for the power cycle, the heliostat and the
receiver respectively.

Exergy Efficiency of the main componants at a
constant DNI [800 W/m?]
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FIGURE 2. The comparison of the exergy efficiency of the main components in the system
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Figure (3) illustrates the effect of the DNI on the fractional exergy loss. The fractional loss at each
component of the power cycle subsystem decreases slightly with the increase of the DNI. However, at
the receiver and the heliostat field subsystems the case is opposite. The fractional loss at the receiver
and the heliostat field increases with the increase the DNI and as a result the exergy efficiency in both

subsystems decreases.

Fractional Exergy Loss vs. DNI
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L == Heliostat field

o
1

600 650 700 750 800 850 == Receiver
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FIGURE 3. The effect of the direct normal irradiation on the fractional exergy loss of all components

The total isolation (Qgota) at the heliostat field and the exergy (v;,,.,) associated with it are both a

proportional of the DNI as illustrated in equations (30) and(32). However, the second law efficiency

of the heliostats (M 1,q1i0sar) 1S INVersely proportional of the DNI and it gets lower because the

irreversibility of the heliostat gets higher as shown in equation(34). Similarly when the DNI increase
the exergy delivered to the receiver (y, ) increase and also the irreversibility at the receiver increase
(Ireceiver) and this leads to the decrease in the exergy efficiency of the receiver (n; . ceiver) @S

described in the equation (28).

Figure (4) shows the effect of the DNI on the exergy efficiency of the whole system. Since the
irreversibilities at the receiver and the heliostat field increase with the increase of the DNI, the total

irreversibility (I;oq;) increases and as a result the exergy efficiency of the whole system decreases.
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The variation in the exergy efficiency of both the receiver and the overall system with the outlet
temperature of the molten salt is shown in the figure(5). It can be seen that the exergy efficiency at the
receiver and the overall system both increase to a certain degree with the increase of the outlet
temperature. The outlet temperature has more effect on the exergy efficiency of the receiver subsystem
with comparison to the overall system. The increase of the outlet temperature of the molten salt from

450 °C to 600 °C will lead to an increase in exergy efficiency at the receiver to about 5% while the

FIGURE 4. The effect of the DNI values on the exergy efficiency of the system

increase of the exergy efficiency at the overall system is only in the range 0f1%.
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FIGURE 5. The effect of outlet temperature of the HTF (molten salt) on the exergy efficiency of the receiver
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The fractional exergy loss at the receiver and the heliostat subsystems varies with different values of
the outlet temperature as shown in figure (6). Regarding the receiver subsystem the fractional exergy
loss decreases with the increase of the outlet temperature. However, the fractional exergy loss at the
heliostat field subsystem increases and this lowers the exergy efficiency. As the outlet temperature of
the molten salt gets higher the flow rate should be lowered in order to heat the molten salt to the
required temperature and therefore, the absorbed heat at the receiver by the molten salt (Qinc qps) 1S
diminishing. As shown in equation (27) the exergy delivered to the receiver (¥, qps) IS proportional
of the absorbed heat by the receiver (Qi,cqps). Therefore, the exergy delivered to the receiver
(Winc,aps) reduced and as a result the exergy efficiency of the receiver decreases as illustrated in
equation (28). It can be also seen from the figure (6) that the variation of the outlet temperature of the

molten salt has no effect on the exergy efficiency of the power cycle subsystem components.

Fractional Exergy Loss vs. Outlet Temperature
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FIGURE 6. The effect of the outlet temperature of the HTF (molten salt) on the fractional exergy loss of all the

components in the system
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8. Conclusions

In this paper, a theoretical investigation based on the second law efficiency has been conducted for a
CRS power plant with an external central receiver and a supercritical Rankine cycle to pinpoint the
causes and locations of the thermodynamic imperfection and the magnitude of the process

irreversibilities in the system. The following conclusions can be drawn from study:

e The receiver subsystem has the highest fractional exergy loss and as a result it has the lowest
exergy efficiency (58%) followed by the heliostat field subsystem(74%). While the power
cycle subsystem has the lower fractional exergy loss and as result the highest exergy
efficiency (80%).

e The variation of the DNI affects the fractional exergy loss in all components. The increase of
the DNI leads to a decrease of the fractional exergy loss in the power cycle subsystem
components and an increase of the fractional exergy loss in the receiver and heliostat field
subsystems. As result the increase of the DNI affects negatively the exergy efficiency of the
overall system.

e The variation of the outlet temperature of the HTF (molten salt) has no significant impact on
the exergy efficiency of the receiver subsystem as well as the overall system. It is found that
by increasing the outlet temperature of the molten salt from 450 °C to 600 °C will increase the
exergy efficiency of the receiver subsystem to almost 5% and almost 1% to the exergy

efficiency of the overall system.
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