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Introduction

Energy is one of the most prominent human needs (together with water) but today the electricity
production account for 35% of overall GHG emission [60]. The growing energy demand and more
rigorous environmental constraints are leading the power production sector to increase the share of
renewable energy sources. The utilization of solar energy has grown significantly in the last decades,
especially thanks to the photovoltaic technology [95]. The development of PV has contributed to
reduce the solar electricity cost. Nevertheless, when the grid requires a more dispatchable production,
PV plants become critical because of a difficult modulation of the power production, as well shown by
Gauché et al. [56] and Quaschning [125]. The necessary flexibility can be guaranteed only through
systems with energy storage. Concentrated Solar Power (CSP) plants generally have embedded
Thermal Energy Storage (TES) systems, which result more affordable if compared to batteries [186].
Despite of a LCOE currently higher than PV, Report EIA 2018 [42] indicates Concentrated Solar Power
plants as the most promising solar technology. CSP plants can ensure a smooth and dispatchable
power on-demand even when the irradiation is scarce or fluctuating, as documented by Magrassi
et al. in [105], avoiding excessive stresses on the grid due to demand peaks [2]. Furthermore,
CSP plants operate similarly to traditional fossil-fuel power generation plants (with a power block
based on a steam Rankine cycle) allowing Combined Cooling, Heating and Power (CCHP) solutions:
thus solar radiation can be converted into final energy with a high overall efficiency, improving the

competitiveness of CSP systems, as proved by Khaliq [85] and Ravelli et al. [130].

Recently, many efforts are voted to increase the competitiveness of CSP, first of all the project for a
new generation of CSP (CSP GEN3) of NREL and SANDIA laboratories; their goal of improving
efficiency and reducing component cost includes increasing solar circuit temperatures beyond 700°C
and replacing the steam turbine with a supercritical CO, Brayton cycle [107]. However, in the vision
of Internet of Energy, it is underlined that the high investment cost is considered acceptable in context
with high renewable penetration and the dispatchability becomes the priority of the grid [59]. This
thesis has studied in detail the behavior of the CSP and how it is possible to influence it, for different
operating conditions; particular attention is given to production flexibility in order to include the plant
as the main source of electricity, in a completely renewable scenario or for isolated applications where

the only objective is to satisfy demand.

Among the CSP plant configurations, the Central Receiver System (CRS, also called Solar Tower) is

the option with the highest potential [71]. Brumana et al. in [19] showed that CRS perform better
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than linear systems (Parabolic Trough Collectors, PTC) in isolated or weakly interconnected grids.
This is due to higher operating temperatures (ensuring a higher cycle efficiency) and smaller seasonal
variations in the solar-to-thermal efficiency. The main constraint of CRS plants remains the high
investment cost, that nowadays is limiting the tower plants to large-scale and high-irradiance-level
applications, as reported by Singhai et al. in [156] and [157]. Although the level of solar irradiance
has a huge impact on the power generation costs [80], decreasing the capital costs remains the main
road to lower the LCOE. As reported in the analysis of Telsnig et al. [163], the solar field represents up
to 50% of the total investment and reducing the heliostat cost could be crucial, as documented by Emes
et al. in [43]. Moreover, the heliostat field is the subsystem with the highest energy losses, typically
more than 40% [179]. Despite several models available in the literature (as reported in the review
carried out by Barberena et al. in [14]), the procedure to obtain the optimal design of the heliostat
field is still an open question. With the aim of increasing the competitiveness of the CRS, the critical
points of technology are addressed in first place. Some authors suggested new system configurations
to enhance the field efficiency, like the multi-tower configuration proposed by Arbes [5], the secondary
receiver investigated by Kiwan and Khammas [91] and Schaéttl et al. [148], or the field distribution
on a hillside terrain [90]. All these solutions lead to limited efficiency improvement, but significant
reduction of investment costs. Many studies have demonstrated that improve the heliostat efficiency
can enhance by 10% the energy delivered by the field [35]. Since the best layout is a trade-off of the
losses occurring in the ray path from the sun to the receiver (shading, blocking and the other optical
factors), different solutions could lead to very similar results in terms of overall efficiency, as reported

by Collado and Guallar in [33].

The best configuration of the heliostat field must include the tower-receiver subsystem to maximize
the energy conversion efficiency: in fact, Yu et al. in [182] showed how coupling the two systems
plays a fundamental role in the conversion from radiative to thermal power. The optimization of the
whole system is often considered too expensive and several codes focus on a reduced set of variables.
Saghafifar and Gadalla [140] proposed a field layout optimization according to different patterns (spiral
or radial staggered). Farges et al. [46] studied the optimization of the heliostat geometry, given the
dimensions of tower and receiver. Srilakshmi et al. Sometimes investigated the optimization of the
tower height for given heliostat layouts in [159]. Only few works explicitly include tower and receiver
dimensions in the optimization of the layout pattern, like Carrizosa et al. in [22]. A complete approach
is presented by Collado in [34], where a double-step optimization process leads to the design of the

whole solar field minimizing the LCOE. To improve the plant design, it is important to detect which
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are the main factor affecting the field efficiency [128]. The first aim of this thesis is to identify the

critical variables and their influence on the optimum layout; particular attention is given to:
* the effect of the design periods on the performance throughout the year.
* the consequence of different target function during the optimization.
* the assessment of the best heliostat size, according with an economic evaluation.

* the design of the receiver for a pre-determined solar field, respecting physical and economic

constraints.

A new model for optimizing and simulating solar tower plants, based on an in-house Matlab® code, has
been developed and validated. The main geometrical parameters of the tower system are varied during
the design process in order to maximize the efficiency and considering the cost of each component,
the minimization of the cost of electricity (i.e. LCOE) could help to increase the development of the
CRS system. The analysis has been carried out for two field sizes comparable with a small standalone

application (almost 5 MW, ) and with a commercial scale plant (greater than 100 MW,).

Despite the low level of LCOE of photovoltaic represent an attractive solution, Cole et al. highlight
that increasing the capacity of non-dispatchable system will require a different approach for the balance
of the electricity grid [26]: a production system that ensure a sufficient flexibility is preferable to a
cheapest, especially in the MENA region where a smart grid technology is not yet implemented, as
remind by Okedu and Salmani in [112]. The storage system for PV stationary application is still not
competitive with the thermal energy storage, despite the recent batteries cost reduction, as depicted
by IRENA [78]. As already mentioned, the beneficial effect of TES represent a key factor for the
adoption of CSP in the production system; moreover, the reliability of the associated energy facilitated
the integration of other non-programmable renewables, such as solar PV and wind turbines. In this
way the global share of green power plants is increased [3]. The second aim of this work is to assess
the potential of CRS system under different operative condition and with particular stress on the
load-following capability: the ability to instantly meet the electric demand of a district or a region.
The analysis provided by Chen et al. [23] underlines that the design of a central receiver system and
the interaction of each subsystem (solar field + receiver + storage + power block) is non trivial and
different opinion about design condition or the solar multiple (SM) are present in literature. Luo
et al. define 12 parameters for the design of the whole system and with a sensitivity analysis the

interaction between the subsystem is defined: the capacity of the storage and the solar multiple are the
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only parameters that are strictly related [102]. Awan et al. [11] developed a method to maximize the
produced energy, minimizing the LCOE, of a CRS system by changing the value of SM and storage.
A combined optimization of genetic and teaching learning algorithms is used by Khosravi et al. [86]
to determine the best design point DNI together with the sizing parameters. Some authors pointed
out on the importance of the dispatch strategies, such as Wagner et al. [175] that determine the TES
utilization in order to ensure the best operation, depending on weather and market prices.

Due to limited and inadequate capacity of the infrastructures for generation and transmission with
fossil fuel, blackouts are frequent in MENA and the capacity expansion of renewable is more important
with the rising power demand. The adoption of hybrid renewable energy systems (HRES) is the
only way to consistently reduce the fossil contribution and results to be more suitable especially in
application where the extension of the grid connection is not feasible [126]. The hybrid generation
of electricity starts from small application in very isolated location such as the communication tower
or the temporary facilities of non-governmental organization (NGO), typically powered by a Diesel
genset coupled with photovoltaic field and battery [113], until large scale project like The RedSea
resort [165], in the Kingdom of Saudi Arabia, with 100% carbon neutrally electricity production with
high level of energy storage.

The variability of the resources forces a more accurate design process where the performance prediction
and the size of the component become crucial. In the second part of this thesis, different configurations
of renewable systems are compared to reduce the contribute of fossil fuel to 10% of the electric demand.

The main objective of the study are to:
* Analyze the load-following capability of CRS system for installation in island-mode

* Evaluate the capability of CRS system in a power mix system (with PV, wind turbine and

batteries)

For all the case considered, a detailed optimization has been provided to determine the optimal field
size (for the three technologies), storage capacities (TES and batteries) and nominal power of the
steam turbine to minimize the LCOE of the plant and ensuring the balance between energy supply and
demand. Aware that the severe penalty of efficiency due to partial load and the not rapid ramp rate,
the steam Rankine cycle has been adopted in this thesis according to the most diffuse commercial CSP
configuration. However, since the work is focused on the solar field operation, an ideal load-following
capability of the turbine has been supposed, and only off design considerations on the efficiency are

treated.



Part 1

Heliostat field layout optimization






Chapter 1. Central receiver system performance model

1.1 Introduction

In recent years, several frameworks were proposed for the field generation, including the most ac-
claimed ones such as DELSOL3, Campo code, MUEEN algorithm and heliostat minimum radial
spacing. Saghafifar et al. [142] showed that a pattern-free strategy leads to a more irregular field and
maintenance operations become more difficult. Furthermore, this approach is highly time consuming
since the coordinates of each mirror have to be optimized, as reported by Carrizosa [21]. To make the
problem less complex, a geometrical pattern is frequently imposed: Lutchman et al. [103] showed
that the arrangement of the entire field is possible with a set of few variables. In that way, Les et al.
[94] conclude that the resulting layout “is more suitable to real plants”. Pattern strategies are usually
preferred and one of the most reliable methods is the radial staggered: Collado and Guallar [30] have
shown the strength and the consistency of this method. Compared to free variable optimization, the
pattern distribution leads to a slightly reduced optical efficiency, as proved in [20] by Carrizosa et
al., but the computational cost is much lower as Kim et al. documented in [87]. Besarati and Yogi
Goswani proposed in [15] a methodology to attenuate the rigidity of this method: the patterns are

applied to an over-sized field and then the most efficient heliostats are selected.

In the comparative review of the existing codes for the assessment of the heliostat fields carried out
by Garcia et al. [54] two different methodologies are presented: ray-tracing and integration (fully
analytical) methods. The former requires a high computational effort. The performance of the field
is statistically approximated with the behavior of a random set of solar rays: as reported by Huang
and Yu in [73], a huge number of rays must be considered to ensure a good accuracy. Analytical
methods assume that the ray behavior can be approximated with a normal distribution, resulting from
the superposition of each optical error [145]. In a complete review of optimization algorithms [39],
Cruz et al. conclude that the best method depends on the aim of the work, given the time consuming
restrictions. In an optimization study the performance of thousands of different layouts must be
evaluated: the selected method must be as simple and as fast as possible, by sacrificing the accuracy
of more detailed models [127]. Only when a more realistic forecast of the plant operation is required,
a modification of the analytical method is suggested [38]. Due to the computational constraints,
some simplifications are often necessary, limiting the accuracy of the simulation. Lipps [100] and
analogously Kistler [88] proposed a zoning approach in the eighties. The heliostat field is divided

into cells and the optimization is based on the efficiency evaluated in the center of each cell [9]. The
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annual performance of each heliostat does not depend only on the solar time and its own position and
orientation, but also on the relative location of the neighboring heliostats, which cause shadows and
blocking [29]. The shading and blocking factor is the most computationally expensive parameter [87]
and one of the main sources of losses of a non-optimized layout [127]. Two different approaches were
introduced for the calculation of the block and shadow losses: the projection method, developed by
Sassi in 1983, and the heliostat discretization method. The Sassi’s method [147] has been widely used
in many applications, but some assumptions, like the heliostat parallelism, compromise the accuracy
of the model [75]. More recently, some authors, like Cruz et al. in [38], propose some modifications
of analytical methods to make the performance prediction more accurate. Wang et al. suggested a
more reliable method for the evaluation of the shading and blocking factor [177]. Eddhibi et al. [41]
showed the impact of shading and blocking losses on the field design and the influence of atmospheric
extinction is analyzed in detail by Polo [120].

The total energy delivered by the field is affected by the heliostat positions, but Gadalla and Saghafifar
documented the strong influence of the target point geometry [53] and the receiver thermal losses
(convective and radiative) proportional to the absorbing area, can be significant. The receiver operation
is limited by the maximum allowable flux limit, generally about of 1-1.2 MW /m? [32] and the
evaluation of receiver performance must include the flux calculation on its surface. The flux evaluation
implies that not only the optical performance of the single heliostat, but also the energy associated
to the reflected beam must be considered. Analogously to heliostat field models, ray-tracing and
integration (fully analytical) methods are available for the flux calculations and even if with Monte
Carlo version it is possible to reduce the approximation of ray-tracing, the analytical methods ensure
the evaluation of the peak flux levels with a small deviation (less than 2%) saving more computational
time [54]. In the most diffuse methods, UNIZAR and HFLCAL models [28, 150], a convolution
approach is applied and the solar flux is projected on the receiver surface from the image plane [74].
Alternative solutions, as the one presented by Wagner and Wendelin in [173], are available; however,
HFLCAL is considered the best compromise between simplicity and accuracy [27].

In this work the development of a comprehensive model for generating and simulating the heliostat
field is presented. The goal is to achieve a good compromise between accuracy and computational

effort. The model is included in an optimization procedure for the design of the mirror’s layout.

1.2 Heliostat field model

The developed heliostat model can be divided in two parts: a preliminary field generation and the

optical efficiency calculation.
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Figure 1: Fundamental definition in radial staggered heliostat field.

1.2.1 Field generation

A radial staggered layout heliostat field is assumed, since the high efficiency of this scheme has been
widely proved [30]. The heliostats are placed in rings around the central tower. The mirrors in the
outer ring are placed between two heliostats of the inner ring: this distribution reduces the shadowing
and blocking effects, as documented by Li et al. [96]. The entire field is divided in rows having
constant angular spacing between contiguous heliostats. As the distance from the tower increases,
the azimuthal spacing gradually enlarges: once an extra mirror can be placed between two adjacent

heliostats in the same row, the number of mirrors per row doubles up [9].

Every heliostat is represented, as reported in figure 1, by a circumference (DM) which indicates the
section of field covered by the heliostat horizontal projection. The DM value includes an extra-security
distance, namely d,., added to the heliostat diagonal DH (Eq.1). The research proposed by Collado

in [34] has shown that this clearance can be neglected.
DM = DH +dy,, (1)

The radial distance between consecutive rows is evaluated according to eq. 2, where dR; is a design

parameter determining the row spacing, with a minimum value of cos30° (eq. 3) [30].

AR, =dR; - DM 2)

ARpyin =~ DM - cos30° 3)

The rows with the same number of mirrors define a group. The azimuthal distance along each row is

determined as a function of Ry, the radius of the first ring of each group (Ry, R;, ... ), as shown
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in eq. 4,5 for the first three groups.

Aa; =2 asin|[DM /2R;] ~ DM /R; 4)
Aa/,-+1=Aa’1/22DM/R2$R2=2-R1 (5)
(6)

In the present work, the first radius is defined as function of the tower height (eq. 7), as suggested by

Kistler [88] in order to maximize the efficiency.
R, =0.75-H, (N
For every group, the number of heliostats per row is related to Rg,,, and DM according to eq. 8
Np; =2nR; /DM 8)
®)

Collado and Guallar [29][34] observed that the radial distance can be kept constant along the group
without penalizing the performance of the field. Consequently, the number of rows in each group can

be calculated as Li et al. proposed in [96] (eq. 10):
Nrows; = (Riz1 — R1)/AR; = round (R;/AR;) (10)
(11D

AR is set to give the densest solution (equal to AR,,;,), as this zone has the lowest blocking effect

[29]. The other radial increments are matter of this study.

1.2.2 Performance model

The heliostat optical efficiency at time t in position (X,y) is calculated according to eq. 12 [96].
The equation considers the following losses: the mirror reflectivity p, the cosine effect f.,s, the
atmospheric attenuation f, the spillage factor f;,;; and the shadowing and blocking effect f;;. The
factors included in the eq. 12 are explained in detail in the next subsections, except for the reflectivity

that is assumed to be constant (0.9).

nopl(-x’ y,t) = p(t) ’ fcos(xa y’ t) ’ fatt(xa y’ t) ’ f&‘b(x’ y’ l) ’ fspill(-xa y’ t) (12)

Cosine factor

The cosine factor is the cosine of the angle 6 measured between the incident sun-rays and the normal

of the heliostat surface [15][53]. S and T are defined as the vectors pointing to the sun and to the

10
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receiver surface from the heliostat center, respectively. The normal to the surface of the heliostat (eq.
13) can be defined by the reflection law relationship, as reported in [24]. The cosine factor (eq. 14),

according to the optics law, can be expressed using only the incident and reflected vectors.

- -

n= a+ - (13)
2cos0 |5, T
S-T
feos = cOs 8 = cos (acos(f)/Z) (14)
STl

Atmospheric attenuation

The atmospheric attenuation factor (eq. 15) considers scattering and absorption of the reflected rays,
due to the presence of water vapor or aerosol in the atmosphere. The equation evaluates the beam

losses as function of the distance between the center of the heliostat and the aim point on the receiver

(dnr) [12].

exp(—0.0001106 - dp;) dp > lkm

{ 0.99326 — 0.1046 - dj,r + 0.017 - d2 —0.002845 - d3  dp, < 1km as)
att =

Shading and blocking factor

The radiation reflected onto the receiver can be reduced by shading and blocking effects: these optical
interferences, caused by the nearby heliostats, leads to a reduction of the effective reflective area.
When shading phenomena occur, adjacent mirrors can create shaded areas on the considered surface.
In case of blocking, a fraction of a reflected beam is intercepted on the way to the receiver. The shading
and blocking factors can be considered as the portion of the mirror area that reflects successfully the
radiation to the receiver. These factors must be considered together to avoid overestimating losses,
and must be re-calculated throughout the day because the sun position and the mirror orientation are
constantly changing [96]. Only a limited subset of mirrors can interfere with the reflection of each
heliostat; identifying first the neighboring heliostats can improve the process of loss evaluation. In
this work, the method presented by Besarati in [15] is adopted (Fig. 2): the first three heliostats closer
to the heliostat in the direction of sun rays are selected for the shading investigation (orange circles),
whilst the direction of the reflected beam is considered for the blocking effect (blue circles). The
search space is function of the representative dimension DM and the distance between adjacent rows

(AR;).
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Figure 2: Heliostat selection method for shading (orange) and blocking evaluation (blue).

Then, for each selected mirror shadowing and blocking are simultaneously calculated according to a
procedure based on Sassi’s projection method [147], widely used by several authors [53, 140]. Some
assumptions are considered in the model: flat mirror surfaces, parallelism of the neighboring heliostats
and absence of optical errors. Huang et al. [75] showed that this method, evaluating the heliostat
image only from the projection of its center, tends to overestimate the f;;, value. In the present work,
an improved model inspired to the method presented by Zhang et al. in [185] has been developed: the
image of each heliostat is evaluated starting from the projection of its four vertices. The data presented
in [30] have been used to validate the new shading and blocking model and the comparative analysis
for two different d;.,, is summarized in Table 1. The results show a good estimation of the shading and

blocking factors, with a deviation closer to 1% considering the first zone and even less for the whole

heliostat field.
Day=345, Solar time=9
dsep=0 dsep=3
Reference New model Difference (%) Reference New model Difference (%)
Zone 1 0.788 0.799 1.40% 0.885 0.891 0.69%
Zone 2 0.775 0.781 0.73% 0.873 0.876 0.40%
Zone 3 0.645 0.648 0.42% 0.708 0.709 0.25%
Field 0.676 0.674 0.48% 0.747 0.749 0.26%
Table 1: Validation of the shading and blocking model.
Spillage efficiency

The radiant power (Pj,) associated to the beam reflected by each heliostat is defined considering all
field optical losses, except the spillage factor (Eq. 16). Py is considered to have a circular normal
distribution, obtained by the convolution of three Gaussian error functions: the sun-shape error oy,

mirror slope error oy, tracking error oy, (Eq. 17) [8]. The typical values of the standard deviations
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Figure 3: Definition of the main parameters of the tower-receiver system.

are 2.51 mrad, 0.94 mrad and 0.63 mrad, respectively [29].

Ph:DNI'p'fcos'fatl'fsb (16)

. = \/d%r (02 +2 (1 + foos ) 02, + 02, ) (17)

In CRS application with molten salt as heat transfer fluid, a limitation in the working temperature
is imposed to avoid corrosion problems in the receiver tube. With a typical outlet temperature of
565°C, the flux on the receiver surface is limited to 1MW /m? [18]. Since all heliostats pointing to
the receiver equator generate an excessive peak flux, an aiming strategy must be adopted to vertically
shift the target points and evenly distribute the energy spots. The multi-aiming strategy implemented
by Sénchez-Gonzdlez and Santana [145] is adopted in this study. The vertical displacement zR of the
aim point is such that the beam circumference is alternatively tangent to the upper or the lower receiver
edge, for heliostats placed in consecutive rows (Eq. 18) [146]. The beam radius (BRy) depends on
the considered width of the Gaussian curve, associated with the desired beam energy intensity to be
collected (refers to Eq. 16-17): the parameter k, named aiming factor, is introduced to manage this
width (Eq. 19). The value of k could be changed in order to adjust the energy collected: a value of 5

leads to an equatorial aiming, whilst only 1% of Py, is lost if k = 3 [144].

H
R = i( rzec —BRk) (18)
BRy = k - oy /sin &7 (19)

The spillage efficiency is defined as the ratio of the real energy collected by the receiver and the
maximum one, which is reflected by the heliostat field: integrating analytically Pj over the receiver

domain, considering also the aiming strategy, the resulting formula presented in Eq. 20 is based on

13



Elisa Ghirardi

HFLCAL method [150]. The dimensions of the receiver and the definition of the elevation angle r

are reported in 3.

Hyec .
D..\1 ( T zR) sin g7
Sspin = erf (0'32\/5) 3 erf \50’6 -
2
(_Hm' - zR) sin ey .
erf 2
V2o,

1.2.3 Heliostat field model validation

The developed model was validated against the commercial software SAM (System Advisor Model)
[172]. A user defined heliostat field is used in the comparison: the results of the simulation with the
new code (orange dots) show a good agreement with those of the commercial software (blue dots).
The field efficiency for two reference periods, three winter days on the left, and three summer days on
the right are reported in figure 4. An average deviation of 0.11% is obtained; the largest difference
is observed in early morning and in the late afternoon, anyway lower than 2%. The efficiency model
(Eq. 12), written in Matlab language, is validated against the data available in [176], even for the
new approach of shadowing and blocking factor. In Table 3, the comparison of the optical terms is
reported for two fields; the difference from the reference always below 1% confirm a good accuracy

of the model. Table 2 resumed the main parameters of the two layouts considered for the validation.

About the computational times, a single optimization on 8-core processor at 2.50 GHz and 8 GB of

RAM requires less than 24 sec.

Parameter unit  Hourly efficiency Detailed optical losses
(vs. SAM) (vs. [176])

Location Riyadh Sevilla

Solar field thermal power (M W;;,) 30 155

Number of heliostats 400 2646
Heliostat dimensions (m?) 144.375 115.76
Occupied land (acr) 88 212

Tower optical height (m) 100 130
Receiver dimension (m?) 48.89 279.82

Table 2: Key parameters of the layouts used for the code validation.
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Figure 4: Hourly field efficiency results: model vs. SAM.

Case 1 Case 2

Reference New model Difference (%) Reference New model Difference (%)
Jeos 0.8150 0.8164 -0.2% 0.8006 0.8018 -0.1%
Jatt 0.9568 0.9502 0.7% 0.9515 0.9430 0.9%
fsb 0.9128 0.9184 -0.6% 0.9563 0.9594 -0.3%
Sspill 0.9948 0.9979 -0.3% 0.9920 0.9920 -0.7%

Table 3: Validation of the efficiency model.

1.3 Receiver performance model

The receiver configuration directly influences the local performance of individual heliostats within
the collector field and is the dominant factor that determines the shape of the collector field. Two are

receiver shapes commonly adopted in CRS: external cylindrical or cavity, as presented in Fig. 5.

(a) Cavity receiver (four- (b) External receiver
aperture)

Figure 5: Examples of the two receiver configuration.

A typical external receiver consists of multiple absorbing panels approximating a cylindrical surface.
In the cavity receiver, the absorbing panels are inside the receiver structure and the reflected rays pass

through an aperture. The exact internal configuration of the cavity is used for the calculation of the cost,
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thermal losses and flux profiles, the optical calculations of the field are done at the aperture [88]. The
cavity geometry can greatly affect the flux distribution on the inner walls, but has almost no influence
on the absorption efficiency [161]. The cavity configuration assumptions of the DELSOL software
[88] are adopted for the analysis: the absorber surface is a vertical cylinder, centered horizontally
on the aperture. The absorption efficiency 7,55 (Eq. 28) is defined as the conversion ratio from the
irradiance E, 4 to the energy delivered to the transfer fluid E,,s (Eq.21-22), equivalent to the incident
energy to the receiver surface Ej,. (Eq. 23) less the thermal losses L;jermar (Eq. 24) (convective Q cony
and radiative Q.4 (Eq. 26-25)). Rewriting Eq. 21, it is possible to define the receiver efficiency 7,
(Eq. 27) and then 7,5, can be written as the combination of the efficiency of the field and the receiver
(Eq. 28). Itis assumed that the receiver losses, presented as an efficiency, do not vary with time (equal

to design point efficiency).

Eabs = Nabs * Eraa (21)
Eaps = Qrec - Einc — Lthermal (22)
Einec = Nfiela " Eraa (23)
Linermal = (Qraa + Qconv) (24)
Qrad = €T Arec(Tyuy = Ty (25)
Qconv = hmixArec(Twait = Tamp) (26)
NMrec = @rec = Lthermat [ Eine (27)
Nabs = Nfield * Mrec (28)

For the evaluation of the receiver losses a mean wall temperature 7,,,;; of 813 K is considered assuming
a uniform heat flux distribution and a linear wall temperature profile. When an external receiver is
treated, a mixed convective coeflicient £,,;, of 16.61W/ m?K is assumed; the solar absorption and the

emissivity of the receiver are set to 0.95 and 0.9, respectively [34].

Cavity thermal losses

The enclosure structure represents an advantage for the receiver losses: the absorber surfaces are
protected and the convection losses are limited; the coefficient 4,,;, of eq. 24 is adjusted based on the
suggestion reported in [181] (Eq. 30); furthermore, as conservative assumption, if no informations
are specified, the contribution of natural and forced convection is considered equal /¢ = h,. [109].
nix = hpe + hfc (29)

hine = 0.81 « (Tyy — T,) 40 (30)
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The cavity effect allows to recuperate a portion of the emitted and reflected radiations. Considering
the view factors of the surface in the receiver (1: the absorber surface, 2: the aperture area and 3: the
other surface) Fj; and Fi3 are not considered losses but with re-reflection the energy remain in the

cavity.
Aape
Arec

The radiative losses are considered attributed to the aperture with temperature equal to the wall surface

Fo1=1— AyFy =A1Fp— Fo =

€19

(Eq. 32). £ is assumed 0.8 as suggested in [97].
Orad = €5 Aape(Tyy ~ T) (32)

From the definition of Q,.s; in the cavity (Eq. 33), and from the energy balance of the incident
radiation in an opaque medium (Eq. 34) is possible to define the effective absorption efficiency a.

(Eq. 35). Yao et al. quantify the cavity effect, increasing the absorption efficiency to 0.97 [181].

Qrefl =Qin- Fr P (33)
a+p=1 (34)
Qepr=1-Fr-p (35)

1.4 Solar flux model

The flux density is determined for the design condition suggested by SAM software (solar noon of the
spring equinox with a DNI reference value of 950W /m? [173]) and the maximum allowable incident
flux is considered before reflection, irradiation and convection losses. The receiver surface (both for
the cavity and for the external configuration) is discretized with a regular mesh where each point is
identified with the azimuthal angle 6 and the vertical displacement from the optical height & (Fig.
6); more the mesh is thick (which means smaller A6 and Ah), more the flux prediction is accurate
but more time consuming. The contribute of all heliostats in each point is summed up, and then the
respect of the allowable flux density (AFD) of 1.1MW,/ m? is verified.

As best practice suggestion, the analytical method of HFLCAL is adopted given its simplicity and
accuracy. The energy associated to the radiation reflected by each heliostat is defined considering all
field optical losses, except the spillage factor (Eq. 16). Pj is considered to have a circular normal
distribution, obtained by the convolution of the Gaussian cone of the optical errors (Eq. 17) [8].

The definition of the solar flux through the analytic functions is correct only if considered on the image

plane, defined as the normal plane to the central reflected ray (with azimuthal and zenithal direction
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equal to a7 and e7) [145]. The energy intensity of Fj,,. in each point is a function of the distance
from the aiming point (x4p, y4p) as observed in Eq. 39. From an energy balance, the energy contained
per unit area is preserved if it is considered any point of the image plane (x, y) or the corresponding
point on the receiver surface (x., ). Therefore, the flux distribution on the receiver surface F.y; is
reconstructed with a projection procedure (Eq. 40), as presented by Collado in [32] the Jacobian of
each point projection is calculate for each node in the image plane. The panel structure of the receiver
is approximated with a simplified cylinder; each point is identified by its height h, measured from
the receiver equator, and its circumferential position from the south 6, which correspond to an arc of
length x. (Fig. 6).

When cavity receiver is considered, the correlations Eq. 36 -40 are still valid; the vertical displacement
ZR at the absorber surface is not imposed by an aiming strategy but it is consequence of the central

aiming at aperture surface, as highlighted in fig. 7.

y = (h — zR)siner (36)
x =RR - sin(6 - ar) (37)
Jac = |siney cos(0 — ar| (38)

Py (x —xap)* + (y — yap)?
Fima elX, = exXp|— 39
8 ( y) 271_0_62 p 2 . 0_62 ( )
Fcyl (XC7 h) = Fimage (X, y) ~Jac (40)
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Figure 6: Definition of the main parameters of the external receiver local system.
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Figure 7: Definition of the main parameters of the cavity receiver local system.

1.4.1 Solar flux model validation

The developed solar flux model is firstly validated for the cavity receiver with respect to the data of
PS10 plant, available in [135]. In the figure 8 the resulting solar flux profile for two instant (solar
noon of 21*" March and 4 pm of 21%" June) are compared with the literature and in table 4 the mainly
performance parameters associated to the profile are reported. The collected energy at spring equinox
noon is slightly underestimated, whilst the maximum peak value is overestimated for 21°" June at 4pm,

but all the deviation are lower than +2%.

21st March at solar noon 21st June at 4pm
Reference New model Diff (%) Reference New model Diff (%)
Orec(MW) 54.7 53.5 -1.90% 36.8 36.4 -0.01%
Flux,,wk(kW/mz) 650 650 0.00% 455 463 1.72%
0.745 0.748 -0.40% 0.603 0.6016 -0.23%

Nopt

Table 4: Validation of the solar flux calculation model.
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Figure 8: PS10 flux map comparison between literature data and model output.

For completeness also the validation for the external receiver model is reported. The solar flux profiles
of an external multi-panel receiver, presented in [145], are used for the comparison. In table 5 the
coordinates of the three reference heliostats considered are reported to help the reader to understand
the profile. The results in Fig. 9 show a good agreement between the two methods, confirming the

reliability of the developed model also for external receivers.

X(m)  y(m)
a 0 324.49
b 147.84 48.04
c 630.15 204.74

Table 5: Coordinates of selected heliostats for the flux validation
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Figure 9: Solar flux profiles comparison between literature data and model output.

1.5 CRS annual performance

Once presented the detailed model for the simulation of the central receiver system, the main perfor-
mance parameters are considered to correctly compares different CRS solutions. The performance

can be assessed on a technical or economic basis

* Annual insolation weighted efficiency, defined as reported in eq. 41:

3 [ DNI(On frera(t)dt
DNI(t)

(41)

Nannw = 365 [sunset

i=1 Jsunrise
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* Levelized cost of electricity (eq.42):

i(1+0)™
(1+0)Ns — 1 Pl

LCOE(¢USD /kWh,) = =
El

+O0OM (42)

Eq. 42 includes the operation and maintenance costs OM (broken down as a fixed cost by capacity and
a variable cost by generation, respectively 66 USD/kW-yr and 0.35 ¢USD/kWhe [172]). The indirect
costs (contingency, EPC and sales) that contribute to the total installation cost Cpqn(€q. 43 and the
financial parameters for the calculation of the LCOE are reported in Tab. 6: the lifetime and the
interest rate are taken from [98] to align the analysis with the latest announcement of DEWA IV power
plant. The plant primary cost Cpan: (€q. 44) is evaluated as sum of the costs of each component:
heliostat field (eq. 45), tower (eq. 46), receiver (eq. 47) and power block (eq. 49). The cost of
the heliostat field (eq. 45) is proportional to the unit cost C,,2, including the site improvement cost
(156 USD/m?). The cost of the power block is based on the rated power output. The unit cost

values and the correlations reported in eq. 45 -49 are from [172].

Parameter Value
Lifetime (Ny) 35
Interest rate (7) 5
Contingency 7%
Sales 4%
EPC 13%

Table 6: Financial parameters.

Cplant = Plantc,g - (1 + Contingency) - (1 + Sales + EPC) (USD) (43)
Plant.,s = Cheiio + C; + Cree + Cpp (USD) 44)
Chetio = Cp2 - Ay - Nj (USD) (45)
C; = 3000000exp (0.0113(H; — Hyee /2 +Im/2)) (USD) (46)
Crec = 1.03 - 108 ((DyecHyeerr) /1571)%7 (USD) (47)
Ar 0.8
Ceay =2.3-10 (#86) (USD) (48)
Cpg = 1330P e/ nom (USD) (49)
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Chapter 2. Design period analysis

2.1 Introduction

The effect of the plant design parameters on the system performance is still unclear, as underlined
by Rui Chen et al. [23], such as the design meteorological condition or the solar multiple. Recently
different authors addressed the field optimization from different points of view. Gadalla and Sagafifar
establish the best heliostat arrangement based on the shadows and block efficiency [53]. Schottl et
al. prefer a whole field approach to the performance evaluation of individual heliostat, the layout
boundaries are determined with consideration on annual efficiency and land occupancy [149]. It was
also noted that the influence of the design parameters changes with different optimization function. Li
etal. demonstrated that the most efficient solution is not the cheapest one [96]. Leonardi et al. analyzed
the impact of the land cost on the layout of a 55 MW plant, underlying that is possible to reduce the
area by almost 50% without damaging the annual efficiency [93]. Kiwan and Hamad considered the
tilt of the land to minimize the occupancy, however the resulting annual efficiency is damaged [89].
An additional issue is introduced when the size of the plant increases. In the maximization of the
power collected on the receiver, Cruz et al. underlines that managing a commercial scale heliostat
field means an high computationally optimization cost [37]. Collado and Guallar in [33] extend their
field analysis to a commercial scale CRS plant (more than 100 MWe) and it is founded out that the

impact of strong layout changes is minimal for fixed receiver and tower dimensions.

When the CRS system is called to operate in more severe condition (such as in “island mode”),
the seasonal behavior of the efficiency could be decisive for the production reliability. Considering
different design period during the optimization could help to select the most suitable solution for
each application. The investigation carried out by Eddhibi [41] considers the hourly trend of different
optical losses and their variation throughout the year (March, June, September and December); with
a detailed analysis, it is obtained a heliostat field with a minimized effect of blocking and shading.
Saghafifar and Gadalla evaluate the cosine factor with increasing time scales (from instantaneous, to
yearly time average); the results underline that an instantaneous approach is more advantageous for
the optimization of small scale field, a larger time average period is more reliable increasing the field
size[141]. Furthermore, the paper presented by Chen et al. [23] underlines the influence of the design
period on the efficiency: the optimal design DNI (that is strictly related to the month considered)
is function of the distribution of solar irradiance throughout the year and generally lower than the

classical recommended values.
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Usually, heliostat optimization algorithms aim to maximize the overall efficiency in a selected day
(typically 21%" March or 21*" June) or the annual energy production. In the present work, on the
contrary, the layout optimization is carried out to maximize the load-following capability of a solar
tower plant. Even more frequently CSP plants operate in weekly interconnected grids with high
penetration of renewables. Typically, in this scenario wind and PV have grid priority and the role
of CSP plants is covering the residual demand before the intervention of fossil plants. So, they must
meet peaks occurring in different months, depending on the profile of the power demand, on the PV
market share and on the wind speed frequency distribution. CSP plants (and mostly solar towers)
can guarantee a short-term (hourly or daily) flexibility thanks to the built-in thermal storage and a

dispatchable generation very valuable to the market.

The present work shows that an optimization strategy of the heliostat field can also provide a long-term
flexibility when operating with a high seasonal variability of the power demand. By a multi-variable
optimization, the best configuration is determined under technical and economic considerations for
a given reflective area. Subsequently, an economic sensitivity analysis is also presented, to show
how budget costs impact on the optimal plant configuration. Finally, different heliostat sizes are
investigated to further improve the efficiency and reduce the cost of the plant. The analysis is carried

out for two different sizes of the solar field.

2.2 Design optimization

An optimization procedure based on the performance model presented in section 2 has been developed
to design the solar field. For an established thermal power on the receiver, namely for a given number
of heliostats, the heliostat field layout is identified by finding the best combination of the independent
design variables values maximizing the goal function. As well known the heliostat field performance
depends also on the tower and receiver sub-systems, so the tower height is introduced as optimization
variable. Conversely, the dimensions of the receiver are assumed from the software SAM, for a
reference field with the same reflected area [172]. Furthermore, the receiver does not show any
interaction with the tower and may be optimized at a later stage, as shown by Luo et al. [102]. The
optimal spacing of the heliostats is strongly influenced by the height of the tower as it acts directly
on the operating orientation of the mirrors. For this reason, the optimization procedure is divided
into two consecutive steps, according to the scheme shown in Fig. 10. First, for an assumed tower
height H,, the spacing coefficients of the radial staggered configuration (dR; and dR3) are varied until

the best compromise between shading and blocking effect and the other optical losses is reached,
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thus maximizing the optical efficiency 7,,; for the considered design period [162]. The best radial

coeflicients dR; ,,;7are hence used to generate the optimal layout (layout, ) as follows:

A field with an excess of heliostats is created with the radial staggered arrangement, as above

described.
* The performance of each heliostat placed in the field is evaluated.
¢ The heliostats are sorted from the most to the least efficient.

* The final mirror layout is selected by choosing the most efficient heliostats, up to reach the

predefined total number.

In the second step, the above procedure is repeated for different tower heights in the considered range
and the resulting layouts are simulated on annual basis to get the field performance. Then the optimal
tower height H; , . is selected in between all the analyzed cases as the one providing the best value
of the goal function.

Since the analysis is done with fixed number of heliostats, maximizing the energy absorbed in the
receiver corresponds to maximizing the heliostat field efficiency. However, the most efficient solution
is not always the solution with the lowest cost [96]. As suggested in [34], once identified the best
arrangement for each tower height, two optimization criteria can be identified, the technical one and
the economic one. The two objective functions [53] are respectively the annual weighted efficiency

(Eq. 41) and the levelized cost of electricity (Eq. 42) already presented in the paragraph 1.5.

2.2.1 Methods and tool

With the aim of studying in detail the variables affecting the performance behavior, the optimization
algorithm has been applied for two heliostat fields with quite different sizes: a small one (400 heliostats)
and a large one (6400 heliostats) corresponding approximatively to 30 and 500 MW;; delivered in
design conditions, respectively. Despite for smaller size a north field is generally preferred, the
two possible layout shape (polar and surround) could present quite various influence for different
parameters. To guarantee a more consistent comparison between the two size, the surround field is
adopted for both the plant. It is however expected a more complete analysis for the smaller field in the
next chapter, according to different receiver configuration. The main parameters imposed to the field
design are reported in Tab. 7. The receiver dimensions (that are not directly included in the following

analysis) are determined by the software SAM for a plant with the same power [172].
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Figure 10: Scheme of the two-step optimization algorithm.

Finally, it is necessary to evaluate the conversion from thermal energy to electricity for the calculation
of the LCOE, so as to compare the solution with the current market situation: a reference steam turbine
is considered for each field compatible with the receiver thermal power and with a solar multiple equal

to 2, assumed with consideration on current operating plants. In this phase of the study, no penalty

for off-design condition is considered.

Parameter unit
Field layout configuration Surround
Receiver configuration External cylindrical
Off-design operations Not considered
Heliostat dimensions (m) 12.2x12.2
Heliostat mirror area (m?) 144.38

Small field Large field
Number of heliostat - 400 6400
Total reflective area (m?) 57600 921600
Dyec (m) 4.53 14
Hyeo (m) 4.67 15.4
Receiver design power (MWyp) 30 500
Steam turbine nominal capacity (MW,) 5 100
Steam turbine nominal efficiency [122] - 0.333 0.425

Table 7: Definition of the main parameters.
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Aswan (Egypt) is assumed as site location, where an annual DNI of 3200 kWh/m? is achieved [134].
The level of solar irradiance is referred to sampled measurements including clouds, pollution and dust
effects, with reference to Meteonorm database [132].

The optical efficiency of the layout is a non-linear function, without an explicit structure and with
several local minimums [46]. Due to the unknown trend of the objective functions and to the extension
of the search space, a direct search optimization method is mandatory. A brute force method is preferred
to highlight the influence of each parameters [185]: all the possible solutions are considered, and the
best configuration is selected among all the parametric results. Table 8 shows the search space for
each optimization variable, i.e. radial spacing dR,, dR3 and dR4 (where AR; = dR; - DM according to
eq. 2) and tower height. AR is fixed, as discussed before, and it is found, with a preliminary analysis,
that the densest solution of the second group maximize the efficiency for the large field, then dR; is
kept constant, equal to the minimal allowable radial spacing. Moreover, dR4 is not investigated for the

smallest field since all the heliostat are placed within the third group.

Variable Field Range  Step

dR; Small 0.866-1.4 0.09
dR3 Both 1.2-25 0.16
dRy Large 3-4 0.16
Ht Small  30-150 10

Large 150-270 10

Table 8: Definition of the search space.

Furthermore, to show how the optimal heliostats layout depends on the considered design period, three
optimization cases are presented in which the efficiency is maximized for the period when the peak
power demand is expected: spring, summer, or winter. More precisely, the three design conditions

refer to the solar noon of the 21%" of March, June, and December, respectively.

2.3 Design period results

In accordance with the scheme of Fig. 10, for each tower height the first step of the optimization
process determines the values of the radial spacing parameters (dR», dR3 and dR4 ) that maximize
the heliostat field efficiency. Fig. 11 shows how the efficiency of the small field (400 mirrors) is
influenced by the radial expansion for the three design conditions. Similarly, Fig. 12 refers to the
large-size heliostat field (6400 mirrors). The red points indicate the optimum dR; value for various
tower heights. The discontinuities of the optimal values are related to the discrete search span of

the spacing variables, as shown in Table 2. Looking at the graphs reported in Fig. 11 (small-size
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heliostat field), some general trends can be observed. The higher is the tower, the more expanded is
the optimum heliostat field, as documented by the increasing values of dR2 and dR3. For high towers
(Ht > 90 m), the expansion in the second group (dR2) leads to an efficiency improvement up to 2%
(curves have a positive slope), whilst the efficiency curves have a negative slope or are flat for small
towers. For Ht higher than 90 m (see Fig. 11-right), the curves efficiency vs. dR3 are flat, because
the third group is empty, and the mirrors are placed all in the second group with a larger spacing.
Moreover, the trend of the curves confirms that several configurations lead to very similar efficiency
values, thereby defining an optimization criterion is difficult. Looking at different design periods, the
maximum efficiency ranges from 72.4% (in December, Fig. 11c) to 74.2% (in June, Fig. 11b). In
the layout designed for December conditions, the optimal radial spacing dR; is 1.4. Conversely, the
optimal dR, is 1.22 when June is considered as design period. For both cases, all mirrors are placed
within two groups. With regard to the optimal tower height, the field efficiency exhibits a maximum
almost constant with towers ranging between 80 m and 120 m, whatever the design period considered.
A different trend is observed considering the large heliostat field ( Fig. 12). The relative distance
between the heliostat rows has a strong impact, especially for the third group and for tower height
lower than 200 m: values of dR3 different from the optimal one lead to an efficiency reduction up
to 6 percentage points. Increasing the tower height, the curves become flat, thus indicating a lower
influence of dR3. The nearly flat behavior of dR4 suggests that only few heliostat are placed in the
fourth group and a more expanded solution could help the shading and blocking factor; up to Ht = 200
m the . The layouts for March ( Fig. 12a) and December ( Fig. 12c) cases are quite similar, except
for a variation in the optimum efficiency (64.8% vs. 62.4%). The layout designed for June conditions

exhibits a maximum efficiency value of 65.9% with a tower 270 m high and a radial spacing dR3 = 2.1.

The results of the first step optimization process are summarized in 11 and 12, where radial spacing and
optical efficiency are plotted vs. tower height, for the small and the large field respectively. Looking
at the small-size field (Fig. 11), the layouts maximizing the efficiency require only the second group
to place the heliostats. The optimum radial spacing is slightly higher for June case than for the March
and December ones, while the optimum tower height is similar (100-110 m). The small heliostat field
shows a maximum efficiency of almost 70% for Ht = 110 m; taller towers have a better cosine factor,
but the reduction of the spillage efficiency has a stronger impact on the overall performance. The best
efficiency value is similar for March and June (73.78% and 74.18%) but rather lower for December
case (72.43%). The optimization results of the large-size field are significantly different (Fig. 12). The

higher is the tower, the higher is the field efficiency: the function 7 ;.4 vs. Ht exhibits an asymptotic
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trend. Starting from 210 m, every 10 m added the efficiency gain step is lower than 0.01 points. The
best efficiency is reached on the upper boundary of the investigated range of tower height (270 m):
64.82%, 65.86% and 62.42% for March, June and December cases, respectively. Concerning the
optimal radial spacing, the best solution (June) is more compact than the one of March: the limitation

of the atmospheric attenuation losses compensate the higher cosine effect.

2.3.1 Annual simulation

The optimal layouts for each tower height and for each design period have been simulated on annual
basis and the target functions, 744, and LCOE, have been calculated as mentioned in the paragraph
1.5 with the assumption reported in Tab. 7. Fig. 15 and Fig. 16 compare design efficiency, annual
average efficiency and LCOE vs. tower height for the design periods considered (in 15a, 15b, 16a
and 16b additional optimization results are shown for further design periods). Curves reported in Fig.
15a and 16a show a general trend: the higher is the Solar Zenith of the design condition, the higher
is the optical efficiency. The average annual efficiency curves exhibit a trend similar to the one of
the design efficiency, with a maximum for Ht 100-110 m in the small field case and an asymptotic
behavior for the large one. But on annual basis the efficiency levels are very close to each other,
with a slight prevalence for March case when Zenith angle ranges between 25° and 10°. Compared
to March, June and December cases on annual basis show a deviation in the maximum efficiency
value of -0.53% and -1.50% respectively for the small size field, whilst the deviations are +0.54%
and -1.86% when evaluated at the design period. The same analysis is valid for the large size cases,
where a maximum annual efficiency of 56.28% is achieved by the mirror field designed for March
conditions. The influence of the Zenith design angle is further reduced to -0.34% and -1.12%, for
June and December respectively.

Moving to the economic target function, the optimum is completely different. For the small field (Fig.
15-c), the cost of the tower has a strong impact: a prominent minimum can be observed for a tower
height 60 m, corresponding to a LCOE of 9.52 ¢USD/kWh. On the contrary, the curve LCOE vs. Ht
is almost flat in the large size case (Fig. 16-c): a plateau level around 5.97 ¢USD/kWh takes place
in the range Ht 190-240 m. This behavior should be justified by a lower impact of the tower cost on
the total investment (up to 10%) and the LCOE trend reflects the annual efficiency curves with a very
slight deviation when different months are considered.

The summary of the optimization results is reported in Tab. 9 and Tab.10. The two target functions
(Mann.w and LCOE) lead to different optimal solutions. A lower tower height (combined to a slightly

more expanded layout) is preferred when the cost minimization is pursued: the annual efficiency is
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Figure 13: Radial spacing and optical efficiency vs. tower height
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sacrificed by 8-4 percentage points, for a LCOE reduction of about 9% and 3%, for the small and the
large case respectively. Referring to March as design period, the small size field exhibits a minimum
LCOE (9.52¢USD /kWh) for a tower 60 m high, corresponding to an average efficiency of 61.21%,
whilst the technical optimum is 66.36% for a tower height of 110 m. The solar field with 6400 mirrors
achieves a maximum efficiency of 58.33% with a tower 270 m high and a LCOE 6.16 ¢USD/kWh,
while the minimum LCOE (5.97 ¢USD/kWh) is obtained with Ht = 210 m (with a 74, = 56.21%).

Ht,opt  Nges Namnw  Eabs Ctot LCOE

Design period  (m) ) ) (GWh) (Mio $) (c$/kWh)
Technical optimization

March 110 0.7378 0.6636 94.15  44.23 10.43

June 110  0.7418 0.6601 93.53  44.23 10.50

December 110  0.7243 0.6538 9250  44.25 10.61
Economic optimization

March 60 0.6832 0.6121 92.60  38.81 9.52

June 60 0.6868 0.6223 9223  38.84 9.56

December 60 0.6622 0.6127 90.61  38.87 9.72

Table 9: Summary of optimization results (Small field).

Ht,opt  Nges Nann.w Eabs Ctot LCOE

Design period (m) ) ) (GWh) (Mio$) (c$/kWh)
Technical optimization

March 270  0.6482 0.5833 1481.18 454.10 6.16

June 270  0.6586 0.5805 1473.38 453.81 6.19

December 270  0.6242 0.5754 1459.57 454.30 6.25
Economic optimization

March 200  0.6240 0.5621 1430.69 418.52 5.97

June 200  0.6319 0.5622 1431.03 418.81 5.96

December 200  0.6005 0.5566 1415.66 419.19 6.02

Table 10: Summary of optimization results (Large field).

Geometry and heliostat position of the layouts resulting from the two optimization processes are
summarized in Table 11 and 12. Additional information is shown in graphical way in Fig. 17 and Fig.
18, where the efficiency of each mirror is indicated by color and the hourly trend of the field efficiency
is also reported for three different days. Starting from the small size field, the impact of the different
design periods on the placement of the mirrors is remarkable. Looking at June as design period (Fig.
17c and Fig. 17d, the optimum layout exhibits an almost uniform distribution of heliostats around
the tower, and the occupancy radius is almost the same along the four directions. Conversely, the
design at December conditions (Fig. 17e and Fig. 17f) selects the heliostats in the northern region

as favorites, since the cosine effect is better in that area: the layout is close to a polar configuration
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with less than 30% of the heliostats in the southern region. The mirror distribution in the technical
optimum layouts (Fig. 17a, Fig. 17c and Fig. 17e) basically consists of two groups: the third group
is occupied only by very few heliostats. The first group is extended up to 165 m from the tower with
radial spacing AR = DM - cos30°, in the second one the radial spacing is equal to DM - 1.4 except for
June case, which is slightly more compact with AR, = DM - 1.222. On the contrary, in the optimum
LCOE layouts (Fig. 17b, Fig. 17d and Fig. 17f) the first heliostats are closer to the tower and the
first group is limited to only three rows in accordance with a smaller tower. The second group with
AR, = DM - 1.044 is extended up to 180 m from the tower. Finally, the third group shows a different
AR5 for each design period: more compact for March and December cases (DM -1.92 and DM -2.14
respectively) and more expanded for June configuration (DM - 2.36).

In the large size case, the layouts corresponding to March and June as design periods show the same
radial spacing for the economic optimization: AR3 = DM - 1.65, and the fourth group is used only
for the December period where AR3; = DM - 1.8 and AR4 = DM - 4; in the technical optimization
AR3 = DM - .2.1 for June and December cases, and ARz = DM - 2.25 for March case. Nevertheless,
the resulting layouts are rather different: the design condition of December (Fig. 18e and Fig. 18f)
preferably places the heliostats north to the tower, similarly to the small field case. The layout related
to June as design period independently from the spacing promotes the circular arrangement (Fig. 18c

-18d).
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Figure 17: Optimum technical (left: a, c, ¢) and economic (right: b, d, f) layouts and corresponding
efficiency for different design periods (March: a, b; June: ¢, d; December: e, f) (Small field).
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Figure 18: Optimum technical (left: a,c,e) and economic (right: b,d,f) layouts and corresponding
efficiency for different design periods (March: a, b; June: ¢, d; December: e, f) (Large field).

In Table 11 and Table 12 the mirror distributions are reported with the specification of the maximum
radius in the four-cardinal directions for small and large field respectively. With respect to the north-

south direction the field is symmetric (only one radius R,,,cg—w 1s reported), whilst in the north the
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Ht,opt Riaxn-s  Rmaxe-w Rgroups thergroup

(m) (m) (m) (m) )
Technical optimization
March 110 289.4 241.3 82.5 168
164.8 165 232
June 110 254 231.7 82.5 168
231.7 165 232
December 110 330 2734 75 145
105 150 240
300 15
Economic optimization
March 60 310.96 248.31 45 58
180 90 173
180 169
June 60 300 260 45 58
260 90 173
180 169
December 60 360 340 45 58
130 90 148
180 194

Table 11: Summary of optimum layouts (Small field).

extension is much greater than in the south. In the economic optimization, the field is generally
more expanded in the north direction and a higher number of heliostats is placed in the lateral region
(east-west).

For all solar fields, the most efficient heliostats are in the north sector and the maximum average
efficiency is greater than 80% for mirrors located in the first row. An average efficiency of 45%
is reached by the mirrors farthest from the tower. By comparing technical vs. economic optimum
layouts, it is worth noting that the mirror fields determined by economic optimization exhibit a larger

deviation between the most efficient and the least efficient heliostat.

2.3.2 Seasonal efficiency

The seasonal efficiency variability of the optimum layouts is here considered. In Fig. 19 and Fig. 20,
the monthly average efficiency is reported for the two considered solar fields. The design period has
a strong impact on the annual trend of the field efficiency this influence is more evident for the small
field (Fig. 19). For both the optimum solutions (technical and economic) the layouts designed at June
conditions show a plateau level in the summer months and a dramatic performance reduction in winter

(8 percentage points less). Conversely, the design with a lower Zenith ensure a better efficiency in the
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Ht,opt Riaxn-s  Rmaxe-w Rgroups thergroup

(m) (m) (m) (m) )
Technical optimization
March 270 1160 1025 202.5 1008
773 405 4032
810 1360
1620 -
June 270 985.3 950.3 202.5 1008
950.3 405 4077
810 1315
1620 -
December 270 1301 1068 202.5 1008
528.1 405 3458
810 1934
1620 -
Economic optimization
March 200 1200 1096 150 608
850 300 2240
600 3510
1200 42
June 200 1043 1043 150 608
1016 300 2224
600 3568
1200 -
December 200 1404 1254 150 608
653.2 300 2268
600 3079
1200 445

Table 12: Summary of optimum layouts (Large field).

winter months. The polar configuration of the December layout is responsible for the performance
penalization in summer: for the optimum technical layout (Fig. 19a) the efficiency is reduced by over
3.2 points, compared to the March layout. In the optimum LCOE layouts (Fig. 19b), the seasonal
variations in March and December cases are mitigated due to the lower tower height, whilst the layout
designed at June conditions shows the same belly-shape trend of the technical optimum configuration.
Moving to the performance of the largest field (Fig. 20), the considered cases show a more uniform
trends especially for March and June. The layouts designed at March conditions undergo a variation
lower than 0.1 percentage point from April to August. Comparing technical optimum (Fig. 20a) and
economic optimum (Fig. 20b) configurations, the general trend is similar, with an average efficiency

3 points lower for the layouts maximizing the LCOE.

Finally, the monthly energy collected by the receiver is considered in Fig. 21 and Fig. 22. The amount

of collected thermal energy is highly dependent on the monthly trend of radiant energy (yellow line),
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Figure 19: Monthly efficiency trend of the technical optimum layouts (a) and of the economic optimum
layouts (b) (Small field).

but the seasonal variation of the efficiency previously discussed plays an important role. The results
presented in Fig. 21 and Fig. 22 weigh the field efficiency values with the available solar irradiance,
allowing to estimate the actual monthly yield. The efficiency penalization in winter for the layout
layouts designed for June conditions is mitigated by the lower level of solar irradiation, whilst the
penalty of December configuration is emphasized in summer months.

The annual collected energy into the receiver is summarized in Table 13. For both the sizes considered,
the technical optimum layout designed for March conditions is the solution that maximizes the annual
collected energy into the receiver (94.15 GWh and 1481.18 GWh, respectively). The energy collected

with the economic optimum layout is lower by 2% and 4%, for the small and large size respectively.

2.4 Sensitivity cost analysis

The case with the best performance (i.e. the layout optimized for March conditions) is then analyzed
more in detailed. It is well known that the economic evaluations are affected by a high level of

uncertainty and some valid conclusions in the present can be denied in the future. This is particularly
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Figure 20: Monthly efficiency trend of the technical optimum layouts (a) and of the economic optimum
layouts (b) (Large field).

Design period E.»s(GWh)
Small field Large field
Technical Economic Technical Economic
March 94.15 92.60 1481.18 1430.69
June 93.53 92.23 1473.38 1431.03
December 92.50 90.61 1459.57 1415.66

Table 13: Summary of energy collected from optimum layouts.
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Figure 21: Monthly energy collected by the receiver (Small field).
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Figure 22: Monthly energy collected by the receiver (Large field).
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true in emerging markets like the CSP sector, where the costs show a large variability in dependence on
several factors, including economies of scale and technological progress. Consequently, a sensitivity
analysis has been carried out and is here presented, in order to show the impact of the unit costs of
the main components (heliostats and tower) on the optimal plant configuration. The heliostat cost
has been varied from 75 to 200 USD/ m?, with reference to the value suggested in [34] and [117].
Moreover, given the uncertainty of the tower cost model, three correlations are compared: the one
proposed in the S.A.M. [172] and the two correlations presented by Turchi and Augsburger in [167]

and [10], which correspond to the highest and to the lowest cost respectively (Fig. 23).

The variation of the LCOE with the cost of heliostats and tower is shown in Fig. 24a and Fig. 24b.
Filled symbols are related to the budget cost presented in the section 3 (156 USD /m? for the heliostats
and SAM correlation for the tower), whilst hollow symbols are the result of the sensitivity analysis.
The heliostat unit cost variation leads to a pure shift of the LCOE curve (Fig. 24a), and therefore the
optimization process is practically insensitive to such term. Furthermore, the optimum tower height
does not change. Looking at Fig. 24b, the hollow symbols on the left-end of all curves refer to the
Augsburger correlation, whilst the ones on the right-end refer to the Turchi correlation. The use of
different cost correlations produces a modification of the optimum tower height, as documented by the
labels reported in the figure. One can note that the influence of the tower cost is significant only for the
small field, whilst the impact is weaker for larger sizes because the heliostat costs become dominant,

despite of a significant variation of the optimum tower height.
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Figure 24: LCOE sensitivity analysis with components cost.

2.5 Heliostat dimension sensitivity analysis

The higher level of investment cost is the most restraining features that nowadays is limiting the
heliostat collectors to large-scale and high-irradiance-level applications [52]. Although increasing
the level of irradiance could have the greater savings, a reduced capital cost of the plant can almost
proportionally reduce the level of LCOE [43]. Since the solar field can represent up to 50% of the
investment, find a way to reduce the cost could be crucial: heliostat cost is strictly dependent on mirror
area and a size optimization could have a great impact. The sensitivity cost analysis presented above
is further investigated introducing an heliostat dimension analysis.

Open literature exhibits heliostat dimensions ranging from 1 to 180 m?, and different are the opinion
among the optimal size: one oriented to an increasing heliostat size and plant scale to reduce the cost
[29], and one where smaller heliostat can lead to better efficiency [14]. Smaller heliostats can achieve
better optical performance and Telsnig et al. propose a new concept of autonomous heliostats to reduce
the installation and operation cost [163]. Some studies propose the use of different heliostat size in the
same field, to increase the efficiency [21] and some others suggest that not only the dimension but also
the shape of the heliostat could be changed minimizing the distance between heliostats [6]. Square,
rectangular (with different aspect ratio) and also pentagonal shape were considered to find the solution
that allows to reduce the cost [13]. Many are the correlation presented during past years and the Fig.
25 show a brief comparison: a general trend, such as presented by Blackmon et al. [17], consider a

cost curve that becomes steep as the heliostat size tends toward zero ( because of greater fixed cost)
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and the slope of the curve is gentler as the heliostat sizes becomes large. Singhai points out that wind
speed affects the cost since more robust and expensive frames are needed when the mirror surface
increases. A cost-area correlation as function of maximum design wind speed (DWS) is presented
in [156]: more the design wind speed is lower more the cost benefits large heliostat, until the cost
becomes constant if a ridiculous wind speed (3 m/s) is considered. Increasing the design speed, a good
compromise is found out for a 40 m? heliostat. Blackmon’s and Coventry’s [36] suggestions confirm
that smaller mirror surface, ranging from 10 to 50 m?, can lead to a cheaper solution. The recent trend
underlined a reduced cost of 75 $/m?, justified by simpler structure and greater volume of production
[117], thus the penalization for the smaller size can be considered negligible with a good accuracy.
At last, combining the different model and suggestions available in literature [17, 35, 118], a new cost

correlation model has been proposed, as reported in Fig. 25 (dark red line). A parametric analysis
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Figure 25: Cost-Area correlations available in literature and the new developed model.

has been carried out and different heliostat size and shape (square and rectangular) are compared in
terms of efficiency (design and annual) and LCOE, for a fixed total reflective area; the dimension
investigated are reported in table 14 with the corresponding number of heliostats for the small and

large case. The mirror cost per unit of area, calculated with the new correlation, is also reported.

2.5.1 Sensitivity analysis results

Once again based on the scheme of Fig. 10 and on the search space reported in table 8 , the analysis is
repeated for all the heliostat sizes considered, assuming March as design period; the square heliostat
12x12 is set as reference size for the comparison with different width-height proportion. In Fig. 26,
the influence on the geometrical spacing that maximize the design efficiency is investigated (dR; and

dR3 for the small field and dR3 and dR4 for the large field) and no relevant deviation are observed
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Dimensions Heliostat Mirror cost Number of heliostats
hxw mirror area  per unit
(m) (m?) are8/m”> Small field Large field
Variable size cases
6x6 36 78.16 1600 25600
9x9 81 85.57 712 11378
12x12 144 108.37 400 6400
15x15 225 142.91 256 4096
18x18 324 187.34 178 2845
Variable shape cases
6x9 54 79.23 1067 17067
oOx12 108 94.53 534 8534
12x15 180 123.34 320 5120

Table 14: Definition of the heliostat parameters.

from the reference case. When different shape are investigated (right charts), a slight more irregular
behavior is detected and the radial spacing is minimized for the solution ”6x9 m”. Comparing the
solutions ”9x12 m” and ”12x15 m” with the reference ”12x12 m” it is possible to affirm that the
optimal radial spacing, especially for the farthest group, is more influenced by the heliostat height than

the width.

In Fig. 27-28 the performance parameters are shown and the heliostat size influence is more pro-
nounced. In the small case (Fig. 27a) an interesting trend of design efficiency is observed: a well
defined optimum of 73.7% is found for a tower height around 110 m. Up to Ht 110 m, smaller is the
size greater is the efficiency; after the optimum the trend is opposite, the largest heliostat benefits most
by an higher tower. Analogously, the annual efficiency (Fig. 27c) exhibit the same trend with a level
lower of around 10.5%; the heliostat with a width/height ratio greater than one have a better annual
efficiency than square reference dimension. Introducing the economic performance, the optimum
tower height becomes much smaller suggesting that the tower cost has a relevant impact; the heliostat
cost correlation clearly highlights the difference between mirror size and accentuating the penalty
of greater heliostat for smaller tower height. The cheapest solution (8.25 ¢$/kWh) correspond to a
heliostat size of 6x9 m with a tower height of 50 m; despite the cost per unit area greater of 1.35%, the
better annual efficiency (+0.7%) than the square solution of 6 m has a greater impact on the LCOE.
Increasing the heliostat size, the optimum moves to higher tower to compensate the lower annual

efficiency.

Moving to the large field case Fig. 28, greater is the tower, greater is the efficiency and smaller
heliostats generally perform better (+1.34%). A maximum efficiency of around 64.7% is reached with

a tower of 270 m. A width/height ratio of 1.5 (6x9 m) allows superior annual performance (+1.5%)
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than the better square solution of 6 m (7,,,, = 58.48%). Finally the LCOE (Fig. 28e) shows a greater
differentiation between the different sizes but to a lesser extent than the small field. The economic
function shows a little variation with the tower height but a minimum point is identified for Ht = 210
m for all the sizes considered. According to a better efficiency, the heliostat with dimension 6x9 m,

minimize the LCOE (5 ¢$/kW h); whilst the largest mirror can’t drop below 6.35 ¢$/kWh.
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Figure 26: Radial spacing varying tower height for small (a & b) and large field (c & d).
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Chapter 3. Receiver Dimension

3.1 Introduction

The receiver is a crucial component for the solar tower system. Firstly, this is due to its economic impact
on the total investment costs, comparable to the one of the heliostat field as reported by Augsburger and
Favrat [10]. Moreover, the receiver configuration directly influence the performance of each heliostat,
according to its position, and then imposes the shape to the field [45]. External cylindrical or cavity
are the most diffuse configurations that implies a surround or north field distribution, respectively.
Several aspect are considered to determine the convenience of one solution compared to the other: in
the cavity, higher spillage losses occur but reflection and radiative losses are limited since the heated
surface are protected by a smaller aperture; the surround field is less penalized in efficiency when the

condition are different from the design point.

The performance of the receiver directly affect the plant’s output power, as pointed out by Hassan in
[67] and many authors investigate solutions to improve its efficiency. Rodriguez-Sénchez et al. [136]
propose a receiver able to withstand to high fluxes: two zones are present in each panel in which the
velocity of the fluid could be handled independently. As pointed out by Wang et al. [178], a vertical
finned structure can increase the efficiency by 3.2%; whilst Fleming et al. implement a multi-cavity
system that can ensure a thermal efficiency greater than 90% and an effective absorption of almost

99.8% [47].

The optimization of the entire CRS system involves a large number of variables and could be compu-
tationally burdensome. Ramos and Ramos [128] applied the ”Nevada solar plant optimization code”
(NSPOC) to speed up the optimization process and define the best combination of 11 design variables
(including receiver and heliostat layout). The sensitivity analysis provided by Luo et al. [102] brings
out that the interaction effect between the subsystem in the CRS plant has a strong impact on the
possible decomposition of the optimization problem; however, it is demonstrated that the heliostat
layout and the receiver are independent and the optimization of the CRS system could be split in two
separated procedures [102]. Collado and Guallar [34] once optimized the tower and heliostat field
consider the receiver design based on an economic optimization. In the paper proposed by Carrizosa

et al. [20] a greedy-based heuristic algorithm is used to optimize the receiver minimizing the LCOE.

Venkatesh et al. pointed out that spillage losses can be 15% of the optical losses [171] if the receiver size
is not optimized, and thermal losses (convective and radiative) can be significant, being proportional

to the receiver area. The receiver must be large enough to not penalize the performance of the heliostat
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field and to guarantee the maximum allowable flux limit, generally about of 1 — 1.2M W /m? for a solar
tower with molten salt [46]. The maximum flux incident to the receiver surface is function of the
surface material and the operative conditions, as molten salt temperature and velocity [48]. Without
any control strategy, peak flux values exceed the maximum more than double (2-5 MW /m?) and the
receiver is subjected to excessive stress on the material and accelerated damaging effects due to local
overheating [8]. In order to limit the flux intensity two are the main strategies adopted: defocussing
of some heliostat sectors or adjusting the aiming strategy to keep the flux as uniform as possible over
the surface to maximize the energy transfer efficiency [57]. An equatorial aiming strategies does
not ensure a realistic performance prediction but, in general, is over-estimated: a controlled penalty
between an uniform solar flux distribution and a maximum spillage efficiency must be selected [68].
The work of Ashley et al. [7] is mentioned as examples of various studies that investigated on aiming
strategies to homogenize the flux over the receiver surface; otherwise, Servert et al. focus on the

impact of the aiming strategy on the receiver optimal size [151].

With the suggestion on optimization decomposition, the analysis of the receiver influence on the
energy collected by the system has been carried out for fixed field layouts. The annual efficiency
and the LCOE profiles are studied to underline the different influence of the technical or economic
objective function on the final best configuration. The analysis is repeated for two field sizes and the

convenience of a cavity receiver is evaluated for the smallest field.

3.2 Receiver optimization

For a given set of design and thermal constraints, the absorber area is generally proportional to the
peak thermal rating. The optimal receiver size is the result of the trade-off between spillage losses,
receiver thermal losses and peak flux limitation. It is worth noting that the optimal dimensions are
more restricted by the peak limitation, and even if the influence of the aiming strategy on the global
efficiency is small [151], it is the only parameter that allow to manage this limitation: Sanchez-
Gonzalez et al. in [144], and later Collado and Guallar in [31], observe that for a surround field, an
aiming factor k,;,, near to 2 reduces the peak level into the limit range without penalizing the spillage

efficiency more than 1% .

In this discussion, the receiver is considered with the influence of the tower height H; since directly
affect the energy level that reach the receiver. The optimization process is distinguished into two step,

as schematize in Fig. 29:
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* first, for each tower height investigated the best parameters (D,.. and HD,,.) are determined to
find the extrema of the objective function; among all investigated solutions, during the selection

process, the peak flux values are verified.

* along the available tower height, the solution (that includes optimized and fixed layout and

receiver dimensions) that ensure the best objective function is selected.

The performance model adopted and the main assumption on the adopted receiver structure are
described in the section 1.3. Moreover, based on the breakdown approach of Luo et al. [102], the
provided layout associated to each tower height are results of the technical (first step) optimization of
the previous chapter, assuming the 21" March solar noon as design period (such as the heliostat field
presented in figures 17a, 17b, 18a and 18b).

Usually the economic analysis is carried out after the technical optimization but in this way, the correct
evaluation of the minimum of the economic function could be altered. For this reason, two distinct
optimization process are considered and the resulting configuration are compared. The two objective
functions considered are the absorption efficiency (Eq. 28) and the LCOE (Eq. 42).

When a cavity receiver is considered, additional variables must be introduced in the optimization:
instead of D,.. and HD,,., the dimensions of the aperture W,, and HW,,, and the diameter of the
absorber W, are considered. The aperture size and the geometry are chosen to minimize the sum
of thermal and spillage losses [45]. The exact configuration of the cavity enclosure influence the
distribution of the flux on the absorber surface, and therefore, the prediction of the energy collected is
not damaged with a simplified structure. The peak flux usually occurs along the back centerline and to
reduce peak flux values, it is sufficient to move the absorber surface away from the aperture (increasing
the distance, the local spots are more distributed along the total receiver height, since the aim point
is considered at the center of the aperture), or alternatively, the aiming point along the aperture are
re-distributed. After the calculation, the values of the flux along the height are checked to determine

the minimum panel length that does not damage the energy collected.

3.2.1 Methods and tools

The simultaneous optimization of tower and receiver is considered to be the extension of the field
analysis provided in the chapter 2. The same assumption of field dimension and meteorological
condition shall be held constant; the main parameters of the receiver subsystem are reported in Tab.

15, differentiating between cavity and external geometries. The aperture tilt angle is kept constant
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Figure 29: Scheme of the two-step optimization algorithm.

and equal to 12.5°, as suggested by Carrizosa et al. in [20] according to the thermal power. A later

analysis should consider the effect of this parameter on the efficiency.

Parameter unit External Cavity
Emissivity & - 0.9 0.8
Absorptance . ¢ - 0.95 0.97
omix (W/m*K) 1661  23.24
Aperture tilt (deg) - 12.5

Table 15: Definition of the main parameters of the receiver subsystem.

As already commented, the optimization functions considered are non-convex and their evaluation is
computationally expensive. A direct search method is preferred and a sensitivity analysis has been
carried out to easier identify the most influencing variables. The explored values are reported in table

16.

First, the external receiver is considered comparing two field size, a small and large application, please

refers to Tab 7 for the parameters related to the field. Consequently, the attention is moved to the small
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field where the comparison between external and cavity structure is introduced; few comments about

the field layouts associated to the cavity receiver are also provided.

Variable Unit Range Step
Small  Large
Dyec (m) 3-8 12-20 05
HD,;. - 1-1.2 0.1
Wap (m) 3-8 - 0.5
HW,, - 0.7-1 - 0.1
Wiee (m)  5-11 - 0.5
Ht (m) 30-150 150-270 10

Table 16: Definition of the search space of tower and receiver subsystem.

3.3 Results

Based on the model presented in the previous sections, the dependence of the annual absorption
efficiency and the LCOE with the tower and receiver is investigated and the main interactions between
the subsystems are observed. The analysis for the small field, with an external receiver, is presented
in Fig. 30. When the optimal efficiency (Fig. 30a) is considered, a constant receiver diameter of 5
m is selected up to 100 m, over this limit the diameter is increased by 0.5 m mainly due to the flux
limit, in fact, the first part of level curves for higher H, are cut off. Moreover, the level curves are
approximately parallel to each other that suggest that no influence is observed between the effect of
D,.. and H; on the efficiency. Increasing the tower height a greater absorption efficiency is observed
and a asymptotic value of 59.5% is achieved from 110 to 150 m; whilst for smaller H? the penalization
can reaches 40% (n4ps of 0.418 for a tower of 30 m). Moving to the economic function a quite
different trend is observed (Fig. 30b); first of all a clear minimum point of 0.096$/kWh is find out
for a tower height of 60 m and away from the best point, the cost increase is relevant: from 0.1 to
1 ¢$ every 10 m. Optimizing the cost a smaller receiver diameter is preferred for small tower (4-4.5
m), whilst for H; greater than 100 m, once again, the flux limit has more impact than the performance
and forces to larger and higher receiver. In the right chart of Fig. 30c, it is highlighted that the
minimum feasible receiver diameter guarantees the minimum cost; furthermore, it is observed that
the interaction between tower and receiver is somewhat pronounced especially for tower height lower
than 70 m where the cost increment is more marked when the receiver is larger than the optimum.

Shifting the attention to the large field size, when the combined receiver and field efficiency is
maximized, the best absorber area decreases when the tower height increase (Fig. 31a); whilst, a
slight smaller diameter is obtained in the economic optimum for higher tower height but the receiver

area is always increasing according with a greater receiver height (Fig. 31b).The technical optimal
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receivers are larger than the economical solution by more than 10%, and increases to almost 38%
when the tower is lower than 180 m. Conversely to the small case, it is worth noting that the influence
of the geometrical parameters is even lower: the gain in efficiency related to a higher tower height
is always lower than 1 point percentage (every 10 m) and the maximum LCOE deviation from the
cheapest solution is within 2%. This trend is confirmed by the rather flat level curves in Fig. 31c:
the absorption efficiency is more influenced by the tower height than the receiver, conversely, the
combined effect of the tower cost and the annual energy collected nullify any relevant advantage and
even very different solutions are equivalent.

Finally, in table 17 the solutions that maximize the annual absorption efficiency or minimize the LCOE
function are reported for the two field size considered. The best technical solution is characterized by an
higher tower and larger receiver: the thermal losses of the hot absorber surfaces are compensated by a
greater field optical efficiency reaching a 1744, 455 0f 0.5955 and 0.5324. In the economic optimization,
the component cost has a key role in the sizing of each subsystem; reducing the tower height by 60
and 80 m and the receiver aperture by 41.8% and 21.6%, for the small and large field respectively, a
minimum LCOE of 9.6 and 6.02 ¢$/kWh is achieved. As commented before, the larger field size is
less sensitive to configuration away from the best: the electricity cost is damaged by only 5.2% with
the technical optimum solution, and the same order of magnitude for the efficiency penalization is
realized if the LCOE is minimized. Conversely, the small field exhibit penalty of more than 10% and
25% for the efficiency and the LCOE respectively.

Field O.F. H, Dy Arec Tamaps LCOE

(m) (m) (m?) (-) ($/kWh,)
Small Techn 120 5.5 95.03 0.5955  0.1203
Small BEco 60 4 5529 0.5396  0.0960
Large Techn 270 17.5 962.11 0.5324  0.0635
Large Eco 190 155 75477 05040  0.0602

Table 17: Summary of optimization results.

3.3.1 Cavity receiver

When the application scale is reduced to low thermal rating power (like the treated 30M W;;,) a cavity
receiver configuration could be more economical. The figures 32a and 32b show the results of the
receiver optimizations (the size of the aperture W,,, HW,, and the absorber diameter W,,.) for
different tower height: it is worth noting that no significant variation are observed if the technical
and the economic function is considered. When the tower is lower than 60 m the aperture is quite

larger than the hot surface to compensate the low optical efficiency with a limited spillage effect and
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Figure 30: Tower and receiver influence on absorption efficiency and LCOE for the small field.

maximizing the absorption efficiency the aperture area is larger by almost 13% than the cheapest
case. The parameter W, is handled to guarantee the flux limit on the receiver surface and remains

unchanged with different objective function, this behavior suggest that the effective absorber area is

Similarly to the external case, it is recognized an increasing trend of the absorber performance with
the tower height (Fig. 32a), whilst le LCOE function benefit smaller H; between 50 and 70 m (Fig.
32b). However, it is underlined a different influence of the receiver main dimension. With reference
to (Fig. 30c), the right size of the Fig. 32c shows that greater is the aperture, greater is the efficiency
and an asymptotic tendency, when the tower is higher than 70 m allows to slightly reduce the aperture

width to 7.5 m. At the same time, the penalization for low W, is larger increasing the H;. An opposite
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Figure 31: Tower and receiver influence on absorption efficiency and LCOE for the large field.

trend is observed for the LCOE (Fig. 32c right chart) that present a minimum for an aperture of 7 m

for most tower heights considered and reducing the width the lower absorbed energy rising the cost

per kWh.

The optimization results for the two function are reported in table 18. The economic solution benefits
most from a reduced cost of the tower component and despite a greater receiver area than 29.4%, the
LCOE is lower than 30% and the efficiency is reduce only by 11.6%. Compared these configuration
with the external receiver optimal, it should be pointed out an area 55% larger in the technical case that

is mainly responsible for the LCOE of 12.03 ¢$/kWh, with an increased investment cost and higher
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Figure 32: Tower and receiver influence on absorption efficiency and LCOE for the small field with cavity

receiver configuration.

thermal losses that damage the absorption efficiency. Analogous effect is observed in the economic

solution, even if the receiver area is just smaller (55.29 vs. 61.1 m?).

Field OF H, W, Ay Dree Arec  TNannabs LCOE
(m) (m) (m* (m) (m?) ) ($/kWh,)
Cavity  Techn 150 10.5 11025 7.5 43.13 0.6385 0.095
Cavity Eco 60 7.5 5625 8 61.098 0.5720 0.0733
External Techn 120 - - 55 9503 0.5955 0.1203
External Eco 60 - - 4 55.29  0.5396 0.096

Table 18: Summary of optimization results: comparison between cavity and external receiver.
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Figure 33: Comparison of the main performance of the field-receiver system for the external and cavity
configurations, for the two optimization function (technical and economical).

In Fig. 33 the cavity-external comparison is extend to the main performance parameters (i.e. field
efficiency 7 f;e14, design and annual absorption efficiency n4p5.7abs ann and LCOE) and their variation
with the tower height. Once again, the difference between technical and economic optimization for the
cavity is negligible and the maximum deviation, observed for the optical efficiency, is always lower
than 0.6%. Whilst, the external case is more influenced by the objective function, especially for lower
tower height. A general trend is noted for all the efficiencies considered where the optimized cavity
guarantee greater performance except for the smaller H,. Introducing the receiver efficiency (Fig.

33b) the performance curve is flattened increasing the tower and the cavity benefit are emphasized.
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Extending the analysis period to the whole year, weighing the efficiency with radiation levels, no
significant variations are introduced except a small reduction (from 8% to 5%) of the main different
between the two solutions. Finally, the economic function further penalizes the external receiver for
small scale application since, as commented above, the investment cost is not convenient and the

LCOE is greater of almost 40% for all the height investigated.

Layout comparison

For the sake of completeness, the influence of the cavity receiver geometry on the heliostat field layout
is analyzed in details. It should be remembered that due to physical constraints related to the cavity
geometry, the layout distribution is limited to the field area north of the tower. First, the results of the
geometrical parameters, based on the optimization procedure presented in the section 2.2, is reported
in Fig. 34. Itis observed that, compared to the surround configuration (blue), a more compact solution
is preferred to limit the attenuation losses of furthest heliostats. Moreover, the third group is adopted
up to a tower height of 130 m, instead of 90 m, confirming the presence of an higher number of mirror

with a large distance from the center.
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Figure 34: Radial spacing vs. tower height corresponding to the layout for external and cavity receiver

The layout corresponding to the best technical and economic solution are shown in Fig. 35 and the
advantages of the polar configurations are underlined by the design efficiency of each mirror; it is
interesting to note that although the greater extension of the field in North direction (up to 600 m in
Fig. 35a), the heliostat performance is more uniform along the field and always greater than 60%.
The economic layout are densest to compensate a lower tower height but the occupied land is almost

doubled with the cavity geometry, whilst only 22% higher in the external configuration.
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Figure 35: Layout comparison of the best economic and technical solution for the cavity (a and b) and
the external (c and d) receivers.

Finally, the seasonal behavior of the daily efficiency of the presented layouts is analyzed for three
reference days: the 21" of March, June and December (Fig. 36). The polar and surrounding
fields shows distinct daily and seasonal performance: first of all, the bell-shaped trend of the optical
efficiency resulting from the cavity geometry is opposed to a more constant development with the
external receiver (especially when the tower is low Fig. 36¢). Moreover, the cavity receiver penalizes
the optical efficiency when the solar altitude is higher and consequently the peak is observed for
December and a penalty drop of more than 5 point percentage occurs in June (corresponding to the

maximum Zenith angle). On the contrary the surround field benefit by high solar altitude and the
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seasonal behavior is more uniform, indeed the maximum efficiency in December is reduced by only

3.2 point in the worst case.
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Figure 36: Daily and seasonal trend of the optical efficiency of the optimal layouts.
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Chapter 4. Concentrated solar power system

4.1 Introduction

A growing market share of renewable energy is ongoing in several countries and is expected to
increase further in the next years. When the renewable penetration increase, the plants which can
satisfy the energy deficit, related to the variability of the renewable sources, assumes a key role in
the replacement of fossil-fired solution [25]. The role of the solar power plants is no longer limited
to a marginal contribution, and a high dispatchability is becoming a requirement as important as a
low price. Furthermore, particular climate conditions, such as of MENA region with a direct normal
irradiance (DNI) level between 2000-3200 kWh/m? per year [134], the competitiveness of solar

technologies is further enhanced.

The main disadvantages of solar energy are the significant land requirement to harness enough power
and, in addition, the regulation of solar power plants is particularly delicate considering the stability
of the grid [1]. The two available solar technologies are photovoltaic panels (PV) and concentrated
solar power (CSP): PV generates electricity exploiting the photoelectric effect of the materials, whilst
CSP collects the solar thermal power and produce electricity with a thermodynamic cycle. The
performance of the two technologies has been extensively compared: in the study carried out by
Desideri et al., the PV production is greater when the same nominal power or the same land occupied
is imposed to both plants [40]. Roni et al. confirm that PV is more convenient thanks to a significant
lower land requirement [138] and Servert et al. highlighted that the PV better modularity results in
more attractive investment [152]. On the other hand, Magrassi et al. underline that the CSP main
advantage is the capability to schedule the production (across peak demand time period), and the
possibility of hybridization with fossil fuel increase the energy reliability [105]. Furthermore, CSP is
the most convenient solution for the integration with desalination plants, decisive given the scarcity
of the drinkable water of the MENA region [115]. Finally, Mahlooji et al. study the affordability of
the solar technologies in the GCC countries based on their impact on other resources such as water,
land and economy with the Relative Aggregated Footprint (RAF). Although the CSP has a great
impact, especially for water footprint, the initial commercialization level of the CSP industry shows

considerable cost reduction margins [106].

The availability of an embedded long-term storage system allows supplying thermal energy when
the radiation is low (or fluctuating) and can extend (or shift) the operation of the plant after sunset,

allows to significantly reduce the CO, emissions ensuring the variable hourly demand, as reported
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by Guédez et al. in [63]. The predominant TES system for CSP plants is a two-tank molten salt
configuration introduced and proven in long-term operation [70, 83]. Among the CSP technology
available for electricity production, parabolic trough collectors (PTCs) central receiver systems (CRS)
are the competitors for utility-scale applications. Nowadays PTCs dominate the installed CSP capacity,
though a recent growth in CRS deployment has been seen, mainly driven by the ability to achieve
higher temperatures [72], raising plant efficiencies and providing lower storage costs. Furthermore,
CRS typically have a more uniform thermal collection capability, all over the year. However, because
of the larger spacing needed by the heliostats, the energy density is lower than for the PTC plants and

the financial risk is still high,as reported by Ogunmodimu and Okoroigwe [111] .

The possibility of satisfying the power demand continuously has led the enhancement of CSP plants
for standalone grid applications [77] where the system performance prediction and the hourly behavior
must be analyzed in details to guarantee the production. PTC and CRS are compared in different
operative conditions; studies like [139] show the prevalence of PTC in the field of ISCC (integrated
solar combined cycle) whilst the CRS shows better performance when coupled with a steam Rankine
cycle [4]. Ravelli et al. [130] investigates the capability to satisfy the demand for power and
cooling in Saudi Arabia; the required aperture area for CRS is lower than PTC thanks to a flatter
energy demand. The electric load pattern represents an important issue in terms of plant operation
forecasting [155] the load-following strategy requires a thermal energy storage sized up depending on
the operational scheme, as pointed out by Wagner [174]. The load patterns could differ for variation
between daily maximum and minimum and for seasonal fluctuations (summer vs. winter). The
patterns of networks with high concentration of residential buildings [62] typically exhibit large daily
and seasonal variations, whilst the load curve of industrial district [169] are usually flat. In the case
of large penetration of non programmable renewables without storage, the back up generation system
(fossil or renewable) must satisfy an energy demand with a typical duck profile characterized by a

minimum requirement in central hours and a very steep ramp in the sunset hours [124].

The present work aims to investigate the load-following capability of a full solar plant assumed to
operate in a remote or weakly interconnected grid, and to completely match the electricity demand of
a mid-size community. Starting from previous works focused on the integration of solarized power
plants and electric grids [116] and on the design of CSP plants [130], the present section aims to
investigate the load-following capability of a full-solar power plant. The power systems are assumed
to operate in a remote or weakly interconnected grid, and to almost completely match (SF = 90%) the

electricity demand of a mid-size community. The power block is based on a typical steam Rankine
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cycle with superheated steam temperature 540°C, coupled with a molten salt mixture direct storage
system. Two different solar devices are compared: PTCs with north-south axis orientation and CRS
with a field of heliostats reflecting on the tower top. Different operative conditions are considered in

order to evaluate the production flexibility of the solutions.

4.2 Design condition and assumption

Two typical electric loads, namely industrial and residential, presented in [49, 170] and representing
two city districts with different settlements, have been considered to estimate pros and cons of the
two different CSP plant configurations. The two patterns of power demand were scaled up to reach
the same peak load (100 MW), and it follows a different annual integral values (540 GWh vs. 700
GWh). Figure 37 shows the electric load trends in a typical summer and winter day. The residential
load exhibits a large daily variation in the power demand (the minimum is about 50% of the peak),
and simultaneously a moderate reduction between summer and winter peak value (100 MW vs. 50.3
MW): in this case, the load curve is strongly affected by the building air conditioning. The industrial
load patterns, on the contrary, show a very limited seasonal variation (between 15%) and a lower

distance between maximum (100 MW) and minimum (69.8 MW).
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Figure 37: Seasonal variation of the electric power demand for two different load pattern.

4.2.1 Plant model

The models developed for the CSP system simulation and the performance of the solar technologies
are based on Trnsys® v. 18 and plant operation are simulated over one-year period. The deck of the
CSP plant is shown in figure 38; in addition to the solar technologies model, some components are

included to manage the energy dispatching, depending on the hourly demand and the power block
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Figure 38: Trnsys deck of the CSP plants.

efficiency. In this work, the solar field (PTC or CRS) are considered one by one and no interaction is
expected.

Each CSP plant includes the solar field and a two-tank Thermal Energy Storage system. The heated
molten salt mixture (60% NaNO3-40% KNQOs3) is stored in the hot tank and delivered to the steam
generator according to the mass flow rate required by the power block. After the heat transfer, the
molten salt flow rate is collected in the cold tank.

The solar field design temperature is 550°C and the TES working levels are respectively 550°C and
300°C. The CSP model use the storage to limit the source fluctuation and store the excess of the molten
salt production.

A Steam Rankine Cycle driven by molten salt convert the heat collected by the solar field into electric
energy delivered to the load. The present work focuses on the solar field operation, including the
Thermal Energy Storage and a less detailed performance evaluation of the power block section is
considered acceptable. However, the efficiency of the power block affects the real discharging time
of the Thermal Energy Storage and a correct prediction of the TES operative time. The model of
the steam turbine is based on the review study provided by Poullikkas et al. [122] where the main
specification of the power block coupled with CSP plants are reported. In table 19, main assumption
and specification for the adopted model are shown. The steam turbine performance is evaluated only
in terms of efficiency variation due to the design capacity, part load and ambient temperature effect;

any more detailed analysis of the turbine operation has been omitted in this essay. Considering the
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Turbine type Condensing, back pressure and extraction turbine
Cycle design efficiency Fig. 39a

Turbine inlet temperature 540°C

Turbine inlet pressure 40-140 bar (variable with capacity)

Steam mass flow rate at turbine inlet 2-108 kg/s (variable with capacity)
Exhaust condition 50 mbar, X = 0.85

Extraction pressure 5.83 bar

Off-design efficiency Fig. 39b

Table 19: Steam Rankine cycle specifications (from [122]).

expected power block capacity, in the range between 50 and 100 MW, the adoption of an interpolation
of the literature results represent an adequate solution. The interpolation function (Figure 39a), based
on a polynomial function (dashed line), fit the curve proposed by Poullikkas (solid line), in the interval
500 kWe — 100 MWe, with a coeflicient of determination R of 0.99. The operation map, reported in
Figure 39b, includes the part load derating and the ambient temperature for the performance of the
condenser. The map is then normalized to a reference condition of 100% load and 30 °C condenser
temperature. Starting from a selected design capacity of the plant (proposed by the optimization tool),
the software combines the two maps and evaluate the performance based on the steam turbine size
and operative conditions. Lastly, the developed algorithm, according to the hourly efficiency of the
power block, evaluate the molten salt mass flow rate that the thermal storage must provide to satisfy

the hourly demand.

4.3 Methods and tools

The thesis section aims to investigate the load-following capability of different CSP plant configurations
to satisfy the load demand of a mid-size town located in Egypt. Ambient condition in Egypt permit to
solar technologies to be more competitive: the direct normal irradiance (DNI) reaches levels between

2000-3200 kW h/m? per year and an average of 9-11 hours of sun activity [134].
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Figure 40: Annual beam radiation on Egyptian territory.

Two locations are in particular compared: Aswan and Giza, with quite different meteorological
conditions as depicted in Figure 41, for the two representative summer and winter days.

The Figure 41a shows the monthly average temperature and humidity compared for the two cities.
Aswan shows a remarkable excursion between maximum and minimum temperature whilst, the
humidity is very low both in summer and winter period. This leads to a reduced diffusion of the
available solar radiation and, consequently, the concentrated solar devices to operate with a better
efficiency. Giza, conversely, presents a reduced peak temperature in summer, that benefits the steam
turbine efficiency, but a much greater humidity level (around 60%) penalize the available radiation.
From Meteonorm database, the annual amount of DNI is 3058 kWh/m? and 2097 kWh/m?, for
Aswan and Giza respectively.

Moreover, the proposed location exhibit a contrasting seasonal trend of the DNI, as presented in Fig.
41b. Giza show a typical bell-shaped profile with a peak radiation in summer and an high reduction
(50%) during the winter period. On the contrary, the radiation of Aswan has a more constant behavior,
reaching the maximum level in winter (250 kWh/ m?).

The simulations were carried out for a one-year period on hourly basis. With regard to the computer
model, firstly it has to be underlined that in every modeling activity the selection of the level of
investigation is a crucial point. The present chapter targeted a compromise between a detailed analysis

and an evaluation of the performance of the CSP technology.

4.3.1 Solar fields model

The solar field based on PTC is supposed divided in several loops with north-south orientation. Each
single collector is 100 m length and 6 m wide (the aperture area is 524.8 m?) and the loop is made

by a series of 8 arrays. The PTC efficiency was evaluated, time step by time step, according to the
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Figure 41: Ambient condition comparison for the investigated location, Giza and Aswan.
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Eq. 50 proposed by Lippke in [99]. The adopted equation includes long wave emission linked to the
effective sky temperature and the wind speed to estimate the thermal losses. The coefficients 7,,;, A,
B and C were computed to fit the thermal efficiency curve of Schott PTR70 receivers under standard
conditions [108]. The incident angle modifier K is related to the effect of the non-perpendicularity of

solar radiation and it is a function of the sun-ray incidence angle.

Ty — Tamb
nPTC:nopt'K—(A+C'Vwind)'avl—am—g-
b Iy

4 4
B . TCIV - Tsky

(50)
Moving to the CRS, the heliostat field is made-up by thousands of mirrors (178 m? reflective surface)
having a surrounding arrangement and pointing to an external receiver. During this thesis work, the
efficiency of the heliostat field and, more in general, of the entire collector system is analyzed in
detail. The CRS performance is not easily extendable for different scale since the contribute of each
component is variable with the design power (such as the number of heliostat, the layout arrangement,
the tower height and the receiver dimensions). For this reason, a preliminary optimization has been
carried out determining the heliostat field-receiver structure that minimize the cost for a range of the

most probable design thermal power (from 300 MW;;, to 1000 MW;;).

Heliostat field-tower economic optimization

The economic optimization procedure is schematized in Fig. 42, repeated for all the power considered.

The performance model and the cost correlation adopted are reported in the chapter 1.

Start Inltlacseraig(;?egf the [Generation of aH Design point Remove the
(Ht, Drec, HD) bigger layout simulation I | worst heliostat I

. Calculation of
Stop Selection of the the installation Final layout
cheapest solution cost

Figure 42: Optimal parameters value for different nominal power.

* For the selected set of variables (namely H;, D,.., HD,..), a bigger heliostat field is generated
based on the geometrical parameters optimized for the size (i.e. the number of heliostat) and

the tower height (obtained with a procedure like in chapter 2).

* The worst heliostats are deleted until the power delivered to the receiver is equal to the target

power.
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e For each combination the installation cost is calculated (for the economic model and detailed

values, please refers to par. 1.5).

* The solution that minimize the cost for each power considered is selected.

The analyzed variables and their range of variation is reported in table 20. The aiming strategy is
assumed to be constant and equal to 2, ensuring a more uniform distribution of the heat flux over the

receiver surface for the most of operative period.

Variable Unit Range  Step

Ht (m) 150-270 10
D,ec (m) 11-20 05
HD,,. - 1-1.2 0.1

Table 20: Definition of the search space of the economic optimization.

The resulting configurations are summarized in fig. 43 where the design efficiency and the total
installation cost are also reported. The number of selected heliostat is directly proportional to the
power required, also as the receiver absorber area; whilst, the optimal tower height remains constant
for ranges of 100 - 150 MW,;,. The behavior of the occupied land is consistent with the changes in
tower height, that confirms the strong influence of the Ht on the layout arrangement. For further details
about the optimized CRS fields please refer to the appendix A.

The trend of the efficiencies is in accordance with changing in tower height (the greatest discontinuities
are highlighted for 500 MW, and 850 MW;;), mostly, and an influence of the receiver area is also
depicted (especially around 700 MW;;, and over 900 MW,;). Finally, a nearly linear trend of the total
capital cost with the power is observed, while the cost per unit of reflective area is slightly lower when
the power considered is higher: the cost of tower and receiver are less impact when the number of
heliostat in the field is greater.

Despite many codes and algorithms are devoted to the detailed calculation of the optical losses,
including cosine effect, blocking and shading, mirror reflectivity, spillage and atmospheric attenuation
[39, 55], the principal parameters affecting the hourly field efficiency are the size plant, namely
the aperture area of the mirrors and the tower height, and the zenith angle. From this chapter and
on, the performance of the heliostat sub-system included in the system model was simplified to an
efficiency map, reducing the computational cost but ensuring a good accuracy. For each size and for
each combination of solar position the field efficiency has been calculated according to eq. 12. The
resulting map is shown graphically in Fig. 44. Moreover, the seasonal peak efficiency variation is

reported in Fig. 45: a general flat trend is observed from March to September with a limited reduction
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Figure 43: Optimal parameters value for different nominal power.
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0.65

(less than 0.4%) in central months (this behavior has already been commented in the subsection 2.3.2).

The main irregularities are correspondent to the trend show in Fig. 43e.
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4.4 Economic evaluation and system optimization

For each plant configuration, the solar field aperture area Ay, fie1a, the storage capacity Caprank
and the turbine nominal power Ppp have been determined through an optimization procedure. The
size of the solar field and of the turbine are chosen independently in order to enable the optimizer to
determine the best combination between Solar Multiple (SM) and storage capacity. The optimization
tool GenOpt, according to the scheme proposed in App. B, is used to determine the best component
size that minimize the budget cost function (Eq. 51) ensuring a Solar Fraction! (SF) of 90%. The
optimization algorithm implemented is based on a direct search pattern method that runs multiple
Trnsys simulations changing the search pattern of the variables, with the aim of fulfill hour by hour
the power demand with the minimum investment cost. The considered unit costs shown in Table 21
have been estimated according to the economic data reported by the NREL in the System Advisor
Model (Version 2018.11.11) [172]. The objective function, corresponded to the direct capital cost
of the plant (C), is calculated according to Eq. 51 and includes: the solar field (troughs for the PTC
case; heliostats, tower and receiver for the CRS case), the tank system Cy,,,x and the power block Cpp.
The tank capacity Capqnx (Eq. 52)is calculated as the maximum available hours of turbine operation
hiank atits nominal capacity Ppg. The software SAM listed the molten salt TES and the steam turbine
costs equal to 22 $/kWh and 1440 $/kW, respectively. The proposed model includes a variable budged
cost according to the nominal capacity of the power block. In particular, Poullikkas and al. [122]
propose an unit cost function ($/kW). The reported power block cost correlation has been modified
in order to align the installed cost with the value reported by SAM at the same nominal capacity of
100 MW. The parameter p is a penalty-cost related to the energy deficit (seen as SF — SFyq,ger), that
gives different ’cost” to energy deficit or surplus (Eq. 53); this functional structure allows to reject all

system configurations that cannot satisfy the power request and avoid an excessive oversizing of the

system.
unit Value
Crrc  ($/m?) 220
Ccrs ($/m?) 324 -2.74-107 - Acgs
Ctank ($/kWh) 22
Cpg  ($/MW,) 15587-P 5

Table 21: Budget cost of CSP component.

C= Asolarfield . Csolarfield + Captank . Ctank + CPB ' PPB +p (51)

IThe Solar Fraction represent the portion of energy demand supplied by the solar technology.
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Captank = htank - Ppp (52)

3.6-4-SF SF < SFtarget
b= (53)

1.5-SF =135 SF > SFiurger
The combination of reflective area, hours of full tank and turbine nominal power that are analyzed in
the optimization procedure are included in the search space reported in Tab. 22. It is worth noting

that, based on the result of the economic analysis of the tower system, it is found an one-to-one

correspondence between nominal thermal power and reflective area of the field.

Variable Unit Start value Min value Max value Step
Solar field (Asorar fietd) km? 0.86 0.5 4.2 0.1
Hours full tank of storage (A;4nk) h 12 6 24 1
Nominal power (Pppg) MW 75 20 150 2.5

Table 22: Optimization variables search space.

Finally, to correctly compare the economic performance of different technologies the LCOE function
is considered, for easier reading the equation 42 is called back below. The adopted financial parameters

for the two technologies, based on [172], are resumed in Tab. 23.

. . Ny
%cﬂam +OM;
LCOE(USD [kWh,) = J+D™ = - +OM,
El
Parameter PTC CRS
Lifetime (Ny) 30
Interest rate (i) 4
Contingency 7%
Sales 4%
EPC 11% 13%
OM; ($/kW —yr) 66
OM, ($/MWh) 4 3.5

Table 23: Financial parameters.

4.5 Results

The results of the optimization procedure are summarized in Table 24, the load following capability is
investigated for each CSP technology for two load profile pattern (i.e. residential and industrial) and
the influence of the climate condition is also considered (the analysis is repeated for Giza and Aswan).
First the configurations designed for the residential case are investigated. The ambient conditions of

Giza heavily penalizes the performance of PTC that requires +46.5% of reflective area to satisfy the
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demand level of 90%. In Aswan, the heliostat field is only 6.2% smaller but the CRS plant is also
favored by a tank capacity lower by 38.5%. The power block size seems to be independent from the
location that suggest a different load-following strategy between the two technology: the PTC steam
turbine capacity greater by 25-30% indicate that is forced to work in more severe condition (near the
maximum peak) to guarantee the annual energy demand. The residential load, under Aswan condition,
allows to not excessively oversize the solar field and a solar multiple of 2.4 is achieved (near to the
best practice suggestion); on the contrary, for Giza the SM is much greater especially for the PTC,

over 6.3.

Moving to the industrial load case, almost the same behavior is observed for the solar field that is larger
for the PTC of 51% and 21%, for Giza and Aswan respectively. Moreover, the tank capacity of PTC
plant is kept constant between the two location whilst a significant difference is observed: for Giza, a
capacity greater by 61% is required (30% more than PTC), whilst for Aswan, the tank is smaller by
20%. Similarly to the residential case, the steam turbine is more influenced by the efficiency of the

field but the different between the two technologies is reduced to only 10 MW,.

The capacity of the TES system and the solar aperture area are, in general, larger in the industrial case
for both PTC and CRS: this is related to the need to satisfy an higher demand also during night-time

period.

With regard to the global cost, the CRS appears more cost effective for all cases except for residential
case at Aswan where the reduction of PTC efficiency is compensate by a reduced demand and a higher
radiation. More in detail, for Giza the solar field is responsible for more than 60-65% of the global cost;
under Aswan meteorological condition, the field impact is reduced to 50-55% and the power block
effect becomes more remarkable (up to 17%). Moving to the simulations, firstly the daily simulation
results related to two representative summer and winter days are presented. Then, the monthly and

annual simulation outputs will be shown and discussed.

4.5.1 Daily simulation results

Figure 46 shows the solar-to-thermal efficiency of the solar fields with reference to the Aswan resi-

dential case (where the aperture area is similar for the two technologies).
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Giza Aswan

PTC CRS PTC CRS
Residential
Averi (m?) 2593500 1386442 918750 861876
Capiank (MWh) 1045 1141 1039 683
PBgi.. (MW,) 95 63.5 87.5 65
SM () 6.3 3.9 2.4 2.4
Capital cost  ($M) 894.6 650.5 414.2 441.1
Industrial
Avefi (m?) 3819375 1947320 1362638 1066754
Capiank (MWh) 1186 1564 1186 968
PBgi.. (MW,) 89.5 82 89.5 80
SM ) 9.9 4.05 3.5 2.6

Capital cost  ($M) 1320 860.8 550.9 539.1

Table 24: Optimized component size for each combination.
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Figure 46: Solar-to-thermal efficiency in a typical summer and winter day.

It is clear that PTC and CRS perform differently. PTC efficiency dramatically decays in winter days
because of the cosine effect and lower ambient temperatures. The solar field efficiency for CRS
configuration is slightly lower in summer (55.2% vs. 64.6% in the central hours of the day), but
significantly higher in winter (53.2% vs. 35.7%). This is due to the benefits of the 2-axis tracking

system.

Figures 47 and 48 shows the hourly results for each plant configuration and load pattern. Plots report
the collected heat (Q.,;;) and the instantaneous heat demand required by the power block (Q genm),
for a representative summer (full symbols) and winter day (hollow symbols). The hot storage tank

level is also reported. It is worth noting a better exploiting of the storage in summer periods and a
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significant defocus is observed for PTC technology (when the tank reaches the maximum capacity);
on the contrary, in winter the TES level does not exceed 40%, with only few exceptions (e.g. the
industrial cases in Aswan). The condition of Aswan ensure a more uniform performance of the CRS
system throughout the year ensuring a better capability (complete charge and discharge cycles). In
the residential load case (Fig. 47), the solar radiation profile and the power demand pattern seem to
be in-phase; however, the PTC solar field appears over-sized in summer, especially for Giza where
the peak value of the collected heat is 750 MW, whilst the maximum heat demand is 200 MW.
The bell-shaped profile of the power demand does not fit much the flat CRS efficiency curve. This
attenuates the performance difference between CRS and PTCs. Moving to the industrial load case
(Fig. 48), the PTC over-sizing is emphasized (peak production 1600 MW vs. peak demand 203
MW) due to the low performance in winter, when the PTC efficiency almost halves but the demand
is higher. Therefore, for many hours per day a fraction of the troughs must be defocussed, since the
hot storage tank is at the maximum capacity. On the contrary, the CRS plant configuration exhibits
similar performance in summer and winter, as documented by the efficiency curves reported in Figure
4. The CRS configurations appear more advantageous less evident in the residential case. The lower
aperture area and the more constant efficiency pattern allows minimizing the heliostat defocussing, as

confirmed by the limited number of hour with full hot tank.

4.5.2 Monthly and yearly performance

Figures 49-52 show the monthly energy amounts, namely the available solar energy (E,,q), the
collected heat (E.,;;) and the power block thermal input demand (E 4, ), for the two load profiles and

the locations considered.

A different behavior can be noticed depending on the solar field. Looking at the PTC performance,
it is clearly seen that in summer the heat collection strongly exceeds the heat demand from March
to October: a maximum surplus of 312% is observed for the industrial case in Giza that is slightly
reduced to 218% moving to the residential demand; under Aswan condition, the heat excess is limited
to 84% and 40%,respectively for the two load. In winter, the energy collected daytime is just enough
to drive the power block and the limited energy surplus is sent to the storage. For these reasons,
the design requires to oversize the aperture area and many troughs in summer must be defocussed.
The CRS monthly thermal production is fairly stable throughout the year and slightly larger than the
heat energy demand: the energy surplus is never greater than 54.7% and 9%, for Giza and Aswan

respectively.
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Figure 47: Solar field daily simulation (Residential case).
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Figure 49: Monthly simulation results for PTC at Giza condition.

More in general, the industrial case causes a greater thermal dumping in summer months since the
peak of demand occurs when the field performance is at minimum. This effect is accentuated for Giza
condition since the bell-shaped trend of the radiation intensity. Furthermore, a different management
of the admitted energy deficit (10% of the demand) is observed. A peak takes generally place in

December, but for CRS the deficit is more distributed throughout the year, except in central months.
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Figure 50: Monthly simulation results for PTC at Aswan condition.

In order to globally evaluate the performance of the investigated configurations, the annual energy
balance is reported in Table 25. It can be seen that the CSP plants based on CRS require a lower amount
of solar energy (consequently, a lower aperture area) to meet both load profiles. This advantage is more
noticeable for the ambient condition of Giza and in the industrial load case. The surplus of collected
energy (requiring the defocussing of a fraction of solar devices) is higher for the plant configurations

based on parabolic troughs.

Finally, the economic feasibility of the solutions is considered. According to the results in Tab. 24
the PTC are cheaper only for residential case in Aswan; introducing the LCOE function this benefit
is canceled and the CRS results more convenient for all the case: for Giza, the advantage is about
30% (13.43 ¢$/kWh and 14.72 ¢$/kWh vs. 9.9 ¢$/kWh) and is reduced to 5% at Aswan where a

minimum cost of 6.57 ¢$/kWh is achieved for the industrial load.
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Figure 51: Monthly simulation results for CRS at Giza condition.

Giza Aswan

PTC CRS PTC CRS
Residential
Solar energy (GWh) 5438.3 2908.3 2809.2 2636.3
Collected heat  (GWh) 25319 1299.9 14854 1286.7
Heat demand (GWh) 1300.0 1312.2
Energy surplus (%) 102.2 6.3 20.4 1.4
LCOE ($/kWh) 0.1343 0.0992 0.0705 0.0696
Industrial
Solar energy (GWh) 8008.9 40849 4166.4 4084.9
Collected heat  (GWh) 37287 1774.9 2203.0 1576.6
Heat demand (GWh) 1655.8 1672.7
Energy surplus (%) 133.7 16 394 1.6

0.0694 0.0657

LCOE ($/kWh) 0.1472 0.0988

Table 25: Technical and economic annual performance for each combination considered.
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Figure 52: Monthly simulation results for CRS at Aswan condition.
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Chapter 5. Power mix production systems

5.1 Introduction

The concern for the reduction of GHG emission brought countries and governments to diversify
the energy portfolio. Most competitive countries realize that the investment on renewable energy is
fundamental to guarantee a green energy production in the future [121]. Many governments plan,
for the future of the energy mix, the introduction of large parts of renewable energy considering a
very low energy cost scenario [143]. The development of renewable energy source has attracted great
interest over the last decades thanks to the undeniable environmental and economic benefits. The high
renewables energy potential of the MENA region faces with the low level of electricity generation
from renewables. MENA countries have a huge amount of renewable sources, but their use is limited
to only 3.5% of electricity generation and the region still contributes to 38% of the world GHG
emission [166]. The IRENA report underlines that government policies play a crucial role to create a
solid renewable strategy. Among the most ambitious plan in MENA region are cited the ”Integrated
Sustainable Energy Strategy to 2035” (ISES 2035) of Egypt and the UAE Energy Plan 2050 to cut
carbon dioxide emissions, increasing the clean energy contribution by 42% and 50 % respectively [79,
133]. The study proposed by Hass [64] et al. deal with a possible 100% renewable grid solution in
Chile at 2050 based on a detailed forecasting model. Also in the European region, with lower level of
solar radiation, but interesting wind potentials, important studies reports electricity production totally

covered by renewables [69].

The large renewables penetration causes an overproduction on the electric grid with large power
variability in time and space. Nevertheless, the continue and non-uniform introduction of photovoltaic,
coupled with the low level of LCOE achieved, force the scientific community to evaluate news,
tailored and accurate solutions over the subsidies and policy support [26]. To solve the problem of
a discontinuous energy production from the renewables, a large as possible interconnection of the
electricity grid and the optimization of the system [104]. Inside this way, the paper proposed by
Morten et al. [129] deal with a fully or highly renewable European power system and underline the
importance of a proper control strategy of the grid and the availability of efficient energy storage and an
optimized power mix. Recently, more hybrid renewable energy systems (HRES) are developed when
the combination of more than one technology allows to reduce the costs and increase the reliability;
Sezer and Kog stress on the over-sizing of the independent systems to guarantee the system reliability

[154]. Murugaperumal et al. [110] underline that studies on HRE system highlighted the necessity of
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correctly size the system to to meet the forecasted load demand for reliable electrification. The large
variability of the renewables production force the system to introduce higher level of energy store
system (EES) especially in hybrid power mix as reported by de Sisternes et al. in [158]. The electric
storage has been represented the limit of Photovoltaic and wind generation. The increasing of Li-Ion
batteries production and, the consequent, economy of scale has led to a consistent cost reduction as
confirmed in the Irena Report “Electricity storage and renewables: Costs and markets to 2030 [78];
however, the integration of thermal energy storage in the electricity production is still more convenient
[92] . The main role of the storage is represented by island operation as reported by rural community
or, supported by government vision, in futurist carbon free city. Determine a profitable layout of the
hybrid renewable system requires an optimization of the capability and a detailed techno-economic
evaluation; The best solution of a power mix based on the renewables is represented by reach almost
the same LCOE of traditional technologies (close to 7 ¢USD/kWh [143]) with a consistent reduction
in terms of CO, emission. Most common hybrid solution is based on solar PV and wind, as proposed
by Ghorbani et al. [58]; however, the storage system challenges should represent an opportunity for
CSP-PV hybrid plant: Servert et al. demonstrated that it is possible to increase the dispatchability
[153]. In the review provided by Ju at al. it is underlined that the characteristic of electric power
from steam turbines helps to control the grid stability, the CSP could improves the production quality
reducing the impact of PV to the grid frequency [82]. Furthermore, Zaalouk observes that the hybrid
solution can reduce by 11% the LCOE and by 40% the CAPEX [183]. The system sizing is still an open
question, mainly because the operative conditions, such as available DNI, environmental conditions
and the output curves, have a great impact on the performance [16]. Liu et al. propose an integration
between PV and CRS where the overproduction and the fluctuating electricity of PV system feed an
electric heater contributing to the TES charge of the CRS. The CSP modulates its power production
according to PV output to provide a constant power reaching a LCOE of 16.93 ¢$/kWh. Changing
the delivering strategies the LCOE could be reduced to 12.80 ¢$/kWh [101]. Zhai et al. studies the
different behavior of the system if a different dispatch strategies is adopted; results underline that
integrate the PV and CSP output can increase the system capacity from 44% to 79% when a constant

output is imposed [184].

This thesis section, starting from results and the assumption of the previous chapter 4, first introduce
the modeling of the renewable hybrid power plant with detailed design and off-design component
design, then a techno-economic analysis is provided to evaluate the performance and the flexibility

of the system under a load-following delivery strategy. The work includes an accurate up to date
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Figure 53: Trnsys deck of the power mix plant.

cost analysis and perform a multi-variable optimization of the power mix (CSP-PV-wind) in term of

minimum LCOE with a selected renewable fraction of 90%.

5.2 Design condition and assumption

In the light of the statements of the Egyptian Ministry of Electricity & Renewable Energy report [44]
about the presence of a large number of isolated power plant, a techno-economic model has been
developed to increase the electrification of mid-size off-grid communities. Starting from the remarks
of Pierro et al. on the necessity to correctly predict the energy demand and production to assess the
reserve [119], a model has been developed to evaluate the power mix plant performance in a load
following control strategy. The electric loads daily trend, included in the model, have already been
presented in detail in the previous chapter (section 4.2 - Fig. 37). The simulation of the operation
of the hybrid system and the optimization of the power mix have been carried out with the software
Trnsys18. The developed model, shown in Fig. 53, includes the cooperation, under a load following
control strategy, of three different power plant: photovoltaic, wind and concentrated solar power and
the adoption of two different types of storage: thermal energy storage and electric energy storage.

The model of the hybrid renewable plant is based on an AC-bus as reported in Fig. 54. The CSP
plant, based on the heliostat field that fed a Rankine power cycle with a molten salt thermal storage.
The electric energy produced by the photovoltaic field and from the wind farm is transformed from

DC to AC before the bus and, in case of overproduction, to the battery storage.. The EES is connected
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to the bus with an AC-to-DC inverter and a DC-to-AC rectifier. The efficiency of the inverter is set
equal to 98% and the efficiency of the rectifier is equal to 82%. The battery is assumed based in the
Li-Ion technologies and the round-trip efficiency is equal to 90% as reported by a manufacturer [164].
A diesel GenSet feed by biofuel is includes in the model in the aim of cover the residual load (10%

annual) and supply the electricity in case of failure of the renewable power plants.

[ PV field ] [ [ Inverter ] _ _ | ACto DC I :
Battery (EES)
|| DC to AC ||

[ Wind Farm J _: 4

_ [ Biodiesel GenSet J

AC bus

Molten Salt
HX Power

ERadEld (TES) Block |

Electric Load
Overproduction

Figure 54: Schematization of the multi-generation grid.

The control strategy adopted in the model aim to maximize the self-consumption of electricity, as

suggested by Zurita et al. [187], and a priority ranking is defined as follow:
1. Base load of steam turbine (if on)
2. PV and Wind farm directly to the AC bus
3. Battery
4. CSP

First of all, to ensure continuous operation of the steam turbine, the electric renewable subsystem
(PV+Wind) must satisfy the electric load net of the base load of the steam turbine (if is running). In
case of PV+Wind overproduction the surplus is delivered to the battery (EES) according to the power
limit (charge and discharge); if the battery is at full state of charge the excess of production is delivered
to the grid. In the event of electric load deficit after all the renewable production system, the difference
is covered by the auxiliary diesel GenSet.

The model does not include the time response (ramp speed) of the components and of the storages,
anyway, the ramp of all the components (including the steam turbine) can be considered within one

time step (0.125 hour) [76].
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5.3 Methods and tools

Analogously to the previous CSP system study, the hybrid plant has been located in the MENA region
and the two location compared are Giza and Aswan, in the Arab Republic of Egypt. The meteo data,
based on Meteonorm database [131], has been included in the development of the Trnsys model. A
locations comparison is proposed in the figures 55 and 56, where the annual amount of renewable
resources is reported. The high resource availability of the location, coupled with the low temperature,
improve the operation of the solar-based plant. Furthermore, the lower ambient temperature coupled
with the stable level of the relative humidity allow to a better performance of the solar plants (Fig.
41a) [66]. The DNI profile has a huge impact on the selection of design parameters [123]. From
the available data of Meteonorm database, the annual amount GHI and DNI are respectively 2457
kWh/m? and 3058 kWh/m? for Aswan, and 2069 kWh/m? and 2097 kWh/m? for Giza. Thanks to
the high irradiance level, the integration of CSP in hybrid system is encouraged. The figure 56 reports
the duration curve of the wind intensity; the potential of the location is well represented by the number
of windy hours during the year greater than 5500 with wind velocity at least of 3 m/s. Moreover, the

government propose a substantial contribution (12%) of the wind generation in the country [134].

5.3.1 Renewable plant model

The Trnsys model includes numerous component available on the specific TESS libraries and home-
made routines in order to model and simulate user-defined plant components. A transient simulation
has been carried out with a time step of 0.125 hour. The selected value of time step required a large
computation time but ensure the evaluation of fast transient operation linked to the thermal energy
storage. The numerical simulation reproduces the behavior of the plant under real operation conditions

over one-year period.
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Figure 56: Duration curve of wind speed in Giza and Aswan.

PV model

The photovoltaic field model was based on a manufacturer data-sheet and include the performance
derating related to the temperature variation and radiation off-design. Table 26 reports the main
parameter of the selected photovoltaic model. The photovoltaic field was modeled as a cluster of 100
kW, fields. The model includes the losses between the field and the AC bus: 2% transportation

losses, 18% power factor and 2% inverter according the design literature.

Performance characteristic unit  value
Maximum power (P,,,) W 250
Open circuit voltage V. \% 37.6
Maximum power point voltage V;, \" 30.5
Short circuit corrent I, A 8.81
Maximum power point current 1y, A 8.27
Module efficiency n,, %o 14.91

Thermal Characteristic
Nominal operating cell temp (NOCT)  °C 46

Temperature coefficient /. %/°C 0.051
Temperature coefficient U, 9%/°C -0.31
Temperature coeflicient Py, Y%o/°C -0.41

Table 26: PV module specifications (mod. Solarworld poly250).

Wind farm model

The wind farm plant model is based on the performance curve of a reference wind turbine provided
by the manufacturer. The nominal capacity of the wind turbine is 2 MW and the main characteristics
and operating parameters are reported in Tab. 27. In Figure 57 is reported the wind turbine power

curve with respect to the wind speed. The model evaluates the electricity production of the wind
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farm time-step by time-step. In case of a wind farm, the power production does not include a layout

optimization and does not consider the interferences on downstream wind turbine.

unit value

Rotor diameter m 76
Swept area m? 4500
Rotor max speed u/min 16
Tip speed mjs 64

Power density W/m? 444.44

Table 27: Wind turbine specification.

e
(3)

Power output (MW)
- ; %]

o
(3
T

o

0 5 10 15 20 25
Wind speed (m/s)

Figure 57: Wind turbine output power curve.

CSP model

The CSP model implemented in the hybrid system is based on the CRS technology: based on the
results of the chapter 4, the tower has proven to have the best load-following capability. As already
commented, the performance of the heliostat field is summarized with a map as function of design
thermal power and solar zenith angle (Fig. 44). For further details on the configuration of CSP and on

the efficiency map, please, refers to the previous chapter sections 4.2.1, 4.3.1 and to the appendix A.

5.3.2 Economic model

The model includes an up to date component budget cost analysis. In particular, an accurate literature
review allows to improve the reliability of the economic evaluation.

The photovoltaic global installed cost are currently between 1100 $/kWdc and 1210 $/kWdc [50],
the IRENA report "Renewable Power Generation Costs in 2018 [81] predict a reduction up to 793
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$/kWdc. The minimum LCOE reported is equal to 0.067 $/kWh with the operation and maintenance
cost (O&M) equal to 9 $/kW.

The Wind farm cost varies consistently between land bases and off shore. The major energy institutions
(IRENA and EIA) are in agreement on the cost of onshore wind farm of 1454-1600 $/kW [168], and the
well-know software SAM confirmed these values; furthermore, the Irena annual report [81] propose a
cost projection to 1000 $/kW that could provide an LCOE minimum value of 0.046 $/kWh considering
an O&M of 20 $/kW.

The Electric Energy Store represents the main parameter in the future of the PV-based energy plant.
The cost of the EES has shown a consistent decrement in the last years. The “2018 U.S. Utility-Scale
Photovoltaics-Plus-Energy Storage System Costs Benchmark,” listed an electric storage system cost
equal to 380 $/kWh [51] where the share of the Li-Ion battery component is equal to 209 $/kWh. More
recently, the declared battery cost reduced to 176 $/kWh and a constant reduction in battery system
price (-15% year), as reported by Bloomberg (2019) [61], supports the adopted battery cost close to
325 $/kWh.

The complexity of the CSP plant based on the CRS receivers force the authors to adopt a different
cost evaluation. The variables of the heliostat field-based plant includes in the optimization require a
component cost evaluation (aperture area, steam turbine capacity and storage volume) despite the unit
cost adopted with the other technologies. The unit cost of the CRS field is function of the reflective
area, based on the analysis provided in previous chapter 4.4. The budget cost adopted in the study has
already been commented in Tab 28; the sum of the terms represents the direct cost. The total installed
cost of the technology includes also the indirect cost as Engineering, Procurement, and Construction
(11%), Contingency (7%) and Taxes (4%). The total installed cost of the Irena Report 2018 [81]
allows to reach a minimum LCOE of 0.11 $/kWh but recent statements lower the limit to 0.075 $/kWh.
The software SAM has shown a CRS O&M cost divided in fixed (66 $/kW) and variables (0.0035
$/kWh).

According to the costs reported in the literature, a resume of the adopted cost (installation budget and
Operation and Maintenance) is reported in Table 28 and Table 29.

The main economic parameter adopted by the scientific community, in order to assess a technologies
comparison, is the Levelized Cost of Electricity (LCOE). In this work the LCOE has been selected as
the term of comparison in the aim of select the best power mix combination. The LCOE evaluation,
based on the equation 54, includes a technology lifespan project (each single plant represents a
separate entity on the economical point of view). In particular, the LCOE evaluation was based on

the technologies lifespan energy production (Tab. 30). The energy production includes the annual
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Energy source Installation cost
Photovoltaic $/kW 793
Wind farm $/kW 1000
Battery storage (Lit-Ion) $/kWh 325
CRS
Heliostat field $/m?> 324 -2.74-1072 Asep
Molten salt storage $/kWh 22
Steam power block  $/kW, 15587~P1;(1)3'232

Table 28: Installation costs of the renewable plants.

Energy source 0&M
Fixed ($/kW) Variables ($/MWh)
Photovoltaic 9
Wind farm 44
Battery storage (Lit-Ion) 10 3.1
CRS 66 3.5

Table 29: Operation and maintenance costs of the renewable plants.

Energy source Lifetime (LT) Annual degradation (%/y)
Photovoltaic 20 1

Wind farm 25 0.7

Battery storage (Lit-Ion) 10 3

CRS 30 0.5

Table 30: Lifespan and annual degradation.

performance degradation of the components as reported in Tab. 30. The degradation of the PV
modules has been considered in the value of 1%/year according to the PV data sheet. The wind farm
annual degradation was well analyzed in [160] and the value adopted reflect the conclusion of the
study. Battery lifetime and degradation effects are reported and analyzed by J. Haas and al. in [64].
The battery lifetime is considered equal to 7 year according to large DOD (depth of discharge) [65]
and the maximum capacity loss of the battery equal to 20% at the end of component life.

The CRS degradation has been set to 0.5%/y. The values derived from different studies [114, 137]
and include optical degradation, load losses in the pipes, mirror and receiver aging.

The power mix LCOE was computed as a weighted average of the single technologies LCOE as
reported in the Eq. 54 and represent a new approach with respect the standard LCOE evaluation. In
this case the LCOE value considers the LCOE of the component separately, every component with a
specific lifetime and aging degradation. This mean that, at the end of the PV operativity, the PV plant
will be replaced with a new one without affect the CSP lifespan.

The equation 55 evaluate, as example, the lifetime global production of the PV field (PV,,,4). The

terms PVyr,r0a (Eq. 56) represent the lifetime global derating as the average of the annual derating
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(PVger,n) from the year of installation and the last year of operation. The term PV, 4,y is the annual PV
field energy production computed according to the load following control strategy in the first year of
operation. The term PVt represent the lifetime of the technology. The single technology LCOE was
computed according the equation 57, the canonical formula includes the global plant cost (Cpians,pv),
the technology RF factor and the annual energy production (PV,o4.y, battprod,ys WFprod,ys PTCprod,y
respectively). The LCOE evaluation includes also the O&M cost dived into fixed and variable costs as
listed in the Table 29. The RF factor, reported in the equation 58 starting from the technology lifespan
(Ny) and the interest rate (i). The interest rate has been fixed at 8% of the 50% of the cost. The value

of RF factor has been computed for each technology according the lifetime.

LCOE($/kWh,) = (LCOEpy - PVyroa + LCOEwF - WFpr0a+
LCOEpay - battproq + LCOEcRs - CRS proa) / (54)

(Pmed + WFpmd + battpmd + CRSpmd)

PVyproa(kWhe) = PVitproa * PVproa,y - PVir (55)
PVitprod = %LT Z PVier (56)
LCOEpy = JEPV - Cotamtv 1 (57)
PVyrod,y
- AN,
RFpy = (ll(-:z-;—le—)l (58)

5.4 Methods

The model of the power generation plant was optimized using the software GenOpt, developed by
the Berkley University, coupled with Trnsys. The optimization tool (GenOpt) minimized an objective
function, reported in Eq. 59 under the constrains and select the best solution [180], as presented in
the appendix B. The optimization procedure was based on the global Levelized Cost of Electricity
(LCOE) minimization under the limit of a Renewable Factor (RF) equal to 90%. The residual part
10% has been supposed covered by a biofuel gen-set. The selected RF limit leads to a high penetration
of renewables but prevent an excessive oversizing of the component to fully satisfy the demand even
in the most disadvantaged situations (e.g. when the demand is high but the radiation is low due to
clouds); moreover, in this way, each power solution is left free to choose how to manage the deficit.
A penalty factor has been included in the LCOE evaluation in order to force the optimization tool
to reject the solutions under the selected Renewable Fraction. The function proposes a penalty as

function of the annual electricity production in order to model a softer edge of the optimization limit
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during the second step of optimization (Hooke and Jeeves algorithm).
Jmin = LCOE + Penalty (grr<9o) (59)

The optimization was performed in order to achieve the best configuration of a power mix plant where
different technologies interact (i.e. PV, Wind turbine, EES and CSP with TES, as reported in table 31).
In order to assess the convenience of the mixed solution, the configurations with the single technology
are also considered: the optimal electric combination (PV + Wind + Battery) has been examined in
addiction to the optimal CSP configuration (CRS + Steam Turbine + Molten Salt thermal storage)
already optimized in the chapter 4. The selected layouts represent the common solution adopted in

the renewables power integration.

Configuration Source Storage

1 - electric PV+Wind Battery EES

2-CSp CRS Molten salt TES

3 - mix PV + Wind + CRS Battery EES + molten salt TES

Table 31: Plant configurations.

The variables (and their constraints) involved in the optimization procedure and reported in Table 32,
represent the main parameter of the power mix.

The component degradation plays an important role in terms of lifetime electricity production. Fur-
thermore, the adoption of a degradation parameter affects renewable fraction evaluation, the selected

renewable fraction value is complete assessed the first year of simulation.

Variable Unit  Start value Min value Max value Step
PV MW, 500 0 5000 10
Wind MW, 20 0 160 1
Battery capacity MWh, 500 0 1500 10
Solar field (Acgs) km? 0.86 0.5 4.2 0.1
Hours of storage (h;qnk) h 12 6 24 1
Nominal power (Ppp) MW, 75 20 150 2.5

Table 32: Optimization variables search space.

5.5 Optimal configuration and results

The results of the optimization process in term of optimal component sizing of the three different
plant configurations are studied for two load profile pattern (i.e. residential and industrial) and a
sensitivity analysis on the available resource influence has carried out considering two locations with

quite different characteristics: Giza and Aswan (as commented in sec. 5.3).
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Configuration PV~ Wind Battery Capacity Acgs  Hrank Ppp  LCOE

MW, MW, MWh, km*>  MWhy, MW, $/kWh,

< PV+W 4475 180 669 0 0 0 0.2013
-g CRS 0 0 0 1.39 114141 75  0.0980
MIX 566 4 0 1.17 793775 63.5 0.0929

= PV+W 370 88 1020 0 0 0 0.2213
= CRS 0 0 0 0.86  682.5 65  0.0696
< MIX 19 0 0 0.76 715.00 65  0.0679

Table 33: Optimized component size of each combination for residential load case.

Configuration PV~ Wind Battery Capacity Acgs  Hrank Ppp  LCOE

MW, MW, MWh, km*>  MWhy, MW, $/kWh,
<~ PV+W 627 208 960 0 0 0  0.2265
g CRS 0 0 0 195 1563.75 90  0.0988

MIX 53 25 0 1.63 1155.00 825 0.0976
£ PV+W 4825 186 1130 0 0 0 02122
2 CRS 0 0 0 1.07  960.00 80  0.0657
< MIX 305 6 0 0.95 94250 725 0.0660

Table 34: Optimized component size of each combination for industrial load case.

The best configuration for the residential load case are summarized in Table 33. It is worth noting
that the fully electric solution (PV+W) is not convenient for both the location considered. Despite the
lower radiation available in Giza, a minimum value of 20.13 ¢$/kWh, is achieved against the 22.13
¢$/kWh, for Aswan: the installed PV area and the number of wind turbine are greater (total power
of 627.5 MW,) but the battery system with a capacity 40% smaller allows to contain the increase in
costs. The high irradiance level of Aswan benefits the CSP solution that, with smaller components,
guarantee a LCOE level of 6.96 ¢$/kWh, vs. the 9.80 ¢$/kWh, in Giza.

The adoption of the mixed solution cancel the support of the battery (since the cost is too high compared
with the other components) and, starting from the CSP configuration, the tower system is reduce to be
replaced mostly by the PV. Under Giza conditions, the electric technologies are more favored since
the GHI and DNI values are similar but their cost is smaller. The design thermal power of the heliostat
field is reduced by 100 MW;;, and the tank is 30% smaller. Conversely, only a small fraction of PV is
introduced in Aswan and the CSP design is nearly unchanged, unless a small reduction of the aperture
field area (correspondent to a design thermal power of 50 MW;;). The mix configurations support a
limited reduction of the LCOE: 0.63 ¢$/kWh, and 0.17 ¢$/kWh, in Giza and Aswan respectively.
Moving to the industrial case (Tab. 34), the penalization of the PV+Wind solution is still conspicuous
but, compared to the residential load, the condition of Aswan are most favorable: the battery has a
capacity 15% greater but the total power installed is only 668.5 instead of 925 MW, achieving a LCOE
of 21.22 ¢$/kWh, (saving almost 1.5 ¢$/kWh,).
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Compared to the residential case, the wind resource is more exploited, in fact, the bell shape of the
residential load fits better with the trend of solar technologies; whilst, the industrial peak demand
in later hours requires greater tank and the more uniform wind presence during the day helps the
production.

The solution in Giza seem to benefit more from the hybrid configuration in term of component sizing:
the aperture are is reduce by 0.32 km? (equivalent to almost 150 MW,;), the tank size by 26%
(thanks to the contribute of the wind) and the nominal power of the steam turbine by 7.5 MW. The
power mix case reduce the LCOE to 9.76 ¢$/kWh,. For Aswan, the CSP and the mix solutions are
nearly equivalent (with LCOE around 6.6 ¢$/kWh,), emphasizing the great impact of direct radiation
exceeding 3000 kWh/m? — yr and with DNI peak in winter months: 50 MW,,, from the heliostat field
are replaced by 30.5 MW of PV and 6 MW of wind turbine and the steam turbine is 7.5 MW smaller.

5.5.1 Daily simulation results

In this section are reported the results of the transient simulation carried out for a one-year period.
The charts 58, 59, 60, 61 report the details of two days in order to highlight the plants operations in
summer, characterized by a high renewable resource availability, and winter season when the ambient
conditions are the worst.

A general trend is observed for the fully electric solutions and the PV+WF plant performs similarly
for both the demand. The contribute of the battery in summer is limited to few hours and the wind
covers most of the overnight load (figures 58b, 59b, 60b and 61b ); in winter the overproduction of PV
feeds the battery to extend the production over the night (as long as possible). The storage represents
an important source of energy but non-sufficient to conclude the daily load and a nighttime Gen-set
operation is needed.

The solutions with tower plants show the greatest variation with the location (i.e. the radiation) and
the demand profile. In winter, especially due to Giza conditions, resource availability is more erratic
and near-zero tower production could occur for up to 10 hours (Fig. 58c and 60c). On the contrary, in
Aswan, the winter production is higher In summer period, for many hours (up to 6) per day a fraction
of the troughs must be defocussed, since the hot storage tank is at the maximum capacity and the tank
level is never lower than 40% ; however, only for the industrial case in Giza the CSP plant cover 100%
of the load in summer months (Fig. 60d), for all the other case, the tower has an installed capacity
(Ppp) lower than the demand level and a deficit fraction occurs also in summer.

Finally the electricity production of the power mix is considered. The chart evidences that the

combination highlight strengths and weaknesses of the technologies adopted. In particular, the hybrid
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solutions works better than the single plants in summer days: the integration of PV and wind turbines
increase the production mainly in central hours (where the tower was limited by the installed capacity).
Whilst, in winter, with hard ambient condition, the mix perform worst than the single CSP. During
winter period the reduction of CRS field aperture is not compensate by the photovoltaic and the wind
(unpredictable) that have been incorporated, and the plant operation leads to a storage depletion. The
reported chart shows the hardest operative condition but, on annual basis, the RF fraction is achieved

anyway.

5.5.2 Monthly and yearly performance

The tables 35 and 36 report the annual electricity production for all the cases considered. The
electricity overproduction and the defocus in term of electricity for CSP plant are also mentioned. In
the residential case, in the full electric solution, the PV provide 50% of the demand and only 10-15%
is given by the wind, the remaining part is left to the battery. It is worth noting the high level of
overproduction (65% and 48% for Giza and Aswan, respectively). whilst, considering the CRS plants,
the defocus fraction is limited to less than 10%. The power mix perform better and the overproduction
drop to 8% and 1% (for the two location). The production is mainly provided by CSP and PV with a
marginal part is left to PV and WF and a complete reduction of the EES. Similarly, in the industrial
case (Tab. 36), the contribution of each technology is almost unchanged but the overproduction is

significantly increased.

Configuration PV  Wind Battery CRS PV-Wover CRS over

<~ PV+W 49 15 25 - 65 -

-g CRS - - - 90 - 10
MIX 2 2 0 77 0 8

s PV+W 49 10 32 - 48 -

2  CRS - - - 90 -

< MIX 5 0 0 86 0 1

Table 35: Electric production contribution from each technology (%) and over production for residential
case.

Configuration PV  Wind Battery CRS PV-Wover CRS over

- PV+W 45 18 27 - 85 -
-g CRS - - - 90 - 17

MIX 9 8 0 74 0 15
s PV+W 45 14 32 - 61 -
£  CRS - - - 90 - 4
< MIX 6 2 0 82 0 2

Table 36: Electric production contribution from each technology (%)and over production for industrial
case.
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Figure 58: Daily simulation results for residential case in Giza.
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Figure 60: Daily simulation results for industrial case in Giza.
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Figure 61: Daily simulation results for industrial case in Aswan.
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Figure 62: Monthly simulation results for residential load.

The figure 62 and 62 shows the monthly production of the tree configurations compared with the electric
load. The bar chart reports that the PV+W configuration, under Giza condition, report a constant
production across the year as suggested from the daily trend; an analogous trend is observed for the
CSP based configuration in Aswan. The Mix configurations seasonal production, in the residential
case, reflect the layout composition with high productivity in summer and good productivity in winter
months. In the industrial load case, the CRS and the mix configurations shows a similar behavior
in summer, whilst the mix increases or decreases the production in winter, for Giza and Aswan

respectively.
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Figure 63: Monthly simulation results for industrial load.

5.5.3 LCOE analysis

The optimization result shows, as presented in tables 37 and 38, the LCOE variation moving from a
single technology solution to an optimized power mix. Nevertheless, the value highlight that, under
the constraint of a very high renewable fraction, the CSP solution shows a better result compared to
the full electric one (PV+Wind+Battery) due to the high unit cost of EES. The LCOE reported from
CSP-based layout is 2-5% higher with respect the mix, but 50-60% lower with respect the PV-W-based
one. Furthermore, the LCOE composition is also investigated. The PV+W solutions show that the
battery, with an LCOE close to 0.40 $/kWh, is the components responsible for the high cost of the
electricity produced (higher than 20 ¢$/kWh). In order to assess the selected RF, the plants require a

larger capacity with high level of overproduction that increases the cost of each technology; moreover,
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the wind farm LCOE is penalized by the unpredictability of the resource. Despite the higher capital

cost, the CRS plants have shown a better load following capability that allows to highly reduce the

LCOE cost. The mixed configurations benefit from the low-cost storage of TES with the advantages

of sunny hours production from PV plants: the LCOE of the PV and from the wind farm represent the

component that reduce the global cost of the electricity whilst the CSP and the battery, on the other

side, are essentially to ensure the night operation and the Renewable fraction achieved.

Under the assumption of selling to the grid the surplus of energy that cannot be exploited, the variation

of LCOE of each solution is reported in the tables. Since the full electric solutions are characterized

by the higher fraction of surplus would benefit most from the revenue (up to 2 ¢$/kWh) but it is not

enough to make the solution convenient compared to other configurations.

Configuration LCOE PV Wind Battery CRS Revenue A LCOE
(¢$/kWh,) (M$)  (¢$/kWh,)

< PV+W 02013 0.1248 0.1982 0.3548 - 9.88 0.0204

'5 CRS 0.0980 - - - 0.0980 0.59 0.0012
MIX 0.0929 0.0660 0.0828 0 0.0972 0.50 0.0010

s PV+W 02213 0.1035 0.1544 0.4245 - 7.31 0.0149

2 CRS 0.0696 - - - 0.0696 0.48 0.0010

< MIX 0.0679 0.0571 0 0 0.0685 0.07 0.0001

Table 37: LCOE composition and revenue for residential case configurations.

Configuration LCOE PV Wind Battery CRS Revenue A LCOE
(¢$/kWh,) (M$)  (¢$/kWh,)

< PV+W 02265 0.1482 0.2169 0.3638 - 16.66 0.0265

-5 CRS 0.0988 - - - 0.0988 1.39 0.0022
MIX 0.0976 0.0660 0.0828 0 0.1027 1.21 0.0019

s PV+W 02122 0.1149 0.1753 0.3666 - 11.88 0.0188

2 CRS 0.0657 - - - 0.0657 0.31 0.0005

< MIX 0.0660 0.0571 0.0828 0 0.0662 0.20 0.0003

Table 38: LCOE composition and revenue for industrial case configurations.






Conclusions

This thesis dealt with the development of models for the evaluation and the optimization of solar
tower plants in term of single component and entire system. Due to the higher penetrability of
non-programmable renewable technologies, it is important to promote the development of CSP plants
which have characteristics of reliability and flexibility that allow to replace fossil resources in a remote

or weakly interconnected grid.

In the first part of the work, a detailed analysis of the design and the component size of the CRS field
system has been provided. The algorithm relies on a comprehensive model that simulates each single
heliostat and evaluates the optical performance of a mirror field coupled with a central receiver on the

tower top.

The influence of the main geometrical parameters has been assessed in order to increase the perfor-
mance of CRS solar field and different design strategies were considered to increase the competitive-
ness. Mirror layout and tower height have been optimized for two different field sizes (i.e. 400 and
6400 heliostats, corresponding to a design thermal power of 30 and 500 MW, respectively) and for

two target functions: maximum efficiency and minimum LCOE.

The optimization procedure provides the best combination of radial spacing (AR) for the heliostat
rings and tower height in order to achieve the best technical and economic performance. A taller tower
leads to a more expanded optimal solution and the target function modify the best tower height. In the
small case, the value that maximize the efficiency is clearly identified; on the contrary, the efficiency
curve vs. Ht has an asymptotic trend in the large field. The optimization based on minimum LCOE

leads to plant configurations with smaller towers and first mirror rows closer to the tower.

The main novelty introduced is the analysis of the impact of the design period on the performance
of the layout: three different design periods, i.e. March, June, and December, are investigated and
discussed. The design period does not influence significantly the optimal radial spacing, but the mirror
rings’ organization is strongly affected. Assuming for all the cases an external cylindrical receiver and
a surrounding field, for months with a high design Zenith angle (i.e. June) the more effective layout
has an uniform heliostat distribution over 360°, while conversely for December the optimized layout
still allocates most of the heliostats in the north region of the field. The higher is the Solar Zenith
angle, the higher is the field efficiency in the design conditions; nevertheless, the annual performance
is enhanced for a design Zenith of about 20°(March solar conditions). Changing the solar altitude, the

annual average efficiency has a deviation in the range +1.5%
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The design period affects significantly also the efficiency seasonal variation: the layouts generated to
maximize power production in winter exhibit lower annual energy yields but with limited efficiency
variations during the year. The configurations designed for June conditions have the maximum
efficiency values in summer months and the minimum efficiency values in winter. The layouts based

on March as design period allow to maximize the annual yield.

A sensitivity analysis has shown that the unit costs of heliostats and tower have a relevant impact on
the optimum layout configurations for the small size CRS plants, while limited for the large ones.
Moreover, the heliostat dimension has been varied and it was found that smaller mirrors ensure a
better efficiency especially for lower tower height and an aspect ratio of 2/3 maximize the efficiency

compared with the square geometry.

Similarly to the layout analysis, a receiver optimization is performed for the technical and economic
function. When the receiver is included in the analysis, the efficiency curves become flatter for
different tower heights. A clear optimum design dimension that maximize the absorption efficiency
are identified and a bigger receiver is required when the tower height is increasing. Introducing the
economic evaluation, the smallest receiver that satisfies the flux limit becomes the best solution. This
demonstrates that the receiver cost has a greater impact on the LCOE than the system performance,

and the flux constraints imposes the minimum allowable size.

When the power of the system is low (i.e. the small case), a cavity receiver structure has been proved
to be a cheaper alternative to the most common external solution. The cavity configuration slightly
penalize the optical efficiency of the field but the absorber surface more sheltered ensure a better
naps- With the attention to the seasonal behavior of the performance, it is observed a penalization in
summer period whilst a nearly constant efficiency is achieved from September to March. The cavity
configuration could increase the load-following capability of a small-scale plant in the case of peak

demand in winter months.

In the second part of the thesis, the load following capability of full-solar CSP plants has been assessed
and the operation of the whole system has been investigated on annual basis. The properties of CRS
are compared with the more diffuse PTCs and the investigation has been carried out for two power
demand patterns, namely industrial and residential load and for two different ambient condition: Giza
with high humidity and lower temperature, and Aswan with high DNI level and an irradiance peak
in winter. This analysis is limited to the solar field with the hypothesis that the steam turbine is
always able to deliver the required power, according to the minimum and maximum operation limits

(neglecting the ramp rate can be consistent with an adequate amplitude of the time step considered).
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Starting from the results of the analysis of the first part an economic optimization of the tower system
has been carried out for a set of nominal powers. It was found that the efficiency of different tower
field is mainly function of the size and of the solar zenith angle and can be approximated with a map
that is provided to the plant model.

An optimization procedure has been developed in order to find the aperture area, the storage capacity
and the nominal power of the power block that minimize the cost of the system.

The different tracking system of the two CSP technologies (1-axis and 2-axis) involves two seasonal
efficiency behavior and introduce an extra degree of freedom in the load following consideration: the
comparison between the demand and the production patterns. The CRS plant configuration allows
fulfilling the power demand minimizing the investment costs, for both electric load patterns. Thanks
to a flatter efficiency curve and a more constant production throughout the year, the solar tower plant
shows a better load-following capability: this feature is emphasized with the industrial load, which
has small seasonal variations. The CSP plants based on parabolic troughs, on the contrary, need an
over-sizing of the solar field area, because of the low optical efficiency in winter. This leads to a large
surplus of collected heat in summer, thus requiring the defocussing of several troughs. This issue is
particularly evident with the industrial load pattern. The residential load profile is more in-phase with
the PTC efficiency curve: this reduces the difference in investment cost compared to the tower plant
configuration. For all the considered cases, the role of a large TES system is fundamental to operate
the CSP plant according to a load following strategy. The comparison between the two location
underlines the great influence of the radiation level not only in terms of aperture area but also of tank

size.

Once assessed the superiority of CRS in load-following application, the renewable hybrid power plant
configuration is introduced to assess the production flexibility when different technologies are called
to operate simultaneously to provide a fixed renewable energy fraction. A combination of photovoltaic
panels and wind farm ensures a more uniform production throughout the year but it is not the most
profitable solution due to the high cost of the electric storage and the high overproduction forces to
dissipate a large fraction of energy. On the other hand, the PV could support the CSP with the daily
production and helps to reduce the cost.

The ambient condition of the location and the irradiance seasonal trend show different impact with the
demand profile: the high DNI level in winter of Aswan benefit most the CRS plant, whilst a typical
industrial load is strongly penalized in Giza, where the irradiance is more in phase with the residential
demand. Furthermore, a low irradiance level (like for Giza) leads to an increase in deployment of

wind energy and benefits more from the hybrid configuration.
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In conclusion, it has been proven that the structure of central receiver system guarantees a low-cost
production flexibility mainly thanks to the built-in thermal storage. Moreover, the load-following
capability can be further improved with special attention during the design process, which promises

greater technological development.
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Appendix A

Economic optimized configuration of tower solar system

P ges H; Nhelio dR; dR;3 dRy4 k Dyec  Hyee HD Arec
MW, m - - - - m m - m?

300 160 3197 0.866 1.714 3.000 2.0 115 138 1.2 498.6
350 180 3709 0.866 1929 3.000 2.0 13 143 1.1 584.0
400 190 4247 0.866 1.850 3.000 2.0 145 145 1.0 660.5
450 200 4842 0.866 2.067 3.000 2.0 145 1595 1.1 726.6
500 210 5354 0.866 1.633 3.000 2.0 155 17.05 1.1 830.2
550 210 5993 0.866 1.633 3.667 20 16 17.6 1.1 884.7
600 230 6546 0.866 1.850 3.000 20 16 192 12 965.1
650 230 7114 0.866 1.633 4.000 2.0 17.5 19.25 1.1 10583
700 230 7789 0.866 1.633 4.000 2.0 18 19.8 1.1 1119.7
750 240 8420 0.866 1.650 3.000 2.0 185 2035 1.1 11827
800 240 9156 0.866 1.650 3.000 2.0 19 209 1.1 12475
850 270 9486 0.866 1.800 3.000 2.0 20 22 1.1 13823
900 260 10211 0.866 1.400 3.500 2.0 20.5 2255 1.1 14523
950 260 10940 0.866 1.400 3.500 2.0 20.5 2255 1.1 14523
1000 270 11641 0.866 1.400 3.000 2.0 20 24 1.2 1508.0

Table 39: Geometrical parameters of the CRS configuration for different design power.

P ges N field Nabs Flux Cost  Ajana
MWy, - - MW/m?> M$  km?
300 0.6224 0.5631 1.099 177.79 2.53
350 0.6251 0.5655 1.095 204.43 3.08
400 0.6230 0.5638 1.086 230.17 342
450 0.6137 0.5559 1.068 25726 3.98
500 0.6171 0.5583 1.078  283.31 3.93
550 0.6050 0.5481 1.092 310.29 4.76
600 0.6043 0.5475 1.065 337.89 5.29
650 0.6027 0.5457 1.092 364.30 5.73
700 0.5916 0.5361 1.082  392.69 6.55
750 0.5866 0.5319 1.073 420.29 6.81
800 0.5747 0.5214 1.076 451.01 7.73
850 0.5901 0.5343 1.099 47454 6.71
900 0.5798 0.5252 1.064 502.95 7.56
950 0.5696 0.5172  1.088  529.26 8.33
1000 0.5631 0.5116  1.099 559.05 8.63

Table 40: Performance of the CRS configuration for different design power.
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Figure 64: Optimized layout and design heliostat performance for different design power.
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Figure 64: Optimized layout and design heliostat performance for different design power. (continued)
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Appendix B

Optimization algorithm with Trnsys

The full-solar/solar hybrid production systems, proposed in chapter 4 and 5, are optimized using
the GenOpt® (Generic Optimization Program) software developed by the University of California
(Lawrence Berkeley National Laboratory).

The GenOpt software is called by the TrnOpt plug-in for Trnsys software. The process starts, as
shown in Figure 65, from the model developed in Trnsys and modifies to work with the optimization
software. The Trnsys file (.dck) has been called and edited by the TrnOpt plug-in that starts numerous
annual Trnsys simulation in the aim of asses the best power mix combinations under the constraints
and the objective function (i.e. the cost or the LCOE of the system).

The optimization procedure was based on the Particle Swarm algorithm (PSO) coupled with the
Hooke and Jeeves algorithm (HJ). This hybrid global optimization algorithm (Fig. 66) initializes the
HIJ algorithm using the continuous independent variables of the particle with the lowest function value;
the adoption of a double-step optimization improves the identification of local and global optimum
solutions.

The parameters involved in the optimization of each production system are specified in respective
section with their variation range, that reflect the limits of good operation and design of the plant. The

size of the variation (step size) is also predetermined.

B.1 Particle swarm optimization algorithm

The particle swarm is a population-based algorithm, presented by Kennedy and Eberhart [84]. A set
of particles, that represent the potential solution of the problem, are moved throughout a region. The
algorithm randomly generated the initial set and assigns a velocity for each particle, and the objective
function is evaluated for the entire population. The velocity and the position of the each particles
are updated based on the current velocity and two acceleration, a cognitive and a social component:
the first is a function of the particle’s best position pbest, and the latter of the best position of nearby

particles gbest. When the stopping criteria are reached the iterations are interrupted.

vi(t+1) =m-v;(t) + ciri(pbest;i(t) — xi(1)) + cara(gbest;(t) — x;(t)) (60)

xi(t+1)=x;(t) +vi(t +1) (61)
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Figure 65: Optimization procedure of TrnOpt and GenOpt.

B.2 Hooke-Jeeves algorithm

The “Hooke and Jeeves” is a direct search algorithm based on a series of preliminary simulations.
Starting from the initial value of the variables, the algorithm explores around the point to determine
the best search path (with negative or positive direction). Ended this preliminary step, repeated for
each parameters, the optimization process goes ahead changing the parameters according to the green

diagram in figure 66.

B.3 Optimization example results

Especially when the variable to maximize are more numerous and different combinations could present

similar performance, it is important to determine which are the independent variables.

The Particle Swarm algorithm produce a list of optimal combinations that reach the imposed renewable
fraction. The combination of the graphs shows that there are a large number of variables combinations
that achieve the RF required with a small spread from the minimum LCOE: in a few hundredths
of LCOE variation there are hundreds of valid combinations. The figure 67 shows the relationship
between the objective functions and some of the optimization variables for two cases (residential and
industrial) reported in the thesis; thanks to the color bar, it is possible to highlight possible interaction
between two variables. The thermal nominal power of the solar tower field shows a clearly optimum

definition, close to 350 and 550 for the two cases. The steam turbine and PV nominal power (Fig. 67b
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Figure 66: Hybrid optimization algorithm flow chart (particle swarm and Hooke-Jeeves, first and second
step respectively).

and 67c) present a large cloud of points that suggest a less significant effect on the LCOE; moving
to the industrial case, a greater influence of the steam turbine capacity is observed (Fig. 67f). The
battery (Fig. 67d), even with small capacities, greatly increases the cost of the plant. Finally, also the
wind farm does not show any significant benefit to the power mix performance; a possible explanation
is linked to the less predictability of the resource which makes the load following management more

difficult.
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