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ARTICLE INFO ABSTRACT

Keywords: Properly sizing the solar field in Concentrated Solar Power (CSP) plants is crucial for their economic
Concentrated solar power performance. Current techniques overlook operation and maintenance (O&M) costs which can significantly
SOl?fr field affect the levelized cost of electricity (LCOE), and fail to incorporate key O&M-related productivity losses,
HehOStf’tS . such as heliostat failures and soiling, within their productivity models. This study presents an approach for
Operation and maintenance . . . . . . . o .
Repair designing the solar power plant including O&M costs for heliostats repair and cleaning, concurrently identifying
CleI;ning the optimal deployment of cleaning resources. The developed methodology is applied for a modular solar tower

plant in Mount Isa, Australia, where the solar field size that minimizes the LCOE is identified, simultaneously
optimizing the power block (PB) and the thermal energy storage (TES) capacity.

The outcomes of the analysis show that including O&M expenses due to heliostats repair and cleaning
leads to a larger solar field: the optimal design for the LCOE scenario features a 22% oversize. This
configuration is paired with a PB of 32 MW and a TES of 1326 MW h-14.5 h, significantly smaller than the 56 MW,
2320 MW h-14.5h reference. In the grid-driven scenario, the optimal solar field is also oversized by 22 %, with a
PB of 56 MW matching the reference size, and a smaller 1520 MW h-9.5h TES. This methodology emphasizes
the impact of O&M activities on plant design, alongside the influence of turbine operation.

1. Introduction and optical efficiencies [5], including defocusing [6]. Field design is

closely related to the thermal flux collected on the receiver system

According to the International Energy Agency (IEA) 1.5 °C scenario,
the global share of renewables in the power generation mix is pro-
jected to rise to 91 % by 2050 [1]. In this context, Concentrated Solar
Power (CSP) plants emerge as a promising technology, whose levelized
cost of electricity (LCOE) has decreased from 380$/MWh in 2010 to
118$/MWh in 2022 [2]. A further reduction could be achieved by
diminishing installation and operation and maintenance (O&M) costs,
which typically range between 20 $/MWh and 40 $/MWh, hence around
18 % to 20 % of the LCOE [2].

Among available CSP technologies, solar towers demonstrate sig-
nificant potential for advancing energy transition. The design of the
solar field is fundamental for plant viability, since it accounts for
approximately 50% of the total investment cost and contributes up
to 40% of the energy losses [3]. Furthermore, the solar field signifi-
cantly impacts O&M expenses: mirror cleaning is often the predominant
component [4], with additional costs arising from heliostat repairs.

Extensive research has been dedicated to optimizing solar field
design, balancing plant performance, power dissipation, and thermal
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and therefore heliostat aiming operations. The aiming strategy should
be selected to prevent receiver damage [7] and maximize thermal
power output [8,9]. Several optimization techniques are available in
literature, relying both on meta-heuristic [10-12] and deterministic
approaches [13].

Cleaning operations are crucial for mitigating heliostats perfor-
mance degradation caused by particle accumulation on their surface,
a process known as soiling. The majority of the studies dealing with
soiling characterization in CSP plants are related to experimental and
statistical analysis, with many recent examples available in litera-
ture [14,15]. Over the years, various cleaning policies have been de-
veloped [16,17]. Current literature on planning of cleaning operations
integrates physical model-based soiling predictions [18] with economic
analyses of cleaning activities, considering resource [19] and opera-
tional constraints [20]. This integration has to occur during the early
stages of site selection and plant design to minimize productivity losses
due to soiling.
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Receiver area (m?)
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Balance of plant specific cost ($/kW)
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Thermal energy storage specific cost
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Coating application cost ($/m?)
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Parts and tools cost ($/repair)

Piping specific cost ($/m)

Piping cost ($)

Pumps cost ($)

Receiver clips cost ($)

Receiver coating cost ($)

Receiver headers cost ($)

Receiver manifolds cost ($)

Receiver nozzles cost ($)

Single receiver cost ($)

Receiver tubes cost ($)

Receiver welds cost ($)

Receiver cost ($)

Heliostat repair cost ($/yr)

Sales tax cost ($)

Site improvement specific cost ($/m?)
Site improvement cost ($)

Cleaning truck maintenance cost ($/yr)
Single tower cost ($)

Tower cost ($)

Trucks purchase cost ($)

Cleaning truck cost ($)

O&M variable specific cost ($/MWh)
O&M variable cost ($/yr)
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Tubes external diameter (mm)

Maximum thermal energy stored (MW h)
Thermal energy stored (MW h)

Yearly thermal power dissipation
(GWhyr™1)

Receiver height (m)

Heliostats operating hours (hyr~!)

Number of simulated samples

Total number of failed heliostats

Total number of heliostats

Tubes number

Power block nominal power (MW)
Electrical power requested by the grid
MW)

Power absorbed by the HTF from a single
array (MW)

heat transfer fluid (HTF) thermal power
directly sent to the power block (MW)
HTF thermal power sent to the TES (MW)
Power absorbed by the HTF, contribution
from all arrays (MW)

Power block thermal input to run the
turbine at given load (MW)

Power block nominal thermal power input
(MW)

Power block thermal power input (MW)
TES thermal power input to the TES (MW)
TES thermal power output (MW)

Thermal power dissipated (MW)

Power incident on the receiver after defo-
cusing (MW)

Power incident on the receiver before
defocusing (MW)

Receiver constant thermal loss (MW)
Power collected on the receiver at design
conditions (MW)

Power collected on the receiver (MW)
Maximum receiver incident power (MW)
Heliostat availability target (-)

Capacity factor (-)

Yearly electricity production, (GW hyr~!)
Plant lifetime (yr)

Heliostat availability (-)

Contingency rate (-)

Receiver engineering cost factor (-)

EPC fraction (-)

Land area multiplier (-)

Maximum storage hours (h)

Storage hours (h)

Interest rate (-)

Piping length (m)

Total alloy mass (kg)

Number of solar field arrays

Number of defocused heliostats in one
iteration

Number of defocused heliostats in a module
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Number of heliostats in a module
Number of workers

Installation personnel (man — h)
Steady state probability of having no he-
liostats down

Piping manufacturing cost fraction (-)
Nominal return on investment (-)
Spacing between tubes (mm)

Sales fraction (-)

Tubes thickness (mm)

Sales tax rate (-)

Number of cleaning crews

Number of full-field cleans per year

Receiver absorbance (-)

Net power block efficiency (-)

CAPEX and OPEX components not influ-
enced by cleaning ($/yr)

Heliostats failure rate (failure/h)

Heliostats repair rate (repair /h/worker)
Mirror as-clean reflectance (-)

Mirror reflectance (-)

CAPEX fraction influenced by cleaning
(yr™)

Elevation angle (deg)

Stow angle (deg)

Stow tilt angle (deg)

Incidence angle (deg)

Cleanliness (-)

Time index

Actual cost of electricity ($/MWh)
Capital expenditure ($)

Chemical engineering plant cost indexes
Fixed charge rate

Levelized cost of electricity ($/MWh)
Operating expense ($/yr)

Australian Energy Market Operator
Application programming interface
Balance of plant

Concentrated Solar Power

Clean with failure field status

Direct normal irradiance

Dry soiling model

Engineering, procurement and construction
Heat transfer fluid

International Energy Agency

Ideal field status

Operation and maintenance

Power block

Power cycle

System Advisor Model

Solar field oversizing

SM Solar multiple (-)

SWFFS Soiled with failure field status
TDC Total direct cost ($)

TES Thermal energy storage

TIC Total indirect cost ($)

Main heliostat failures arise from mechanical components. Studies
dealing with reliability analysis are mainly focused on the effect of
wind loads on heliostat structures [21], drawing on mechanics, material
studies, and aerodynamics [22,23]. However, issues can also arise from
the electronics [24], but literature lacks comprehensive modeling of
these failures.

Overall, current solar field design techniques do not incorporate
O&M costs and heliostat maintenance considerations. While cleaning-
related operational expenses can be accurately accounted for into O&M
expenses, the same cannot be said for the economic analysis of heliostat
failures. Furthermore, soiling losses and aiming strategies have been
thoroughly examined in the operation of solar towers, whereas their
integration into the design phase is not widely explored.

The proposed research aims to fill this research gap by develop-
ing a methodology for sizing the solar field of solar tower plants,
together with the thermal energy storage (TES) and power block (PB),
through the LCOE minimization. This methodology integrates soiling,
driver failures, aiming strategy selection and defocusing in the design
phase, with major focus on heliostat cleaning and repair-related O&M
expenses and productivity downtime.

2. Methodology

The proposed methodology for selecting the solar field size em-
ploys a techno-economic approach aimed at minimizing the electricity
production costs of a solar tower plant, thereby enhancing its overall
performance and economic viability. Two different economic indicators
are used: the levelized cost of electricity (LCOE) and the actual cost of
electricity (ACOE) [25].!

The LCOE (Eq. (1)) is calculated using the maximum electricity pro-
duction over a representative year, EE™®*, obtained running the turbine
at nominal power whenever possible. This approach will be referred
to as LCOE scenario. CAPEX include total direct cost (TDC) and total
indirect cost (TIC). Whereas, operating expenses (OPEX) comprises four
components: fixed, variable, cleaning, and repair costs. The amended
CAPEX and OPEX cost models are explained in Sections 2.1 and 2.2,
respectively. As the cost model is based on the System Advisor Model
(SAM) [26], with adjustments detailed in Appendix A, the currency
used is the US dollar ($). Fixed charge rate (FCR) is the revenue per
unit of investment required to cover the investment cost, as defined by
SAM [26].

CAPEX - FCR + OPEX
LCOE = R @
In parallel, the analysis is performed considering a given electricity
profile to be supplied by the plant featuring limits on the grid side.
In this case, the ACOE is computed (Eq. (2)), using the electricity
produced over a representative year considering the grid constraint,

EE®"d, This approach will be referred to as grid-driven scenario.

ACOE = CAPEX - FCR + OPEX @
EEgrld
The approach developed to determine the electricity production and

the plant costs is presented in Fig. 1.

1 LCOE and ACOE are indicators based on simplified cost models that do
not account for the influence of electricity prices.
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Fig. 1. Methodology flowchart.
Starting from a reference plant, the goal is to determine the number var var
of heliostats to include in the solar field, while maintaining its original C™ =Cy EE @

shape and row spacing. Fixed parameters include the geometries of the
receiver, tower, and heliostats. The methodology is applied to modular
square-shaped arrays, which are assumed to be identical and subject to
the same size scaling factor. With adjustments to the cost model and
solar field constrained parameters, the methodology can be adapted to
any plant configuration and solar field layout. Along with the optimal
solar field size, the methodology also identifies the optimal PB and TES
capacities, as a trade-off between capital expenditures, O&M costs, and
electricity production.

2.1. Capital expenditure models

CAPEX of a solar tower plant is calculated as the sum of TDC and
TIC

TDC = Ctower+crec+Csite+Chel+CBOP+CPC+CTES+Cpip+Cc+Ctp 3)

TIC = Cland + Csales + CEPC o))

where TDC includes tower cost, C*®"e', receiver cost, C'°, site improve-
ment cost, CSit, heliostat field cost, Chel, balance of plant cost, CBOP,
power cycle cost, CFC, thermal energy storage cost, CTES, piping cost,
CPiP, trucks purchase cost, C'P, and contingency cost, C¢; TIC includes
land cost, C!and, sales tax cost, C54es, and engineering, procurement and
construction (EPC) and owner cost, EPC and owner cost, CEPC, Refer
to Appendix A for more details on CAPEX assessment.

2.2. Operation and maintenance models

OPEX of a solar tower plant is calculated as the sum of all annual-
ized O&M activities
OPEX = Cfi* + ¢¥ar 4 ¢ 4 C™P (5)

where CfiX and CV2r are the O&M fixed and variable costs, respectively,
and cleaning cost, Cd, and heliostat repair cost, C™P, correspond to
solar field maintenance activities as detailed in the next section.? The
economic models adopted to calculate CfiX and C2 are provided by
SAM [26] as reported in the following equations

fix _ fi PB 3
c™=cl- P10 6

2 Cleaning and repair costs are considered as an addition to O&M costs from
SAM [26], to ensure comprehensive cost accounting.

where CfiX is the fixed O&M specific cost, PP is the CSP plant nominal
power, C 7 is the variable O&M specific cost, and EE is the plant yearly
electricity production.

Soiling and cleaning optimization

To determine the O&M cleaning cost related to a solar field design,
a physical soiling model [18] used to predict reflectance soiling losses
is combined with a fixed-frequency-time-based cleaning schedule op-
timization technique [20], whose outcome is the optimal number of
cleaning crews (assuming one truck per crew) to hire. This approach
aims to minimize the LCOE associated to the plant, which is expressed
in Eq. (8), assuming continuous dispatch policy. The derivation of
Eq. (8) from Eq. (1) is thoroughly described in Appendix B, and a
summarized explanation is provided below.

tr cl

LCOE:C;,eafr+K+r~C .%4E+c (M, R) ®)
The x-factor aggregates all CAPEX and OPEX components that do not
depend on the adopted cleaning strategy, while the r-factor accounts
for the contribution given to CAPEX by the trucks purchase cost, M and
C" being the number of cleaning crews (i.e., number of trucks) and the
cleaning truck cost, respectively. Cleaning cost, C¢, is the sum of the
remaining cleaning-related costs

CUM,R) = (C® +C™) . M + " . 45T R ©

where CP is the cleaning vehicle operator salary, C'™ is the cleaning
truck maintenance cost, R is the cleaning frequency, ASf is the solar
fields total area, and C%&f represents the cleaning trucks water and fuel
consumable cost per square meter of heliostat cleaned.

The optimization is performed for a specified number of cleaning
crews (i.e., number of trucks) and cleaning frequencies over a given
soiling loss trajectory applied to the entire solar field. The methodology
presented in Ref. [20] was previously applied to a similar field study
and here it is adapted for the minimization of the LCOE. The optimal
cleaning setup will have the lowest LCOE for a given number of clean-
ing crews, M, and frequency, R. M controls the number of sectors that
can be cleaned in a single day. Once a cleaning rotation commences,
sectors are cleaned sequentially each day until all heliostats have been
cleaned.

Calculating the electrical output, EE, of a CSP plant with a soiled
solar field involves estimating soiling losses based on location, solar
field design, and cleaning resources. For each time step, the solar
field’s soiling state is updated by adding the tilt-adjusted soiling rate
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Fig. 2. Heliostats Markov diagram for reliability analysis.

(predicted by meteorological data and a site-calibrated dry soiling
model [20]) to the cumulative steady-state soiling state.> During clean-
ing events, a reflectance recovery model [20] determines the amount
of soiling particles removed. Between cleaning events, the residual
soiling and new soiling losses are cumulatively summed as A"™ over
time period 7. The resulting mirror cleanliness, ¢, is a function of the
incidence angle,* 6, and the current normal projected soiled area.
2 A;]O[]Tl

G=1- . (10)

mirror
cosf, A

The soiled reflectance, p, is determined as a product of the nominal
reflectance, p,.

pr=p-& (et’A?Drm) an

Driver failure and repair staffing

The failure of heliostats (e.g., driver) has two main impacts: in-
creased OPEX due to repairs and reduced production due to a reduced
heliostat availability. A reliability model is developed to assess these
aspects.

The times between successive failures of a particular heliostat are
considered exponentially distributed, whose probability density func-
tion is
F@) = re M 12)

where A is the failure rate. Similarly, the repairs are modeled as
exponentially distributed, but with a different rate x, which is usually
much greater than A.

Assuming that the heliostat failure and repair time distribution
parameters are identical for each heliostat in the field, the number of
available heliostats can be described with the Markov Model depicted
in Fig. 2. The repair rate is modified by the number of maintenance
staff, n"Workers | assuming that they can work in parallel to repair down
heliostats. For each state n =0, 1,2, ..., NPl there are Nhel—p working
heliostats. For this model, the steady-state probability of each state
p, can be computed using standard techniques [27] and the expected
number of down heliostats is

Nhel
Niflea = 2 P a3
n=1
and the steady-state availability is
Nhel _ Nhel

hel failed

This availability will be used later to scale the solar field power output
to account for failed heliostats.
The heliostat repair cost, C™P, is computed as

Nhel
C'eP = COP . nworkers + Cp&t . Hop Z F P (15)
n=1

3 Steady state soiling state are obtained by repeating the soiling and
cleaning models until boundary conditions are achieved.

4 Incidence angle defined as the angle between the mirror normal and the
receiver target.

assuming that nVokers is the full-time equivalent number of workers
dedicated to repair. C°P is the repair staff salary, CP& is the materials
cost for the single repair, H,, is the number of operating hours of the
plant, and r, is the rate of repairs for each state. For the current model,
the repair rate for all states above one is the same r, = nWorkers. ;v =
0,1,2,..., NPl and so the repair costs can be written as

C'eP = COP . pworkers + CP&t . Hop . pworkers | u-(l— pss,O) (16)

where the fact that the state probabilities must sum to one is exploited,
and pgq is the steady state probability of having no heliostats down.

Heliostat availability, as defined in Eq. (14), can be set as a target,
@', The number of workers can be adjusted to achieve the correspond-
ing heliostats failure probability distribution, from which p ; required
by Eq. (16) can be obtained.

2.3. Plant modeling and performance simulation

Solar field performance is assessed with SolarPILOT-v1.5.2 [28]
on an hourly basis, given receiver characteristics, heliostat specifi-
cations and positions, and weather data. Image Size Priority aiming
strategy is selected, allowing for the dispersion of the thermal flux
across the receiver surface. However, receiver saturation limits the
maximum power that can be collected on its surface. Since SolarPI-
LOT cannot detect over-fluxes and subsequently defocus heliostats, a
customized heuristic defocusing strategy is developed. The algorithm
(refer to the flowchart in Fig. 3) is implemented in Python, accessing
SolarPILOT’s functionalities via the Co-Pylot application programming
interface (API) [29].

The plant is operated only for solar elevation angles higher than
the stow angle. SolarPILOT’s performance simulation is run, given the
heliostats’ reflectance adjusted for the cleanliness at the current time
step (Eq. (11)) and the defocusing strategy at the previous time step.
To ensure the performance of a single solar field represents the behavior
of all the arrays, the average cleanliness is used, calculated individually
for each heliostat, across all the solar field arrays.

When the power collected on the receiver surface, Q" exceeds the
maximum allowable power onto the receiver (i.e., saturation limit),
oM defocusing is triggered. nd = 4° heliostats are iteratively and
simultaneously defocused, starting from those closest to the receiver.®
Defocusing ceases when the capped power, Ofi", meets the threshold
(Eq. (17), first case). When the power collected on the receiver surface,
0™, is lower than the saturation limit, O™, there may be potential for
refocusing. If all heliostats are already focused, no action is required
(Eq. (17), third case). Otherwise, heliostats are refocused following the
defocusing order, until the capped power, Qfi", meets the threshold
(Eq. (17), second case).

Q,fin < othr « Qi“ if defocusing occurs
0" < Ofin < o™ if refocusing occurs a17)
Ofin = gin < O otherwise

5 Selected as a trade-off between accuracy and computation time.

® To reduce the computation time, the heliostats closest to the receiver,
which have the highest optical efficiency, are targeted first by both defocusing
and refocusing strategies.
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Additionally, Ofi" is adjusted to account for heliostat failures. Driver
failure analysis indicates the number of failed heliostats but not their
specific identities. Therefore, the solar field power output is penalized
based on the overall availability of heliostats, representing an average
effect. When defocusing does not occur, ofin is reduced by a factor
equal to the heliostat availability target, a"l. Otherwise, it is assumed
that the first heliostats to be defocused are those subjected to failure,
and Qfi" is penalized by the actual heliostat availability, a"e!

t

18

ghel . in“ if n}"ﬂ’def >0

where Q™¢ is penalized power, and the actual heliostat availability,
ah®l € [abl, 1], depends on the number of defocused heliostats, nhebdef

nhel . dhel _ nhel,def
hel _ 1
4= hel

n €]

19)

The power absorbed by the HTF, QHTF amay | accounts for receiver
absorbance, a, and receiver constant thermal loss, Q'°5. Receiver de-
privation conditions must be avoided: if the power absorbed by the
receiver cannot compensate the constant thermal power loss, the re-
ceiver is deactivated and the power absorbed by the HTF is set to zero.
Otherwise, such loss is subtracted.

QHTF, aray { o- Q;ec _ Qloss o- Q;ec > Qloss
) =

0 a- Q;’ec < Qloss (20)

Finally, the power absorbed by the HTF accounting for all solar field
arrays can be expressed as

QHTF — QHTF, array | jarray 21
The interaction between receivers, TES, and PB is modeled by

prioritizing the turbine’s full-load operation, with the ultimate aim of
computing the LCOE. Qﬁgx is the power block thermal power input
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required to run the turbine at nominal power, PPB
PB
pp _ P
Omax = VIPT (22)

where 78 is the net power block efficiency. The TES is managed
accordingly, E™E5 and ETES being the stored thermal energy and the
maximum storable thermal energy, respectively. The latter depends on
the storage size, h.

TES _ ~PB
Emax - Qmax “h (23)
For each time interval, QHTF can be directed either to the power
block or to the TES, according to the energy balance
HTF _ HTE,PB , HTF,TES
0, =0 +0, (24)

where the power sent to the power block, QHTF-PB| can be expressed
as

PB  ir OHTF 5 (PB
QMR _ {Qmax if O 2 Opyag (25)
‘ HTF ¢ HHTF _ PB
0" IO < Opax
and the power sent to the TES, QHTFTES | consequently is
HTF i€ OHTF
QMR TES _ ot —om, if O > Of, _ (26)
BT i < o,

The actual TES thermal power input is constrained by the maximum
storable energy, Eggi, and any excess heat is dissipated, 0diss as per

HTF,TES _ - TES,IN i
o/ =0 + o @7
where the TES thermal power input, Q™85IN| can be expressed as

Epaa—ETS -1 TES HTF,TES TES
‘max 1 —_ > .
QTES’IN = { At fE™-1+0 ar > Emax .

! HTF,TES : TES HTF,TES TES (28)
o 1fEt_1+Q CES LAt < E S

When the HTF thermal power directly sent to the power block,
QMTEPB s not enough to run the turbine at full-load, additional thermal
power can be provided by the TES, according to the energy balance

QFB — QfITF,PB + Q;['ES,OUT (29)

where QPP is the power block thermal power input. Eventually, when
OP® < QOB , the turbine is operated at partial load. The operating
strategy must ensure that the TES is never completely empty. Thus, the
TES thermal power output, QTE5OUT | can be expressed as

TES
PB HTF,PB .. E; PB HTF,PB
Qmax - Qt if tAy - (Qmax - Qt )20 30
ETES TES . ( )

E
t—1 s t—1 PB HTF,PB
L if TR (e O )< 0

TES,OUT
9,

The electricity production and thermal power dissipation are computed
as

K

EE =)' O/% -y - 4t-107 (31)
t=1

E::l}:ss — Z Q;:hss CAr- 1073, (32)

t=1

Finally, the CSP plant capacity factor, CF, is computed knowing EE

EE

PPB. 8760; -10-3

(33)

3. Case study
3.1. Plant configurations

The reference case study is based on the modular solar tower
power plant presented in Ref. [20], located in Mount Isa, Queensland,
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Table 1
CSP plant characteristics.

Parameter Value

Power block nominal power, PP® 56 MW

Net power block efficiency, ™8 35%

TES capacity, h™a* 14.5h

Solar multiple, SM 1.7

Number of solar field arrays, n*™ 30

Number of heliostats in a module, nhe! 2389

Plant lifetime, LT 30yr

Maximum receiver incident power, Qthr 10MW

Receiver area, A" 20.25m?

Receiver absorbance, « 94 %

Receiver constant thermal loss, Q' 0.47 MW

Heliostat area, Ahe! 6.2m?

Stow angle, §5toW 10°

Stow tilt angle, ' 85°

Table 2
Solar field characteristics.

Solar field phel Anhel SFO ASFO ’lgz;gn
Field 0 2389 - 0.98 - 69.28 %
Field 1 2705 +316 1.09 0.11 68.27 %
Field 2 3009 +620 1.20 0.22 67.37%
Field 3 3329 +940 1.30 0.32 66.14 %
Field 4 3629 +1240 1.39 0.42 65.14 %

Australia (lat = —20.732°, lon = 139.384°). The CSP plant features a
56 MW capacity power block, 30 modular solar fields, each consisting of
2389 heliostats, and a 2320 MW h TES. In Table 1, plant characteristics
are summarized.

Each solar field is equipped with a steel solar tower, on which
a billboard receiver is mounted. Alloy 740H has been chosen as the
construction material for the receiver, as it has been identified as
the optimal choice for CSP plants receivers [30,31]. Tubes external
diameter, Dé‘;('t’es, is assumed to be 13.7 mm, with tubes thickness, rtubes,
and spacing between tubes, s"P, of 0. mm and 1 mm, respectively.
Based on the receiver dimensions, this configuration results in 326
parallel tubes. The receiver comprises two flow-paths, each containing
four panels, with each panel consisting of 41 tubes. The sizes of headers
and manifolds are selected to ensure that the HTF velocity matches the
velocity in the tubes. Given the receiver’s structure, thermal losses are
calculated using an extended version of the numerical model presented
in [31]. Considering a receiver absorbance, a, of 94 % [26], a receiver
constant thermal loss, Q'°5, of 0.47 MW is computed.

Solar field sizes

Several solar fields are generated based on a reference module,
progressively increasing the number of heliostats by 10 % while main-
taining the original cornfield shape. Fig. 4 shows how the solar field
is progressively enlarged: blue markers represent the base case, while
other colors highlight the additional heliostats added to achieve the
oversized configurations.

Heliostats can be added in either rows or columns, with the con-
figuration that yields the highest design optical efficiency ultimately
selected. Design condition corresponds to midday of the spring equinox,
direct normal irradiance (DNI) of 950 Wm™2, pristine field, and all
heliostats focused. Solar fields are generated through an iterative
procedure, simulating plant performance at design conditions using
SolarPILOT-v1.5.2 [28].

Solar field characteristics are summarized in Table 2. The solar field
oversizing (SFO) factor is defined as the ratio between the power re-
flected on the receiver at design conditions, Qéeecsign, and the maximum
power allowable by the receiver, Q.

rec
design

SFO = otr

(34
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Fig. 4. Solar fields, receiver at (0,0).

Thermal energy storage and power block

Each solar field is paired with a storage system that interfaces with
the power block. The TES and PB sizes are optimization variables; how-
ever, to avoid a recursive approach requiring substantial computational
efforts, heliostats cleaning is optimized using base case reference values
of 14.5h for the TES and 56 MW for the PB, and assuming continuous
dispatch policy.

Plant performance, instead, is assessed by exploring various options
and a parametric optimization algorithm facilitates the simultaneous
optimization of the solar field, TES and PB sizes. Specifically, being h
the storage hours, 1 € [0,h™3|, where & = 0 means that no TES is
adopted, while 4~ = h™#* represents the maximum size that ensures
no thermal power dissipation throughout the year. The number of
receivers and their design thermal power output remain constant, while
the power block capacity varies from 94 MW to 27 MW, resulting is a
solar multiple (SM) comprised between 1.0 and 3.5. (as per Eq. (35)).
The net power block efficiency, #F® is assumed to be constant for
all turbine sizes and operating conditions, and as such, penalties for
off-design operation are neglected.

(chr _ QlOSS) . parray . nPB

SM = pPB

(35)

Economic assumptions

Assumptions for CAPEX and OPEX computation are presented in
Table 3. Cleaning and repair costs will be detailed in the following
sections. The receiver tower is a small steel structure for which specific
cost references are not available in literature. Therefore, costs are
estimated based on transmission line towers of comparable height,
using the Transmission Cost Database of the Australian Energy Market
Operator (AEMO) [32]. Additional details are provided in Appendix A.
Regarding the receiver cost computation, two nozzles, two welds and
two clips are associated to each tube. It is assumed that each nozzle
installation requires 2 man-hours, each tube-to-header weld requires
1.5 man-hours, and each clip-to-tube weld requires 1 man-hour [37].
Piping manufacturing cost fraction, p, and receiver engineering cost
factor, eng, are assumed to be 10 %. Finally, the solar field specific cost
is assumed to be 66$/m?. To assess the impact of this assumption on
the results, a sensitivity analysis will be conducted over a reasonable
range of values, considering costs up to 100$/m?.

3.2. Dispatching strategy

When computing the LCOE, the turbine operates at nominal power
whenever possible, and the maximum electricity production over a
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Table 3
Economic assumptions.
Parameter Value Ref.
Single tower cost, C;:;”“ 220000 $ AEMO [32]
Alloy specific cost, C2¥ 107.3$/kg  Laporte-Azcué et al. [30]"

Installation personnel salary, Cistll

Coating purchase cost, C;E:‘C‘h 7.2$/m? Ho and Pacheco [34]°
Coating application cost, C;;:{ 398 $/m? Ho and Pacheco [34]"
Site improvement specific cost, Cj;‘fe 16$/m? Blair et al. [26]
Heliostat field specific cost, ! 66$/m? VastSolar [35]%¢
Balance of plant specific cost, CE® 290 $/kW Blair et al. [26]
Power cycle specific cost, Che 1040$/kW  Blair et al. [26]

Thermal energy storage specific cost, C'5522$/kWh  Blair et al. [26]

Piping specific cost, Cfeif 1600$/m Sorbet et al. [36]°
Cleaning truck cost, C™ 198000 $ Anderson et al. [20]¢
Contingency rate, c 7% Blair et al. [26]
Land specific cost, Cland 10000 $/acre Blair et al. [26]
Sales tax rate, ¢ 5% Blair et al. [26]
Sales fraction, s 80 % Blair et al. [26]

EPC fraction, epc 13% Blair et al. [26]

O&M fixed specific cost, Cf 66$/kW/yr Blair et al. [26]

O&M variable specific cost, i 3.5$/MWh  Blair et al. [26]
Nominal return on investment, r"°™ 0.906 % Blair et al. [26]
Ineterst rate, i 25% Blair et al. [26]

2 Tower cost is computed based on the Transmission Cost Database of the AEMO,
issued via email upon request.

b Cost updated using chemical engineering plant cost indexes (CEPCI).

¢ Cost converted to $ using June 2024 rate.

d Inflation is assumed to be compensated by technological advancements.

representative year is computed. This scenario, referred to as LCOE
scenario, assumes no grid constraints to the CSP plant electricity pro-
duction. A grid-driven scenario is explored alongside: the plant operates
to match a pre-specified load curve, and since the power production
is constrained and meets the demand, the indicator computed for
the techno-economic analysis is the ACOE [25] instead of the LCOE
(Eq. (2)).

The load curve is derived from hourly electricity production data
provided by the Australian Energy Market Operator (AEMO), catego-
rized by source to differentiate between renewable and combustion-
based generation (Fig. 5(a)). Since the CSP plant is located in Mount
Isa, electricity production data specific to Queensland is used. The
residual load curve, which represents the electricity demand that must
still be met by renewable sources to achieve 100% renewable-based
power generation, is obtained by subtracting the electricity generated
by renewables from the total production. This residual load corresponds
to the combustion-based power generation: by filling this gap, the CSP
plant ensures electricity generation when other renewable sources are
unavailable.

To align the residual load curve with the CSP plant nominal ca-
pacity, it is accordingly scaled (Fig. 5(b)). This adjustment ensures
the load curve does not demand power generation at the gigawatt
scale and ensures that its maximum aligns with the plant design limits.
Otherwise, the plant would effectively operate at its nominal capacity
whenever possible, making the grid-driven scenario indistinguishable
from the LCOE scenario.

Dispatching options for the grid-driven scenario are defined similarly
to the LCOE scenario. In this case, the thermal power input requested by
the power block, QPB:8"d, varies with the load curve. It can be expressed
as

PB,gri P, grid
0P = (36)
where P81 represents the power requested by the grid and varies over
time. The mathematical formulation is then similar to that presented in
Section 2.3, substituting QP8 with QPB.grid,

60.4 $/man — hFernédndez-Torrijos et al. [33]1"¢
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(a) Queensland dispatch plot. 1 Jan - 3 Jan for
Renewables (Renew.), Combustion (Combus.) and
Total output

(b) Queensland residual load curve, normalized with
respect to the reference plant capacity, 56 MW, 1
Jan to 3 Jan

Fig. 5. Queensland dispatch plot and residual load curve.

Table 4

Reliability and economic analysis assumptions.
Parameter Value
Heliostat availability target, a"! 97 %

Heliostats failure rate, A

Heliostats repair rate, u
Repair/cleaning operator salary, C°P
Parts and tools cost, CP&t

6.13 x 1073 failure/h
1.16 repair /h/worker
528008 /yr/worker
11$/repair

Heliostats operating hours, H,, 3828 hyr™!
Table 5
Cleaning optimization model values.
Parameter Value
Cleaning truck cost, C** 198000 $
Repair/cleaning operator salary, C°? 528008 /yr
Cleaning truck maintenance cost, C'™ 9900 $/yr/truck

Cleaning water and fuel cost, C"& ~ 0.02$/m? /cleaning

3.3. Operation and maintenance parameters

Three field conditions are explored:

1. IFS: heliostats are not affected by soiling nor failures. Cleaning
and repair-related O&M costs are not considered.

2. CWFFS: heliostats soiling is neglected but failures are consid-
ered. O&M costs account for driver repairs only.

3. SWFFS: heliostat are affected by both soiling and failures. O&M
costs account for cleaning and repairs.

Heliostat drivers reliability setup

The parameters for the heliostat reliability analysis are summarized
in Table 4. The failure rate is based on SolarOne power plant data [24],
while material costs are taken from SolarTwo power plant data [38]
accounting for inflation (June 2024). Workers’ salary for heliostats
repair is assumed equal to that of cleaning staff [20], performing
currency conversion (June 2024).

Cleaning optimization setup

Determining the cleaning cost requires the estimation of daily soling
rates (and hence cleanliness) and the adoption of economic assumptions
about the cleaning crew and equipment (shown in Table 5), which are
based on Ref. [20], performing currency conversion (June 2024).

The prediction of soiling rates has been based on previous analysis
using Field 0 [20]. One year of meteorological data, combined with a

Daily Average Soiling Rates for Each Field
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Fig. 6. Contour plot of mean daily heliostat field soiling rates (expressed in percentage
points per day) with boundaries of each field shown, receiver positioned at (0,0).

reflectance measurement campaign, was used to calibrate the dry soil-
ing model (DSM) for the site. The daily soiling rate for a 0° horizontal
mirror varies seasonally, ranging from 0.12 to 0.22 percentage points of
reflectivity loss per day. Operating heliostats experience lower soiling
rates than fixed horizontal ones, as they adjust tilt angles throughout
the day and stow vertically at night, thus reducing soiling losses.

Soiling is asymmetric and varies with the heliostat’s position relative
to the receiver and the diurnal soiling load.” Fig. 6 shows the daily
soiling rate for different solar fields. Heliostats closer to the receiver,
operating at lower tilt angles, experience higher horizontal soil deposi-
tion fluxes. Notably, heliostats added to the east, west, and south sides
of each field are subjected to lower soiling rates compared to Field 0,
as they operate at higher tilt angles than those in the center. Thus,
the reduced optical efficiency of a heliostat can be partially offset by a
lower field average soiling rate.

7 For this case study, higher soiling loads are observed in the mornings due
to the cyclic behavior of dust concentration, which peaks during the first hours
of the day. This increases the daily soiling rate for heliostats located on the
east side due to their lower operating tilt angles in the morning with respect
to heliostats located on the west side.
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Table 6
Cleaning speed and water and fuel (W&F) costs per full plant cleaning rotation.
Solar Corridor Number of Corridor daily W&F
field length [m] Corridors cleaning rate [$/rotation]
FO 240 55 52 8500
F1 250 59 50 9500
F2 270 63 46 11500
F3 290 67 44 13000
F4 300 71 42 14000

Plant Average Cleanliness for 2 Trucks, 22 Cleans per annum
100 T T T
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Fig. 7. Field 0 plant average cleanliness trajectory with 2 cleaning crews (i.e., number
of trucks) and 22 field cleans per annum with 2021 Mount Isa soiling trajectory.

Cleaning crews work a fixed 8 h shift, and the time required to clean
each of the solar fields depends upon the number of cleaning crews
(i.e., number of trucks) and size of the heliostat field, since larger solar
fields will have longer cleaning paths or “corridors” for the cleaning
crews to travel. For the cornfield these correspond to a row of heliostats
within the North-South axis.

The cleaning rate per shift per truck and the adjusted cost of water
and fuel, are presented in Table 6 for each solar field. An increase in
corridor length results in a reduction in the total number of corridors
cleaned per shift. Moreover, enlarging the field leads to a decrease in
the number of corridors cleaned per shift and an increase in the cost
of fuel and water spent cleaning the entire plant. Despite the change
in corridor length and corridor cleaning rate, all fields have a constant
heliostat cleaning rate of ~ 2160 heliostats cleaned per crew per shift.

The combination of estimated daily soiling rates and scheduled
cleaning activities eventually provides a cleanliness trajectory, enabling
cleanliness predictions for all simulated solar fields. Fig. 7 shows an
example of the average cleanliness across all 30 modules adopting Field
0 and a cleaning schedule of 2 cleaning crews (i.e., number of trucks)
and 22 annual cleanings, resulting in an annual average operating
cleanliness of 98.5%. Optimal scheduling will be sought and discussed
in Section 4.1.

The number of cleaning trucks and cleaning frequency remain
constant throughout the year, while mirror soiling rate fluctuates sea-
sonally. In Fig. 7, a positive slope of the curve indicates an overall
recovery of cleanliness averaged over all solar fields, where the soiling
rate is relatively low with respect to the rate at which cleaning activities
are performed. Conversely, a negative slope reflects a net loss in clean-
liness averaged over all solar fields. Steep positive slopes (e.g., January)
suggest that the net recovery effect of cleaning activities strongly
overcome the soiling rate, while smooth positive slopes (e.g., May)
indicate a near-balance between cleaning and soiling.

4. Results and discussion
4.1. Operation and maintenance results
Heliostats drivers reliability results

As shown in Table 7, ensuring the desired availability of heliostats
necessitates an increasing number of workers to address the growing
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Table 7
Summary of driver reliability results.
Solar field N pworkers CrP [M$/yr]
Field 0 2150 3.68 0.37
Field 1 2435 4.16 0.42
Field 2 2708 4.63 0.47
Field 3 2296 5.12 0.52
Field 4 3266 5.59 0.57

LCOE for Field 0
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Fig. 8. LCOE for Field O for various cleaning configurations, triangles indicate the
minimum for the simulated number of cleaning crews (i.e., number of trucks).

Table 8
Summary of cleaning optimization results. TES and PB sizes are fixed at reference
values of 14.5h and 56 MW.

Solar field M R [cleanings/year] Cc [M$/yr] LCOE [$/MWh]
Field O 2 22 0.30 132.75
Field 1 2 20 0.31 123.13
Field 2 2 17 0.32 119.57
Field 3 2 15 0.31 118.32
Field 4 2 14 0.31 118.22

number of malfunctioning drivers, consequently leading to increased
repair cost.

Cleaning optimization results

The optimal cleaning schedule is determined minimizing the LCOE
for all the solar field sizes, keeping the TES and the PB fixed at reference
values.

Fig. 8 depicts the LCOE for the base case solar field, as a function of
the cleaning configuration (number of trucks and cleaning frequency).
Given the number of cleaning crews, the maximum cleaning frequency
is fixed: the curves end at this point, as any further increase is not fea-
sible. Additionally, the optimal number of cleaning rotations increases
with the size of the crew, as a larger clean field can outweigh the
increasing cleaning cost.

The optimized cleaning setups for the explored solar fields are
shown in Table 8. With these cleaning configurations, productivity
losses due to soiling decrease with increasing solar field size as the need
for cleaner fields is offset by a larger production capacity.

The interaction between field size and cleaning optimization in-
volves several competing factors that impact plant productivity. Table
9 compares the performance of the solar fields in terms of cleanliness
and optical efficiency (averaged over the heliostats within the modules
and across the 30 modules), and plant electricity production for all field
statuses.

Field O benefits from a higher average cleanliness, {?'8, due to its
rapid full-field cleaning rotation (Rg, = 22cleans/yr), in contrast to
Field 4, which has the slowest cleaning rotation (Rg4 = 14cleans/yr)
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Table 9
Comparison of solar fields optical performance and electricity production, for IFS,
CWFFS, and SWFFS. TES and PB sizes are fixed at reference values of 14.5h and 56 MW.

Solar gavs V8 ETFS EES EECWEFS EESWFFS
"opt,total lost
field [%] (%] [%] [GWh/yr]  [GWh/yr]  [GWh/yr]
FO 98.5 61.9 0.2 204.0 197.7 194.3
F1 98.4 60.3 2.9 223.4 218.8 215.9
F2 98.2 57.6 7.6 234.0 230.8 228.4
F3 97.9 54.6 12.4 242.0 239.3 237.1
F4 97.8 52.0 16.6 247.6 245.2 2429
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Fig. 9. LCOE vs solar field size, at TES®” and reference PPP. Each line corresponds
to a field status. Points on the chart represent the LCOEs achieved by the solar fields
when coupled to a TES with optimal size. Triangles indicate the minima.

and thus lower cleanliness. Despite this slower cleaning frequency, the
cleaning costs for larger fields remain stable, as the number of heliostats
cleaned and the associated fuel, water, and labor requirements are
fairly consistent.

Ellgsst represents the percentage of incident energy lost due to de-
focusing. IFS case is used as a reference to illustrate the effect of
receiver saturation, as it excludes the impact of failures and soiling,
which would reduce defocusing by decreasing the energy collected on
the receiver. Ell(fsst increases with solar field size because larger fields
lead to more frequent receiver saturation, thus increasing defocusing. In
addition, larger solar fields exhibit a lower difference between IFS and
SWFFS power generation. This occurs because oversized fields collect
excess power, which compensates for losses due to soiled heliostats,

making the cleanliness of the field less critical.
4.2. Levelized cost of electricity results

The following sections present the analysis of the parametric op-
timization results. Initially, the optimization focuses solely on two
degrees of freedom: the solar field size and the TES size. This prelimi-
nary analysis provides insights into intermediate results and enables an
initial comparison among IFS, CWFFS, and SWFFS. The third optimiza-
tion variable, the PB size, is introduced later, and the overall results are
subsequently analyzed.

Solar field and thermal energy storage sizes

Fig. 9 shows the LCOE trend for each solar field with the TES
size optimized, and the PB size fixed at the reference value. Each line
represents a solar field status, with triangles indicating the optimal
results.

As the solar field is enlarged, the plant’s productivity increases.
Initially, this effect can offset the higher CAPEX and OPEX, leading to a
reduction in the LCOE until a minimum is reached. Beyond this point,
further increases in field size no longer yield benefits, as the additional

11
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Fig. 10. Contour plot of LCOE ($/MWh) vs solar field size vs P*®, at TES®". Soiled
with failure field status (SWFFS). Each point identifies the LCOE for a solar field and
a P, coupled to the optimal TES. Red triangle indicates the minimum.
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Fig. 11. LCOE vs solar field size, at TES®" and P"®°P', Each line identifies a field status.
Points on the chart represent the LCOEs achieved by the solar fields when coupled to
the optimal TES and PPE. Triangles indicate the minima.

electricity production fails to compensate for the rising costs. For a PB
of 56 MW, the optimum LCOE is achieved with Field 2 in IFS, and with
Field 3 in CWFFS and SWFFS. The optimal TES size remains consistently
at 308.0 MW h-3.5h. Introducing soiling and failures leads to a larger
optimal field but does not influence the storage size. Specifically, the
LCOE increases by 3.1% when failures are considered, and by an
additional 2.2 % when soiling is also accounted for.

Solar field, thermal energy storage, and power block sizes optimization

The contour plot in Fig. 10 illustrates the outcomes of the simulta-
neous optimization of solar field, TES, and PB sizes, for SWFFS. Each
point identifies the LCOE for a given solar field and PB, coupled to the
optimal TES. Isolines facilitate the identification of design parameters
combinations that result in the lowest LCOEs. The significant influence
of heliostat field and power block costs on the CAPEX prompts a shift
towards larger solar fields, coupled with smaller power block sizes
relative to the reference design.

The comparison between the explored three field conditions is
reported in Fig. 11. For each solar field, the TES and the PB sizes
are optimized, with the corresponding minimum LCOE displayed as a
point on the chart. Regardless of field status, the optimal configura-
tions shift towards large TES sizes and small PB sizes. Due to more
favorable specific costs, a small power block and a large TES are
advantageous when the turbine is operated at full-load (LCOE scenario).
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Fig. 12. Sankey diagram for the optimal solar field in SWFFS and LCOE scenario. Energy is expressed in GWh/yr (GWh/yr = 1 x 10 MWh/yr).

Table 10
Optimal design parameters, cost breakdown, and energy balance, for IFS, CWFFS, and
SWEFFS. LCOE scenario.

Parameter Unit IFS CWFFS SWEFFS
Solar field - Field 1 Field 1 Field 2
PB size MW 31 31 32
TES size MW h 1284 1284 1326
LCOE $/MWh 91.98 95.23 97.56
CAPEX M$ 206.11 206.11 218.12
Solar field investment cost® M$ 70.79 70.79 76.17
TES investment cost M$ 28.25 28.25 29.17
PB investment cost” M$ 41.23 41.23 42.56
OPEX M$/yr 3.17 3.58 4.06
O&M fixed cost MS$/yr 2.05 2.05 2.11
O&M variable cost MS$/yr 1.13 1.11 1.16
O&M repair cost MS$/yr - 0.42 0.47
O&M cleaning cost MS$/yr - - 0.32
En. incident on the field® GWh/yr 1176.3 1176.3 1308.5
En. reflected onto the rec. GWh/yr 7314 717.5 746.8
En. absorbed by the HTF® GWh/yr 638.2 625.2 652.7
Electricity production® GWh/yr 2127 209.7 219.5
Capacity factor - 78.3% 77.2% 78.3%

@ Solar field investment cost includes heliostat fields, receivers, towers and piping.
b PB investment cost includes power cycle (PC) and balance of plant (BOP).
¢ GWh/yr = 1 x 10> MWh/yr.

Compared to IFS, the introduction of heliostat failures does not affect
the optimal configuration but increases the LCOE by 3.5% due to
electricity production losses caused by reduced heliostat availability.
Conversely, introducing soiling shifts the optimal field size towards a
greater oversize, and slightly increases the PB and TES,® resulting in an
additional 2.5 % and 6.0 % contribution to the LCOE with respect to the
CWEFFS and IFS designs, respectively.

Cost breakdown and energy balance

Table 10 summarizes the optimization results along with the plant
CAPEX, OPEX, and energy balance for IFS, CWFFS, and SWFFS. For
a more detailed CAPEX breakdown refer to Appendix C. In all config-
urations, the solar field accounts for approximately 35 % of the total
CAPEX, while TES and the power block represent around 14 % and
20 %, respectively. Regarding O&M costs, cleaning and repair costs add
6.6 % and 9.7 % to the fixed and variable OPEX provided by SAM [26],
respectively. Overall, the contribution of cleaning and repair-related
O&M costs to the LCOE is 3.7 %.

8 TES size of 14.5h corresponds to 1284 MW h when PP® is 31 MW (IFS and
CWFFS), and 1326 MW h when PP® is 32 MW (SWFFS).
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Additional insights can be gained by exploring the performance of
the optimal designs when simulated under actual soiling and failure
conditions. The SWFFS design inherently considers both soiling and
failures thus the real-condition LCOE matches the design value. In
contrast, the IFS and CWFFS designs result in a LCOE of 97.62 $/MWh,
which is higher than the design values shown in Table 10, where the
impact of O&M costs was not included. Overall, adopting the SWFFS
assumption in the design leads to a 0.06 % reduction in LCOE compared
to the other layouts. These modest savings are due to the low soiling
levels at the Mount Isa site, where the reference solar field experiences
an average soiled area loss of 0.07 percentage points (p.p.) per day,
which is further mitigated by the subsequent optimization of cleaning
resources applied in every design scenario. The savings are highly
location-dependent and could be more significant in areas with higher
soiling rates. For example, a fivefold increase in the soiling rate, which
could be representative of some areas of the Middle East, would result
in an average area loss rate of 0.39 p.p. per day for the reference solar
field, hence leading to a 1% reduction in LCOE when adopting the
SWFFS assumption.

A solar field specific cost of 100$/m? would increase the LCOE
by 6% in the LCOE scenario, with limited impact on the solar field
oversizing, as well as TES and PB capacities (refer to Appendix D for
detailed results). These limited changes highlight the resilience of the
proposed methodology to variations in the heliostat cost assumption.

Fig. 12 illustrates the Sankey diagram for the optimal SWFFS plant
design, including power losses related to heliostats soiling and failures.
In particular, 37 % of the total energy incident on the solar field is lost
due to optical losses, with an additional 1.3% contribution given by
soiling. Heliostat failures and defocusing are responsible for 0.8 % and
4.0 % of losses, respectively. Overall, the yearly optical efficiency of the
solar field is 57 %.

4.3. Dispatching strategy results and actual cost of electricity

Compared to the LCOE scenario, the grid-constrained scenario experi-
ences a decrease in capacity factor due to curtailment and an increase
in thermal energy dissipation, as electricity production is limited during
the day and shifted towards the night.

Fig. 13 illustrates the ACOE trend as a function of the solar field size,
considering optimal TES and PB. Each line corresponds to a solar field
status, and triangles indicate the optimal configurations, thus the best
TES-PB-solar field sizes combinations. An increase in the optimal ACOE
and field oversizing is observed with the introduction of both heliostat
failures and soiling. Both the PB and TES sizes slightly increase,” though

9 TES size of 9.5h corresponds to 1439 MW h when P*® is 53 MW (IFS and
CWFFS), and 1520 MW h when PP® is 56 MW (SWFFS).
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Fig. 13. ACOE vs solar field size, at TES°" and P"®°P'. Each line identifies a field
status. Points on the chart represent the ACOEs achieved by the solar fields when
coupled to the optimal TES and PPB. Triangles indicate the minima.

Table 11
Optimal design parameters, cost breakdown, and energy balance, for IFS, CWFFS, and
SWEFS. Grid-driven scenario.

Parameter Unit IFS CWFFS SWFFS
Solar field - Field 1 Field 1 Field 2
PB size MW 53 53 56
TES size MW h 1439 1439 1520
ACOE $/MWh 117.77 121.16 123.52
CAPEX M$ 247.19 247.19 263.74
Solar field investment cost® M$ 70.79 70.79 76.17
TES investment cost M$ 31.65 31.65 33.44
Power block investment cost” M$ 70.49 70.49 74.48
OPEX MS$/yr 4.59 5.00 5.63
O&M fixed cost MS$/yr 3.50 3.50 3.70
O&M variable cost MS$/yr 1.09 1.08 1.14
O&M repair cost MS$/yr - 0.42 0.47
O&M cleaning cost MS$/yr - - 0.32
En. incident on the field® GWh/yr 1176.3 1176.3 1308.5
En. reflected onto the rec.© GWh/yr 7314 717.5 746.8
En. absorbed by the HTF® GWh/yr 638.2 625.2 652.7
Electricity production® GWh/yr 205.9 203.5 2154
Capacity factor - 44.3% 438% 439%

2 Solar field investment cost includes heliostat fields, receivers, towers and piping.
b PB investment cost includes PC and BOP.
¢ GWh/yr = 1 x 10° MWh/yr.

the variation is limited. In the grid-driven scenario, the ACOE exceeds
the LCOE observed in the LCOE scenario, due to electricity production
curtailment. While the optimal solar field size remains unchanged,
the PB and TES sizes increase to accommodate a load curve that
constrains maximum power production and shifts electricity generation
to nighttime.

Cost breakdown and energy balance

Table 11 summarizes the optimization results along with the plant
CAPEX, OPEX, and energy balance for IFS, CWFFS, and SWFFS. For a
more detailed CAPEX breakdown refer to Appendix C. In all configu-
rations, the solar field and the PB account for approximately 30 % of
the total CAPEX, while TES represents around 13 %. Compared to the
LCOE scenario, the solar field reduces its share by 5%, while the PB
increases it by 10 %. Regarding O&M costs, cleaning costs add 6.6 % and
repair costs add 9.7 % to the fixed and variable OPEX components by
SAM [26]. Overall, the contribution of cleaning and repair-related O&M
costs to the ACOE is 3.0 %.

As in the LCOE scenario, the optimal designs are compared under
actual soiling and failure conditions. With an average soiled area loss of
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0.07 p.p. per day at Mount Isa, adopting the SWFFS assumption reduces
ACOE by 0.08 % compared to IFS and CWFFS, both of which have an
ACOE of 123.62 $/MWh. The savings increase with higher soiling rates,
reaching 1% for an average area loss of 0.39 p.p. per day.

Also in the grid-driven scenario, variations in the solar field specific
cost mostly affect the ACOE rather than the plant design, supporting
the resilience of the methodology.

Fig. 14 illustrates the Sankey diagram for the optimal SWFFS plant
design. Since the solar field configuration remains identical to that
of the LCOE scenario, the solar field energy balance is unchanged.
Although the grid-driven scenario shows a reduction in electricity pro-
duction compared to the LCOE scenario, such values are not directly
comparable as they refer to plants of very different sizes. A more
meaningful indicator is the CF, which decreases from 78.3 % to 43.9 %,
due to the constraints imposed by the load curve, leading to higher
thermal power losses.

4.4. Design selection

The analysis conducted in the previous chapters enables the identi-
fication of two possible optimal plant designs, depending on the turbine
operation mode. Let the acronyms D1 and D2 refer to the design
optimized for the LCOE scenario (Field 2, 1326 MW h-14.5h TES, 32 MW
PB), and to the design optimized for the grid-driven scenario (Field 2,
1520MW h-9.5h TES, 56 MW PB), respectively. In both cases, SWFFS is
considered.

The choice of the best design depends on the expected turbine
operation over its lifetime. Several considerations can be made re-
garding this. First, the LCOE scenario requires the turbine to run at
nominal power whenever possible throughout the year, an assumption
necessary for calculating the LCOE. However, such operation is rather
ideal for a CSP plant, which is more likely to be limited by sun resource
availability, TES capacity, and grid demand. This makes the LCOE
a potentially misleading indicator for design selection, as it assumes
an unrealistic operation mode. Thus, the ACOE is a more appropriate
metric for this purpose.

Table 12 shows the LCOEs and ACOEs for both D1 and D2. Gray-
shaded cells highlight the indicator used for each design’s optimiza-
tion. If D1 was selected as the optimal design, it would result in
poor economic performance under the expected operation of the plant
(grid-driven scenario), leading to a higher ACOE than that of D2. This
consideration further supports the selection of D2 as the preferred
design.

4.5. Assumptions and limitations

The plant optimization presented in the previous sections relies
on predefined cleaning strategies without considering any interaction
with actual plant operations. The optimization of cleaning strategies
assumes fixed reference values for TES and PB sizes, and follows a
continuous dispatch policy where all produced power is sold to the
grid. This assumption does not hold in practice due to the wide range
of design conditions considered. In the LCOE scenario, the optimal plant
design results in a 4% thermal power loss, while in the grid-driven
scenario, the optimal design incurs a 6% loss. These thermal losses
are not reflected in the cleaning strategy optimization, where only 1%
of electrical energy is lost due to soiling, indicating that the cleaning
schedule could potentially be relaxed to achieve similar dissipation.
Nonetheless, the authors recognize that a recursive approach would be
the most effective option and suggest this as a potential area for further
research development.
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Fig. 14. Sankey diagram for the optimal solar field in SWFFS and grid-driven scenario. Energy is expressed in GWh/yr (GWh/yr = 1 x 10° MWh/yr).

Table 12
Economic indicators comparison for optimal designs.

Design LCOE [$/MWh] ACOE [$/MWh]
D1 97.56 145.89
D2 116.75 123.52

5. Conclusion

In this study, the solar field size is optimized for a modular CSP
solar tower plant, alongside the TES and the PB. O&M costs related
to heliostat cleaning and repairs are included in the LCOE compu-
tation, which is minimized to identify the optimal techno-economic
compromise. The deployment of cleaning resources is optimized us-
ing the fixed-frequency-time-based cleaning schedule technique, while
heliostat repairs are tuned according to an availability target. Plant
production is penalized by heliostats soiling and failures, while a
defocusing strategy ensures compliance with receiver saturation limits.
The described methodology is applied to two different scenarios: (i)
LCOE scenario and (ii) grid-driven scenario.

In the LCOE scenario, the turbine runs at nominal power whenever
possible, with TES managed accordingly. The optimal design, consider-
ing heliostats repairs and cleaning (SWFFS case), is characterized by a
22 % increase of the SFO factor with respect to the reference case. The
optimal PB size is of 32 MW, with a 1326 MW h-14.5h TES, achieving a
LCOE of 97.56 $/MWh. Both PB and TES capacities are smaller than the
reference values of 56 MW and 2320 MW h-24.5 h, respectively.

In the grid-driven scenario, the turbine is run to match a prede-
termined load curve, and the indicator to be computed is the ACOE.
This scenario is more likely to reflect the actual operation of a CSP
plant constrained by sun resource availability, TES capacity, and grid
demand. The optimal solar field size still achieves a 22 % increase in
the solar field oversizing (SFO) factor compared to the reference case.
However, the decrease in electricity production due to the curtailment
required to follow the load curve, together with the need to supply
a nighttime demand, leads to an increase in the PB size to 56 MW
and in the TES size to 1520MW h-9.5h. The corresponding ACOE is
123.52$/MWh.

Finally, the sensitivity analysis on heliostat price reveals only mi-
nor fluctuations in the designs, demonstrating the resilience of the
developed methodology to variations in this economic assumption.

This research develops a methodology for the concurrent optimiza-
tion of solar field, TES, and PB sizes, considering scenarios where the
turbine operates at nominal power or is constrained by grid electricity
demand. By integrating O&M costs and associated power penalties, this
study establishes a robust techno-economic optimization framework.
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Appendix A. CAPEX cost model

CAPEX consist of TDC and TIC, which are computed as outlined by
SAM [26], with some adjustments. TDC includes towers, receivers, solar
field, site improvement, power cycle, balance of plant, TES, piping,
trucks purchase and contingency costs (Eq. (A.1)). TIC encompasses
land, sales tax, EPC and owner costs (Eq. (A.2)). All CAPEX costs
components are expressed in US dollars ($).

TDC = Ctower+crec+csite+chel+CBOP+CPC+CTES+Cpip+Ctp+CC (A.1)

TIC = Cland + Csales + CEPC (A.2)

Receiver tower is made from a steel structure due to its small
size. The SAM proposes an exponential formula to scale the receiver
tower cost based on its height, primarily designed for typical concrete
structures which are generally more costly. However, as literature lacks
specific references for steel receiver tower costs, they are estimated
from transmission line towers of comparable height. Data from the
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Transmission cost database of the AEMO [32] provide insights into
structural costs, covering tower, foundation, civil works, including
concrete footings, installation, and foundations. Tower cost, CtWer, is
determined multiplying the single tower cost, Crt:g"’e‘, by the number of
solar field arrays, n®™.

ctower _ c~tower  array
 “ref

(A3)
The receiver is a small-size billboard, therefore the single receive
cost, C™¢, is estimated using Eq. (A.4) rather than the cost function

ref ’

proposed by SAM.'°

1+eng
rec __ rec rec rec rec rec rec rec
Cref - (Ctubes + Chead + Cman + Cnozz + Cwelds + Cclips + Ccoat)
(A.4)
Receiver tubes cost, C™¢ | receiver headers cost, Cr¢ , and receiver

manifolds cost, CL* , itIEllles.lde both material cost andh;ai%es production
cost, the latter is assumed to be a p fraction of the materials purchase
price. These costs depend on the selected alloy and the size of the
components.

cree I+p

tubes

+ Crecd + C,-l:;n — (CaHOY . malloy) (A.5)

hea

Cres » receiver welds cost, C‘rNe(fl ds? receiver clips
cost, Cgﬁcs, represent the labor cost to install the nozzles, weld the clips
to the tubes, and weld the tubes to the header. These costs depends on
the hired installation personnel, n¥ and the installation personnel

E
salary Cinstall install
, .

Receiver nozzles cost,

rec rec rec _ W . (install
Cnozz + Cwelds + Cclips = Minstall c (A.6)
Receiver coating cost, C.ce,, comprises coating purchase cost, C;ﬁ?éh’

and coating application cost, ng;f. It depends on the tubes surface.

T
cree =T,
coat — 1

Ntubes . Hrec. Dgl(ltnes L1073 (Ccoath + Ccoat) (A7)

purc appl

Receiver engineering cost factor, eng, scales the engineering cost as
a fraction of the equipment cost. Finally, receiver cost, C™¢, is deter-
mined multiplying the single receive cost, C;T, by the number of solar
field arrays, n3™ay.

Crec — Crefc . narray
rel

(A.8)

Site improvement cost, CSi*¢, and heliostat field cost, Chel, are
computed scaling the specific costs with respect to the solar field area,
A,

ite _ it f
csite = csite . g5 (A.9)

hel _ ~hel f
chel = chel. g9 (A.10)

Balance of plant cost, CBOP, and power cycle cost, CFC, are com-
puted multiplying reference costs by the power block nominal power,
PPB; thermal energy storage cost, CTES, scales the reference cost with
respect to the thermal energy storage size, ETES.

CBOP _ Ci(f)? . PPB. 103 (A.11)
CPC = CPC. PP 10° (A.12)
CTES _ C;I%S . ETES . 103 (A.13)

Piping cost, CPIP, is separately accounted for, because the modular
design necessitates more extensive piping compared to standard plants.
The arrays encircle the TES and power block facilities, and the piping
cost considers the piping length, [PPPi"8 and the pumps cost, CPUmPs,

CPiP — Crpei}:) . jpiping | ~pumps (A.14)

10 Receiver insulation cost has been neglected due to a lack of available data.
Incorporating this aspect could be considered in future works.
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Trucks purchase cost, C®, is a cleaning-dependent term computed
multiplying the cleaning truck cost, C%, by the number of cleaning
crews, M (i.e., number of trucks).

CP=Cc". M (A.15)

Contingency cost, C¢, is the contingency rate, ¢, fraction of the TDC.

C¢=c¢-TDC (A.16)

Land cost, C!2nd  is determined by multiplying the land specific cost,
Cﬁ?d, by the total land area, Ak‘)'t‘d. The total land area accounts for the
solar field land area, A2, and the non solar field land area, A};’;‘;}i. The
former represents the land area occupied by the heliostat field and is
obtained identifying the area of the smallest possible convex polygon
containing all heliostat points in the solar field. It is computed with
SolarPILOT [28] and scaled by the land area multiplier, f land The Jatter
is a fixed component.

land _ ~land | 4land
c - Cref Atot

(A17)

Aland —

land
tot +A4

fixed (A.18)

Aland . fland

Sales tax cost, Cs21s s obtained by multiplying the sales fraction,
s, of TDC and the land cost by the sales tax rate, . Finally, EPC and
owner cost, CEPC, are the EPC fraction, epc, of the TDC.

Csales = ;. (TDC - s + C1nd) (A.19)
CEPC = ¢pc - TIC (A.20)
Appendix B. LCOE for cleaning optimization
The LCOE is defined as
LCOE = FCR - CAPEX + OPEX (B.1)
EE
where
CAPEX = TDC + TIC (B.2)

TDC = Ctower+crec+Csite+Chel+cBOP+CPC+CTES+Cpip+Ctp+Cc (B.3)

TIC = Cland + Csales + CEPC (B.4)

OPEX = Cfix 4 cvar ¢l 4 crep (B.5)

Cleaning strategy-dependent terms are: trucks purchase cost, C'P, con-
tingency cost, C¢, sales tax cost, Cs2¢ EPC and owner cost, CEPC,
and O&M variable cost, C¥®. The latter depends on the electricity
production, that can be simplified with the denominator: the O&M
variable specific cost, C;’eaf‘, can thus be isolated as a constant. The LCOE
can be re-written separating out the cleaning-associated terms:

LCOE = cvar 4 FCR: CAPEX' + Cfix 4 Crep
— “ref

EE
FCR . Listepe  ctr . pr 4 ol
+ 1+c¢
EE

_ cvar , FCR: CAPEX’ + OPEX’ L ct. M+

ref EE EE

tr cl

=Cl§,eafr+K+T-CEﬁM+C (B.6)

Where CAPEX’ and OPEX’ are the capital and operational costs that
are not influenced by the cleaning schedule, i.e. they are fixed when
the plant design is fixed. They are grouped in the «-factor. On the
other hand, 7 is a factor grouping the overall contribution of cleaning
activities to CAPEX.
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Table C.13 Table D.16
CAPEX breakdown for the optimal plant design, LCOE scenario. Sensitivity analysis on heliostat price, grid-driven scenario.
Cost [MS$] IFS CWEFFS SWFFS chel: 100$/m? Solar field TES [h] PB [MW] LCOE [$/MWh]
Tower cost, C*Wer 6.60 6.60 6.60 IFS 1 10.0 50 128.87
Receiver cost, C™¢ 9.93 9.93 9.93 CWEFFS 1 9.5 53 129.58
Site improvement cost, CSit¢ 8.06 8.06 8.97 SWFFS 1 9.5 53 132.10
Heliostat field cost, Che! 33.25 33.25 36.99 chel: 90 /m? Solar field TES [h] PB [MW] LCOE [$/MWh]
Thermal energy storage cost, CT" 28.25 28.25 29.17 ref
Balance of plant cost, CBOP 8.99 8.99 9.28 IFS 1 10.0 50 126.30
Power cycle cost, CPC 32.24 32.24 33.28 CWEFFS 1 9.5 53 127.10
Piping cost, CP® 21.01 21.01 22.65 SWEFS 1 9.5 53 129.61
Cleaning truck cost, C** 0 0 0.40 chel: 80$/m? Solar field TES [h] PB [MW] LCOE [$/MWh]
Contingency cost, C¢ 11.16 11.16 11.84
Land cost, C'and 18.57 18.57 19.40 IFS ! 10.0 50 123.73
Sales tax cost, Csles 7.31 7.31 7.73 CWEFFS 1 9:5 53 124.63
EPC and owner cost, CEPC 20.73 20.73 21.98 SWEFS 1 95 53 127.11
Cr: 70$/m? Solar field TES [h] PB [MW] LCOE [$/MWh]
Table C.14 IFS 1 9.5 50 121.16
CAPEX breakdown for the optimal plant design, grdi-driven scenario. S\YVVEES ; 32 :2 12‘21;2
Cost [MS$] IFS CWEFFS SWEFFS
Tower cost, CoWer 6.60 6.60 6.60
Receiver cost, C™¢ 9.93 9.93 9.93
Site improvement cost, CSit® 8.06 8.06 8.97 References
Heliostat field cost, Chel 33.25 33.25 36.99
Thermal energy storage cost, CT5S 31.65 31.65 33.44 . X
Balance of plant cost, CBOP 15.37 15.37 16.24 [1] IRENA, World -Energy Transitions Outlook 2023: 1.5°C ?athway, Technical
Power cycle cost, CPC 55.12 55.12 58.24 Beport, International Renewable Energy Agency, Abu Dhabi, 2023, URL www.
Piping cost, CPIP 21.01 21.01 22.65 1rena.org.
Cleaning truck cost, C* 0 0 0.40 [2] IRENA, Renewable Power Generation Costs in 2022, Technical Report, In-
Contingency cost, C¢ 13.62 13.62 14.56 ternational Renewable Energy Agency, Abu Dhabi, 2023, URL www.irena.
Land cost, C'and 18.57 18.57 19.40 org.
Sales tax cost, Csales 8.71 8.71 9.29 [3] C.B. Maia, L. Rodrigues Neumann, G. de Andrade Oliveira, I. Marques Alves,
EPC and owner cost, CEPC 25.30 25.30 27.04 M.M. Walczak, P. Paiva Brito, A comprehensive review of solar tower CSP
systems using TES and molten salts, Int. J. Ambient Energy 44 (1) (2023)
1733-1747, http://dx.doi.org/10.1080/01430750.2023.2185814.
Table D.15 [4] G. Zhu, C. Augustine, R. Mitchell, M. Muller, P. Kurup, A. Zolan, S. Yellapantula,
Sensitivity analysis on heliostat price, LCOE scenario. R. Brost, K. Armijo, J. Sment, R. Schaller, M. Gordon, M. Collins, J. Coventry, J.
chel: 100$/m> Solar field TES [h] PB [MW] LCOE [$/MWh] Pye, M. Cholette, G. Picotti, M. Arjomandi, M. Emes, D. Potter, M. Rae, Roadmap
xel to Advance Heliostat Technologies for Concentrating Solar-Thermal Power,
IFS 1 14.5 30 102.62 Technical Report, National Renewable Energy Laboratory (NREL), Golden, CO
CWEFS 1 14.5 81 103.4 (United States), 2022, http://dx.doi.org/10.2172,/1888029.
SWEES ! 145 31 105.86 [5]1 A.A. Rizvi, S.N. Danish, A. El-Leathy, H. Al-Ansary, D. Yang, A review and
Crel: 908 /m? Solar field TES [h] PB [MW] LCOE [$/MWh] classification of layouts and optimization techniques used in design of heliostat
IFS 1 145 30 100.18 fields in solar central receiver systems, Sol. Energy 218 (2021) 296-311, http:
CWFFS 1 14.5 31 100.99 //dx.doi.org/10.1016/j.solener.2021.02.011.
SWEFFS 1 14.5 31 103.44 [6] Z.A. Hussaini, P. King, C. Sansom, Numerical Simulation and Design of Multi-
N Tower Concentrated Solar Power Fields, Sustainability 12 (6) (2020) 2402,
Cr: 808/m? Solar field TES [h] PB [MW] LCOE [$/MWh] http://dx.doi.org/10.3390/su12062402. y 12 (@ @0
IFS 1 14.5 30 97.71 [7] L.L. Vant-Hull, The Role of “Allowable Flux Density” in the Design and Operation
CWFFS 1 14.5 31 98.59 of Molten-Salt Solar Central Receivers, J. Sol. Energy Eng. 124 (2) (2002)
SWEFS 1 14.5 31 101.01 165-169, http://dx.doi.org/10.1115/1.1464124.
C:‘:fl: 70 $/m? Solar field TES [h] PB [MW] LCOE [$/MWh] [8] A. Sanchez-Gonzalez, M.R. Rodriguez-Sanchez, D. Santana, Aiming factor to
IFS 1 145 30 05.24 flatten the flux distribution on cylindrical receivers, Energy 153 (2018) 113-125,
CWEFS 1 145 31 96.19 http://dx.doi.org/10.1016/j.energy.2018.04.002.
SWFES 2 145 32 08.58 [9] J. Garcia, Y.C. Soo Too, R. Vasquez Padilla, R. Barraza Vicencio, A. Beath, M.

Appendix C. Optimal configurations CAPEX breakdown

In Tables C.13 and C.14, the detailed CAPEX breakdown is shown
for the optimal plant design, for IFS, CWFFS, and SWFFS, in the LCOE
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