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Abstract: Evaluating the heat losses of linear Fresnel concentrator (LFC) receivers is crucial for
determining plant efficiency and managing the flow rate in solar lines. This becomes particularly
significant when operating in direct steam generation to manage the steam quality at the line outlet.
In general, the LFC receiver heat losses are determined experimentally on prototype systems to
control the inlet condition or numerically using 3D computational fluid dynamics models or 1D
mathematical models. The originality of this work is in reporting the study of heat losses of a
commercial 9 MWe solar Fresnel power plant without impacting its electricity production. The
experimentally measured receiver’s linear heat losses were found to be well represented by a second-
degree polynomial function of the difference between the inlet/outlet fluid temperature average
and the ambient temperature. Finally, to express the strong influence of wind speed on the receiver
heat losses, a 1D single-phase model was developed and adapted to include the current receiver
degradation. To conclude, the model was validated by comparing the experimental and theoretical
results. Based on this comparison, it can be concluded that the model accurately predicts experimental
heat losses with an acceptable uncertainty of £30%, regardless of the wind velocity.

Keywords: linear Fresnel collector; solar receiver; heat loss study

1. Introduction

Decarbonizing the electricity sector by developing CO, emission-free production sys-
tems is becoming a major challenge in climate protection strategies [1]. Concentrating solar
power (CSP) technologies are one of the most promising solutions to reduce greenhouse gas
emissions in the energy sector [2] and have important advantages when compared to other
renewable energies in terms of grid stability due to thermal energy storage capabilities.
Another application for CSP technologies would be the production of process heat close to
industrial sites. Thanks to its low cost [3] and adaptability [4-6], one good candidate is the
linear Fresnel collector (LFC) technology.

The LFC design optimization studies have focused on several design elements to
achieve optimal performance, including the primary concentrator architecture, the receiver
technology and its positioning [7-9]. Solar receiver designs for the LFC technology has
been widely studied, either numerically or experimentally, with the common objective of
optimizing optical performance and mitigating heat losses [6,10-18]. Various solar receiver
designs have been developed, of which two main families can be distinguished. On the
one hand, there are multitubular trapezoidal cavity receivers [14,15,19], and on the other
hand, the monotubular receivers often equipped with a secondary reflector of compound
parabolic concentrator (CPC) type [4,6,13].

Optical performance is studied using either simple geometric approaches or Monte
Carlo ray-tracing codes. On the one hand, Abbas et al. [20] applied analytic approaches
to design an optimal Fresnel linear collector by varying the width of the mirrors and the
distance between them. Babu et al. [21] focused on the angular error and performance
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optimization as a function of the mirror width, and Zhu [22] developed an analytical
optical approach, named FirstOPTICS, which allows for the evaluation of the optical
performance of linear Fresnel collectors. On the other hand, Chaitanya et al. [23] used a
Monte Carlo ray-tracing method for the optimization of a solar linear Fresnel reflector and
in particular the secondary reflector to achieve uniform flux distribution over the absorber
tube. Balaji et al. [6] applied the Monte Carlo ray-tracing method to evaluate the optical
performance of a linear Fresnel prototype in India. In the case of the eLLO power plant, the
optical performance of the module was characterized using the Monte Carlo ray-tracing
method in [4].

From a thermal perspective, the thermohydraulic behavior of these receivers was
frequently characterized by the 3D modeling using the CFD software as well as 1D mathe-
matical models. Facao et al. [11] presented a thermal study of a trapezoidal cavity receiver
using a CFD simulation, as well as, the CFD simulation, developed by Beltagy et al. [24], of
the linear Fresnel prototype built by CNIM to asses daily thermal performance. Further-
more, 1D mathematical models were used to determine the heat losses and the thermal
performance of linear Fresnel facilities such as Montes et al. [25] who determined experi-
mentally and theoretically the heat losses and thermal performance of the Fresdemo facility.
Also, a 1D heat transfer model was developed by Montenon et al. [26]. For the eLLO
receiver, the 1D mathematical model needs to be adapted to consider the reality on the
ground such as the condition and slope of the receiver.

Generally, the heat losses of such systems are usually evaluated numerically during
the design of the technology and then validated experimentally once the system is imple-
mented [24,27]. Experimental studies are often carried out on prototype systems, to be able
to precisely control input conditions (flow rate and inlet temperature). The evaluation of
heat losses on large scale solar plants is scarcely reported.

This paper presents the results of an experimental investigation conducted to assess
the heat losses of the eLLO receiver while ensuring that it does not impact the electricity pro-
duction of the 9 MWe operating power plant. As far as we know, this type of investigation
has not been previously documented in a commercial linear Fresnel power plant. Section 2
describes the solar field and the available instrumentation to highlight the technical lim-
itations. Section 3 defines the calculation method and the experimental protocols. Then,
Section 4 presents the empirical heat loss correlation of the eLLO receiver. Finally, Section 5
proposes a numerical approach accounting for the solar receiver degradation as well as the
wind speed influence on heat losses using a 1D single-phase thermohydraulic model.

2. eLLO Solar Field Presentation

The eLLO solar power plant, developed by SUNCNIM and operated by eLLO, is
located in a hilly terrain in the south of France (42.4662° N; 2.0705° E). It was officially
launched in 2019 and is shown in Figure 1. This plant is based on a modular LFC technology,
i.e., several modules in series form a solar line and several solar lines in parallel form a
solar field. These 67 m long and 18 m wide solar modules are operated for direct steam
generation and composed of 27 eLLO solar lines (four- to eight-module long). These lines
are oriented with an offset of 50.9° from the NS axis, and the modules are arranged to
follow the tilted topography of the site. The eLLO module is equipped with 140 curved
primary reflectors (902.2 m?) and a tracking system for both sides of the module that targets
the aperture of the solar receiver. This corresponds to a geometric concentration of 48. The
solar receiver is installed at 8.5 m above the axes of the mirrors by several guyed masts.
The optical efficiency of this system is described in a dedicated article [4] and is equal to
69.5%. Then, separator tanks are used to separate the liquid—steam mixture produced in
each solar line; the liquid phase recirculates in the field, and the steam is sent either to the
power block or to the storage unit.
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Figure 1. Photo of the eLLO solar power plant.

Finally, this facility presents specific characteristics considering thermodynamics and
optics as the steam storage system, the simplification of the solar tracking system, and
the unique solar module configuration adapted to the topographical constraints of the
location [4].

The eLLO solar receiver, shown in Figure 2, consists of the following:

e A steel absorber tube (1.4301 steel) with a selective coating to enhance the thermo-
optical properties;

e A secondary reflector type compound parabolic concentrator (CPC) made of alu-
minum, allowing for the reflection of the part of the radiation that does not directly
impact the absorber tube;

e A protective enclosure made of galvanized steel and a specific protective glass to limit
convection losses.

Absorber

Protective @ @ v eeemm—— A

enclosure

Secondary 5
i
reflector o
Protective
glass
u 346 =
=l 408 Lt

Figure 2. Scheme of the eLLO solar receiver (dimensions in millimeters).

Note that the absorber tube is not placed in a vacuum glass envelope, and the cavity
between the secondary reflector and the protective enclosure is not insulated.

Table 1 shows the physical and optical properties of the receiver subassemblies.

Each of the solar lines is equipped with a control valve and a Venturi meter at the
inlet of each line to regulate and monitor the flow rate through the absorber tube. The
water recirculation is ensured by one pump located downstream of the separator tank. This
pump has a minimum flow rate of 12 t/h, corresponding to three times the maximum flow
rate in a line. Thus, the experimental measurements of heat losses were carried out for a
recirculation in three lines minimum to match the pump specifications.



Energies 2023, 16, 7912

40f18

Table 1. Physical properties of the absorber tube, the glass and the protective enclosure materials and

the optical properties of the selective coating, the glass and the protective enclosure [28-30].

Physical Properties of Subassemblies Materials

Density of the absorber tube 8000 kg /m?
Thermal conductivity of the absorber tube 1.4301 steel 15W/m-K~1
Specific heat capacity of the absorber tube 500 J/kg- K1
Density of the secondary reflector 2700 kg/m3
Thermal conductivity of the secondary reflector Aluminum 220 W/m-K~!
Specific heat capacity of the secondary reflector 900 J/kg-K~1
Density of the protective glass 2500 kg/m?3
Thermal conductivity of the protective glass Glass 1.06 W/m-K~!
Specific heat capacity of the protective glass 8707 /kg K1
Density of the protective enclosure 7800 kg/m?
Thermal conductivity of the protective enclosure Galvanized steel 50 W/m-K~!
Specific heat capacity of the protective enclosure 450] /kg- K1
Optical properties of subassemblies

Emissivity of the selective coating at 300 °C 14%
Emissivity of the protective glass at 300 °C 83%
Emissivity of the protective enclosure at 300 °C 28%

Out of the 27 lines of the power plant, only lines L1, L2 and L3 were fully equipped

t t
ftif Maps X Cahs X dTabs + ﬁif mg X Cpf X de

with PT100 temperature probes at the inlet and outlet of the solar line. This heat loss study
is thus carried out on these three instrumented lines, each composed of four modules.
The heliostats of these lines were defocused when heat loss experiments were carried out
(no solar power input), and the flow rate in each line was between 4 and 5 t/h.

3. Materials and Methods
3.1. Calculation Methods to Evaluate Heat Losses

The heat loss studies of a solar line are evaluated during the water circulation in the
absorber in the absence of solar concentration (Figure 3). Thus, the heat balance of the
system “absorber tube and fluid” is written as follows:

Mgps X

+H1f X —— = mf X hin(t) — H’lf X hout(t) — Ploss(t) - Psunfg(t), 1)

where m Iz hi, and hyy; are the flow rate and the inlet/outlet fluid enthalpy, respectively,
Pyoss (1) is the solar receiver heat losses, m% is the thermal inertia of the absorber tube (abs)
and the fluid (f), and Ps;,—e(t) is the incident solar power on the protective enclosure.

When neglecting the solar power on the protective enclosure and considering a steady
state, i.e., when the inlet and outlet fluid temperatures are constant, the accumulation terms
are null, and Equation (2) simplifies it as follows:

Ploss,steady—stute(t) = mfcpf(Tin(t) - Tout(t))r )

where T, (t) and T, (t) are the temperatures at the inlet and outlet of the solar line, and
Cp f is the fluid heat capacity at the inlet/outlet fluid temperature average.

For the transient state, the calculation method consists in integrating all the terms of
the solar receiver heat balance (Equation (1)).

- tf . tf . tf (3)
= [ ity x Cps X Tin(t) x dt — [,/ s x C,,fxTout(t) xdt — [, Pross(t) x dt



Energies 2023, 16, 7912

50f18

g Psun—e ()

rhf Absorber rhf
hiy (1) tube & fluid hoye (1)
dh
rn

P loss (t)

Figure 3. Illustration of the heat balance of the system “absorber tube and fluid”.

The absorber tube temperature is assumed to be equal to the inlet/outlet fluid tem-
perature average, and the properties of the fluid are determined for the inlet/outlet fluid
temperature average as well.

The main concern of this study is to determine experimentally the heat losses of the
receiver without impacting the electricity production of eLLO solar power plant. For
this purpose, two protocols were defined depending on the average fluid temperature
targeted: the low-temperature protocol for temperature between 50 °C and 150 °C and the
high-temperature protocol for temperature between 150 °C and 290 °C.

3.2. Low and High-Temperature Protocols

The low-temperature (LT) protocol was operated during the nightly recirculation of
the liquid phase from the separator tank to the absorber tubes of the solar field. This
operating strategy was implemented after the turbine had stopped, in order to achieve
the following:

o To homogenize the temperatures of the fluid between the solar field and the separator
tank and thus limit the water hammer during the restart in summer;
e  To prevent the risk of freezing in winter.

The pressure in the separator tanks was close to the turbine shutdown pressure
(7 bars), which corresponds to a saturation temperature of 150 °C. This justifies why this
protocol was not suitable for higher fluid temperatures. For the heat loss experiments,
the recirculation was restricted to the 3 instrumented lines, as shown in Figure 4, to
avoid excessive heat losses from the rest of the solar field and limit the energy loss in the
separator tank.

To evaluate the solar receiver heat losses for a fluid temperature higher than 150 °C, the
experiments were carried out when the power plant was in operation. To avoid any impact
on the production of electrical energy, the high-temperature (HT) protocol studies at high
temperature were performed when the turbine was at its nominal operation and the storage
system was full. This means a period with excess energy. In this situation, the automation
unit controlled the heliostats position to maintain a pressure of 71.5 bar (287.3 °C) in
the separator tank by defocusing part of the heliostats so that the solar energy captured
compensates the steam extraction to the turbine and the solar field heat losses. Thus,
in this case, the heliostats of the 3 instrumented lines were defocused without affecting
power generation.
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Figure 4. Instrumentation diagram of the solar field operating in recirculation mode (low-
temperature protocol).
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Figure 5 schematizes the control for the high-temperature protocol. Contrary to the
low-temperature protocol, the heliostats lines 4 to 10 were partially focused, and the
recirculation ensured the extraction of the solar power.
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Figure 5. Schematic of the solar field operating under the high-temperature protocol.

_0__0__9_ 3

Heat losses of
the receivers




Energies 2023, 16, 7912 7 of 18

3.3. Temperature Evolution of the Solar Lines

The low and high-temperature protocols are implemented, and the results are pre-
sented in Figure 6. Note that in the following section, the measurements correspond to the
average of the measurements on lines L1, L2 and L3. The graphs as a function of time are
expressed as Universal Coordinated Time UTC+1 in winter and UTC+2 in summer.

Low-temperature protocol High-temperature protocol

145 300

Inlet temperature

Inlet temperature

Outlet temperature Outlet temperature

140 212

- o e~
g, & 250
v 135 v
3 3
® ® 225
@ o
2 130 s
i g 200
e 175
120 150

18:00
18:30
19:00
19:30
20:00
20:30
21:00
17:00
1:7:15
17:30
17:45
18:00

a. b.

Figure 6. Typical averaged inlet and outlet fluid temperatures for the 3 instrumented lines during
(a) low-temperature protocol and (b) high-temperature protocol operations.

In the case of the low-temperature protocol (winter), the inlet temperature decreases
linearly as well as the outlet temperature. For the high-temperature protocol (summer), the
inlet temperature admits a maximum variation of 7.2 °C for this case. Thus, for the two
cases, the steady state was not exactly reached.

4. Empirical Heat Loss Correlation of the eLLO Receiver

The two protocols were implemented multiple times to determine the receiver heat
losses for the seven cases shown in Table 2. The maximum inlet temperature variation is the
difference between the maximum and minimum inlet temperatures in the study interval.

Table 2. Experimental data for the 7 case studies.

Difference between

LT/HT Ambient ‘Average Flow Rate Average Inlet/Outlet Fluid Ma?xm}um
Date Temperature Wind Speeds . Variation in Inlet
Protocol o (kg/s) Temperature and Ambient
(@) (m/s) o Temperature
Temperature (°C)

13/01/2023 LT 9.3 10.6 14 22.7 1

27/09/2022 LT 13.8 15.6 1.1 50.3 9.3
14/06/2022 LT 19.7 6.6 14 112.3 17.8
06/09/2022 LT 13.9 6 1.5 123.8 17.6
29/09/2022 LT 9.2 13.8 1.1 1449 27.6
01/07/2022 HT 20 21.6 1.1 233.7 7.2
07/07/2022 HT 18.6 22.1 1.1 233.9 4.5

The difference between the inlet/outlet fluid temperature average and the ambient
temperature are in the ranges of the low-temperature and high-temperature protocol. For
the LT protocol, the 1.1 kg/s flow rate in the three lines corresponds to the pump minimum
flow rate. As shown in the previous paragraph, the variation in the inlet temperature does
not allow achieving an exact steady state. For the LT protocol, the maximum variations in
the inlet temperature are higher than 9 °C, except for 13/01/2023. For the HT protocol, the
maximum variation in the inlet temperature is lower than the maximum variation for the
LT protocol but still too large to be considered as a steady state.
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Figure 7 presents the experimental heat loss correlation as a function of the difference
between the inlet/outlet fluid temperature average and the ambient temperature. Then,
this correlation is compared to the heat loss correlation described by other solar modules’
manufacturers, Frenell, Industrial Solar, LEPTEN laboratory and Ciemat named Nova-1,
LF-11, Heliotérmica and Fresdemo, respectively. Table 3 shows some of the geometric
specifications of the compared modules. The experimental heat losses as well as the heat
losses evaluated using the manufacturers’ data are expressed in terms of heat loss divided
by the length of the studied system. They refer to linear heat losses that enable direct
comparisons between the different Fresnel manufacturing designs [25,27,31,32].

Linear heat losses of eLLO module [W/m]

Linear heat losses of Nova-1 module [W/m]
Linear heat losses of LF-11 module [W/m)]

Linear heat losses of Heliotérmica module [W/m]

17.3 m/s
E 3

50 75 100 125 150 175 200 225 250
ATin}’c»ut - amb

Figure 7. Linear heat losses of Nova-1, LF-11, Heliotérmica, Fresdemo and eLLO modules.

Table 3. Geometric specification of the Nova-1, LF-11, Heliotermica, Fresdemo and eLLO modules.

Solar Module Nova-1 LF-11 Heliotérmica Fresdemo eLLO
Length of the solar module (m) 44.8 4.06 12 100 67
Collection area (m?2) 513.6 22.0 54 1433 902.2

The calculation uncertainty is evaluated based on the measurement uncertainties of
the PT100 probes and flowmeters. The measurement uncertainty of the orifice meter is
considered to be equal to 0.5% [33], and the measurement uncertainty of the PT100 probes
is equal to £0.2 °C [34].

The experimental heat losses are obtained for different wind conditions as shown in
the Figure 7. The cases with low wind speeds are close to Fresdemo’s heat losses, while the
cases with higher wind speeds generally have heat losses between the linear heat losses of
the Heliotérmica receiver and the Fresdemo receiver.

The heat loss of the eLLO module is equal to 311 W/m under the following reference
conditions: 175 °C inlet/outlet fluid temperature average, 25 °C ambient temperature. For
the same condition, the heat loss of the Fresdemo facility is equal to 262 W/m. As the
receiver architecture is almost identical, the higher heat losses of the eLLO module can be
explained by the presence of insulation behind the secondary reflector in the Fresdemo
receiver but also by the missing glasses and the tilted receiver in the eLLO plant.

Note that the very low linear heat losses of the LF-11 module are due to the vacuum
tube surrounding the absorber tube, limiting the convective heat losses of the system.

Indeed, the eLLO receiver conditions and, in particular, when some of the protective
glasses were missing (Figure 8), led to a strong dependence of heat losses on wind condition.
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Table 4 presents the number of missing glasses and the ratio between the number of missing
glasses and the total number of glasses of the receiver (320 glasses for a 268 m long receiver)
of the three instrumented lines visually recorded on 08/07/2022.

Figure 8. Photo of a missing glass on the receiver.

Table 4. Missing glasses on the 3 instrumented lines.

Line Number of Missing Glasses % of Missing Glasses
L1 53 17%
L2 80 25%
L3 66 21%

Thus, the disparity in the results expressed by the R? = 0.91 shows the strong depen-
dence of heat losses on wind conditions. However, due to the few experimental points
and because the local wind conditions are not precisely monitored along the entire lines
(a single weather station for the entire site), it is difficult to define an empirical functional
relation with wind conditions. Thus, a 1D single-phase thermohydraulic model based on
MATLARB is developed to express theoretical heat loss correlations, however, limiting it to
the influence of the wind speed for the sake of simplicity.

Finally, an empirical correlation of the linear heat losses of the eLLO receiver is
expressed in Equation (4) as a second-degree polynomial according to the difference
between the inlet/outlet fluid temperature average and the ambient temperature.

PlossfeLLO =57 1073(Tm€lm - Tamb)2 +1.2193 (Tm&m - Tamh) (4)

This correlation is compared in the following section with the numerical correlation
expressed using the 1D single-phase thermohydraulic model.

5. Single-Phase Thermohydraulic Model
5.1. Model Hypothesis and Physical Equations

The 1D single-phase thermohydraulic model is adapted from the work of Fasquelle
et al. [35] describing the thermo-optical performance of a parabolic trough concentrator
equipped with a vacuum absorber tube. In our case, the objective is to simulate the single-
phase flow in the absorber tube as well as the thermal exchange involved in the receiver.

Figure 9 shows the eLLO solar receiver architecture composed of an absorber tube,
a secondary reflector type CPC and the protective enclosure. The subassemblies of the
receiver are numbered to express the radiative and convective transfers between the ele-
ments of the eLLO solar receiver. For example, the protective glass (4) exchanges radiative
heat with both the absorber tube (2) and the CPC (5) expressed as ¢_(4 — 5/2). Finally,
conduction heat transfer in the thickness of materials and in air as well as solar power
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directly impacting the receiver are neglected. At last, the protocols is designed to ensure
that there is no concentrated solar flux at the receiver during measurements.

Fluid
Absorber tube

Air in the cavity

Protective glass

Secondary reflector type CPC

Protective enclosure

Ambient air

Primary reflector
Sky
Convective heat transfer Pra-sp @

Radiative heat transfer X m
@ c4-7

Concentrated solar power

Vi IN V| _R(W|N|R

)

Figure 9. Convective and radiative heat transfers between eLLO receiver subassemblies.

The complex geometry of the receiver is simplified and approximated by two coaxial
tubes, one representing the absorber tube and the other the equivalent protective enclosure
(enclosure + protective glass) (Figure 10). Equation (5) is used to evaluate the diameter of
this equivalent protective enclosure so that its surface is equivalent to the surface of the
enclosure and the protective glass of the eLLO receiver.

<7‘[Deznout + lz,> X L¢

7T X L,

Deg, s = =0.334m 5)

where D, is the protective enclosure diameter, [, is the width of the receiver aperture, and

L. is the length of the collector.

Fluid
Absorber tube

Air in the cavity

Equivalent protective enclosure

Ambiant air
Sky
f\ Convective heat transfer

O N BH|WIN |~

Radiative heat transfer

Figure 10. Equivalent geometry of the eLLO receiver for thermohydraulic modeling.

Figure 10 shows the simplified geometry and the heat transfers involved.
The following assumptions are made to simplify the resolution of the calculations:

e  The glass, the secondary reflector and the protective enclosure are considered as a
single body exchanging heat with the absorber tube and the environment. The physical
and optical properties of the equivalent protective enclosure are approximated by the
average of the properties shown in Table 1.

e The thermal properties of the absorber and the envelope are constant for the
considered temperatures.

e  The radiation between the absorber tube and the protective enclosure is considered
between two concentric semi-infinite tubes.
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e  The protective enclosure radiates towards a virtual environment at a sky temperature
assumed to be 8 °C lower than the ambient temperature [36].

e  The velocity of the heat transfer fluid and the temperature are considered uniform
over the tube section.
The thermal diffusion along the tube axis is considered.
Only the continuity equation is solved to conserve mass as the fluid heats up. Other
fluid mechanics considerations are not considered.

e  The absorber tube is supported on the guyed masts by a plastic pulley, the conductive
heat loss through this support is neglected.

e  The heat loss on short pipe runs at the inlet and outlet solar line is neglected.

The simulations are performed for a 268 m long receiver, corresponding to the length
of each of the three instrumented lines. The temperature and pressure along the absorber
tube are initialized by considering a linear evolution of the temperature and pressure
between the inlet and the outlet. The initial temperature of the absorber is determined as
being equal to the fluid temperature, and the initial temperature of the protective enclosure
is imposed as being equal to the outside temperature.

The energy conservation equations applied to each subset are as follows:

e  The energy conservation equation of the heat transfer fluid contains an accumulation
term, an axial diffusion term, an advective term and a convective exchange term with
the absorber tube (Equation (6)):

aﬂ — & X azhf _ aﬂ Dubsin

ot pr  ox? f ox O X A absin X Peono ©)

where I'r, pr and hy are the thermal diffusivity, the density and the enthalpy of the fluid,
respectively, Uy is the velocity of the fluid in the absorber tube, and @cou» is the heat flux
density exchanged between the fluid and the wall.

e  The energy conservation equation of the absorber tube contains an accumulation term,
an axial diffusion term, two convective exchange terms, one with the transfer fluid and
the other with the air in the cavity and a radiation term with the protective enclosure:

s Agps o PTaps _ HeavXDapsons B N X Dapsin ( B )
a Pcabs x 9x2 PcabsXAabsout x (Tabs Tmmty) pCabSXAabSin x Tahs Tf (7)

+M X O X (T4 _ T4 )

0Cabs X Agbsout abs en

1 1 D !
— &
where B,,,_.ps = + en . Zabsout (®)
Eabs Een De‘?in

where Ay is the thermal conductivity of the absorber steel, Tyt is the temperature of the
air in the cavity equal to the average temperature of the absorber and the protective enclo-
sure, hi,yp is the convective heat transfer coefficient in the cavity, and, finally, €55 and €., are
the emissivity of the absorber tube and of the equivalent protective enclosure, respectively.

e  Theenergy conservation equation of the protective enclosure contains an accumulation
term, an axial diffusion term, two convection terms, one with the cavity air and the
other with the outside and two radiation terms, one with the absorber tube and the
other with the sky:

0T . Ae 92T, houtXDeq ; hmyXDm. .
a;’n — pé:n X axéﬂ _ pCenXAL’qO:A X (Tgn - Tﬂmb) — chenXqul;: X (Ten — TCIZZJIty)

Een XOT X D"’?out 4 4 Beno—abs XDeq,'n 4 4
~ oA X \Ton = Ty ) = “pCamscziagy ™ X % (Ten = Tape)

)

where h,,; is the convective heat transfer coefficient at the outside of the equivalent protec-
tive enclosure, and T, is the ambient temperature.
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e  The convective exchanges are determined using correlations constraining convective
heat transfer coefficient. The Nusselt number, Equation (10), reflects the quality of
the heat exchange and allows finding the convective exchange coefficients. Each
correlation was found in [37], and the condition of application was verified.

o hLC
Nu = I (10)

e  The convective heat transfer within the absorber tube is described by the correlation
of Dittus and Boelter. Equation (11) introduces the Dittus and Boelter correlation in
the case where the wall temperature is colder than the fluid temperature:

Nup = 0.0265 Rep8pr03 (11)
where Re; is the Reynolds number, and Pr is the Prandtl number.

e  The convective heat transfer within the cavity is assumed to be a natural convective
exchange, described by the Mac Adams correlation (Equation (12)):

Nup = 0.13 Rap'/3 (12)

gxcos(0) x px(T, abq TCLW)><DL%M3

where Ray; = , § is the gravitation constant, j is the coefficient
of expansion of the fluid, 9 is the slope of the system in the longitudinal plane, « is the
thermal diffusivity of the fluid, and v is the dynamic viscosity of the fluid.

e  The convective heat transfer between the enclosure and the environment differs accord-
ing to the wind speed. If the wind speed is less than 1 m/s, then a natural convective
heat transfer correlation around a horizontal cylinder is chosen (Equation (13)). Other-
wise, the heat transfer coefficient is determined using the Hilpert correlation describing
convective heat transfer for flows around a cylinder (Equation (14)). The characteristic
length corresponds to the external diameter of the protective enclosure.

o IfVyuu<1lm/s,

Nup = 0.53 Rap'/* if Rap € [10%10%] 13)
Nup = 0.10 Rap'/? if Rap € [10%10]
e In addition,
Nup = 0.43 4 0.53 Rep®® Pr031 if Rep € [1; 4000]
Nup = 0.43 4 0.193 Rep2018 py031 if Rep € [4000; 40000] (14)

Nup = 0.43 4 0.0265 Rep?3® Pr031 if Rep € [40000; 400000]

The single-phase model is fed by experimental measurements of the temperature and
pressure at the line inlet, the mass flow rate, the average outdoor temperature over the
study interval as well as the wind speed at the receiver. The equations are solved using the
finite difference method with an implicit temporal discretization and a spatial discretization
along the receiver. The time step is equal to 1 s, and the spatial discretization is 1 m. The
fluid enthalpy vector, the absorber tube temperature vector and the equivalent protective
enclosure temperature vector are found iteratively, with a convergence criterion of 1074,
for each time step using the MATLAB software (R2020a version).

5.2. Validation and Improvement of the Single-Phase Model

The validation of the single-phase thermohydraulic model is realized by comparing
the theoretical and experimental outlet temperatures. The experimental data, expressed
in Table 2, are used as model input data. Figure 11 shows the experimental outlet temper-
ature and the theoretical outlet temperature of the single-phase thermohydraulic model
for 01/07/2022.
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Figure 11. (a) Evolution of the experimental and simulated outlet temperature and (b) wind speed
for 01/07/2022.

The output temperature of the single-phase model followed the evolution of the
experimental temperature with a relative deviation lower than 1% before 17:20, and then
the relative deviation increased to reach 2.1% at 18:00. At first glance, the disparity between
the experimental results and the model seems to be related to the increase in the wind
speed at 17:20. Thus, the model underestimated the heat losses for the wind speed higher
than 15m/s.

As shown in Section 4, the solar receiver partially degraded conditions led to an
increase in the receiver heat losses with the wind conditions. To account for the protective
glass missing, the assumption of natural convective heat transfer in the cavity was modified.
The complex geometry coupled with the uneven condition of the receivers make the use
of forced convection correlations from the literature inadequate. Instead, a correction was
applied for the natural convective heat transfer in the cavity according to the wind speed
for each step, such that:

heap = N e - jfy < 15m/s 15)
oo = 115 x Nde ©if v s 15 m /s

The correction coefficient of Equation (15) is chosen such as to minimize the relative
difference between the experimental and theoretical outlet temperature for the data of
01/07/2022. Figure 12 shows the evolution of the experimental and simulated outlet
temperature with and without the correction coefficient for the natural convective heat
transfer in the cavity.

With the correction, the maximum absolute relative deviation between the experimen-
tal data and the simulated results is equal to 0.7%, by comparison without the correction,
the maximum relative deviation is equal to 2.1%. Thus, the correction for the heat exchange
coefficient in the cavity allows improving the results of the model by reducing the relative
deviation between the outlet temperatures.

Table 5 presents the influence of the correction on the maximum relative deviation
between the experimental and theoretical outlet temperatures for the 7 experimental days.
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Figure 12. Evolution of the experimental and simulated outlet temperature with and without correction.
Table 5. Maximum relative deviation between the experimental and theoretical outlet temperatures
with and without correction for the convective heat transfer in the cavity.
Max. Relative Deviation between Max. Relative Difference between
Date LT/HT Average Wind  Experimental and Theoretical Outlet Experimental and Theoretical Outlet
Protocol Speeds (m/s) Temperature WITHOUT Increased Temperature WITH Increased Heat
Heat Transfer in the Cavity Transfer in the Cavity
14/06/2022 LT 6.6 —0.8% —0.8%
06/09/2022 LT 6.0 0.7% 0.7%
27/09/2022 LT 15.6 3.8% 3.4%
29/09/2022 LT 13.8 4.0% 3.7%
13/01/2023 LT 10.6 51% 4.8%
01/07/2022 HT 20.4 2.1% —0.7%
07/07/2022 HT 21.8 9.8% 8.2%

For all cases, the correction allows decreasing the maximum relative deviation between
the experimental and simulated output temperatures except for the cases where wind
speeds do not exceed 15 m/s over the study interval (14/06/2022 and 06/09/2022) since in
this case, the calculation is not modified. Note that the wind speed is averaged over the
study interval, and the effect of the correction is visible in the case of 13/01/2023, since the
wind speed occasionally exceeds 15 m/s.

To assess the model accuracy, the theoretical results, obtained with the same initial
condition and input data as in the experimental study (Table 2), are expressed as a func-
tion of the experimental results in a parity plot on Figure 13 (including a 10%, 20% and
30% deviation).

The resulting points are almost exclusively included in the +30% deviation domain,
except for 27/09/2022 with a low-temperature study and high wind speed condition with
a deviation slightly higher than —30%.

Thus, the single-phase thermohydraulic model allows the experimental heat losses
to be evaluated within a reasonable uncertainty of +30% regardless of the wind velocity.
Henceforth, the model is used to express the receiver heat losses for different inlet fluid
temperatures and wind speeds.
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Figure 13. Experimental results compared to theoretical calculations.

5.3. Numerical Heat Loss Correlation Depending on Wind Speed

To express the receiver heat losses according to the wind speed, the single-phase thermo-
hydraulic model is used to determine heat loss correlation for the wind speed equal to 0 m/s,
10 m/s and 20 m/s and the inlet temperature from 50 °C to 250 °C with 50 °C steps.

Figure 14 shows the experimental linear heat losses and the theoretical linear heat
losses as a function of the difference between the average inlet/outlet fluid temperature
and the ambient temperature. The experimental points are labeled with the average wind
speed and expressed with the measurement uncertainty.

First, the single-phase thermohydraulic model is compared to the thermal model,
presented by Mertins [38], for the thermal losses from a receiver as a function of the outer
absorber diameter and the absorber emittance. The difference between the Mertins model
and the eLLO theoretical heat losses for a 0 m/s wind speed is explain by the high heat
transfer coefficient in the cavity in the case of the tilted and somehow degraded (missing
glasses) eLLO receiver.

As for the experimental heat loss correlation, the three theoretical linear heat loss
correlations are expressed as second-degree polynomials in (Equations (16)—(18)):

Ploss—0 m/s = 2.8 X 1072 (Tyean — Tamp)* +0.9961 (Tean — Tamp) (16)
Ploss—lO m/s — 3.4 x 10_3(Tmean - Tamb)2 +1.2169 (Tmean - Tamb) (17)
Plossfzo m/s — 3.8 x 1073(Tmean - Tamb)z +1.3932 (Tmean - Tamb) (18)

Therefore, some of the experimental results are in good accordance with the theoretical
ones. For example, the results of 01/07/2022 with an averaged wind speed equal to
21.6 m/s but with the wind speed below 15 m/s at the start of the study interval.
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The comparison shows that the single-phase thermohydraulic model can be used to
determine heat losses from the eLLO receiver as a function of wind speed with varying
degrees of accuracy.
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Figure 14. Theoretical heat losses of the eLLO receiver as a function of wind speed along with
experimental data.

6. Conclusions

The study of the eLLO receiver heat losses was carried out on three instrumented lines
of the operating power plant. This study was constrained by the commercial electricity
production of the plant. Thus, two experimental protocols were operated to evaluate
the receiver heat losses, over a wide range of fluid temperatures, without impacting the
plant operation.

First, the eLLO receiver heat losses were determined experimentally by applying both
protocols. An empirical heat loss correlation is defined as a second-degree polynomial and
is compared to other LFC receiver heat loss correlations. The eLLO heat loss correlation is
between the heat loss correlations of the Heliotérmica receiver and the Fresdemo receiver.
The heat loss of the eLLO module is equal to 311 W/m under the following reference
conditions: 175 °C inlet/outlet fluid temperature average, 25 °C ambient temperature, no
wind. This heat loss is higher than the one observed on the Fresdemo facility under the
same reference conditions due to the slope of the eLLO receiver and the absence of some
protective glasses. The significant disparity in the experimental results can be attributed to
the strong influence of the wind speed on heat losses. Nevertheless, the limited number
of experimental data points was inadequate for representing distinct correlations based
on the wind speed. For this purpose, a 1D single-phase thermohydraulic model was
developed and adapted to the receiver’s current condition (missing glasses). This model
is validated by comparing it with the model proposed by Mertins and by comparing the
experimental results. This comparison indicates that the model can effectively estimate
receiver heat losses with an acceptable uncertainty of approximately £30%, regardless of
the wind velocity.
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