
Steady-state thermal analysis of an innovative receiver for linear Fresnel reflectors 
R. Abbas *, J. Muñoz, J.M. Martínez-Val 

A B S T R A C T 

The study of the performance of an innovative receiver for linear Fresnel reflectors is carried out in this 
paper, and the results are analyzed with a physics perspective of the process. The receiver consists of a 
bundle of tubes parallel to the mirror arrays, resulting on a smaller cross section for the same receiver 
width as the number of tubes increases, due to the diminution of their diameter. This implies higher heat 
carrier fluid speeds, and thus, a more effective heat transfer process, although it conveys higher pumping 
power as well. Mass flow is optimized for different tubes diameters, different impinging radiation inten
sities and different fluid inlet temperatures. It is found that the best receiver design, namely the tubes 
diameter that maximizes the exergetic efficiency for given working conditions, is similar for the cases 
studied. There is a range of tubes diameters that imply similar efficiencies, which can drive to capital cost 
reduction thanks to the flexibility of design. In addition, the length of the receiver is also optimized, and it 
is observed that the optimal length is similar for the working conditions considered. As a result of this 
study, it is found that this innovative receiver provides an optimum design for the whole day, even 
though impinging radiation intensity varies notably. Thermal features of this type of receiver could be 
the base of a new generation of concentrated solar power plants with a great potential for cost reduction, 
because of the simplicity of the system and the lower weigh of the components, plus the flexibility of 
using the receiver tubes for different streams of the heat carrier fluid. 

1. Introduction and background 

Concentrated Solar Power (CSP) may play a major role in the fu
ture energy mix, especially in countries with a very high annual 
global direct irradiation, where it seems to be a more cost-effective 
technology than photovoltaics for electricity generation [1]. Never
theless, it is still not a mature technology, even though 354 MW 
were installed in Mojave Desert during the 1980s and 1990s [2]. 

There are many possible configurations for CSP, such as para
bolic dish, linear Fresnel, parabolic trough and central receiver; 
several relevant books and articles explain the main features of 
such technologies [2-9]. The choice of the technology has a deep 
impact on the solar concentration achieved, which is one of the 
critical parameters in the design of a solar thermal power unit 
[3,10,11]. 

Muñoz et al. [12] have proven that, for each heat carrier fluid 
temperature, the dependence of the energetic efficiency on the 
concentration factor shows two regimes, thus appearing a thresh
old. When the radiation flux is lower than the value given by the 
threshold, the efficiency drops to zero very fast; but, if the concen
tration is augmented over the threshold, there is not an important 
efficiency increase due to a saturation effect. 

Unlike the thermodynamic cycle efficiency, which increases as 
the temperature of the heat source does, the efficiency of thermal 
energy absorption by the heat carrier fluid decreases as its outlet 
temperature augments. As a result, the overall efficiency might 
be maximized at a given temperature [13,14], which depends on 
the receiver's technology due to materials limitation. For linear 
receivers, i.e. parabolic trough and Fresnel arrays, the receiver's 
selective coating and the heat carrier fluid itself have traditionally 
been the temperature limiting elements. 

The selective coating is the outermost coat of material on the 
receiver, with high absorptivity for solar radiation and very low 
emissivity for the infrared spectrum. This element has a great ef
fect on the receiver efficiency, and much research has been done 
to improve it since the end of the 1970s [15-17]. Thanks to this re
search, the maximum working temperature has been increased up 
to 550 °C [18], not being anymore the limiting temperature ele
ment in linear receivers. 

The heat carrier fluid is the component that flows through the 
receiver, absorbs the heat, and carries it to the power block. Many 
advances have been achieved lately on direct steam generation for 
linear receivers [19-21], but thermal oils are still the main technol
ogy in use. This is mainly due to the difficulties found to generate 
steam on a horizontal tube and the heat transfer coefficient varia
tion when the vapor quality changes, which may generate serious 
problems on transient regimes. In addition, oils have a good heat 



Nomenclature 

A hea t exchange surface wi th the fluid (m 2 ) 
Cf Carnot coefficient ( - ) 
De tubes outermost diameter (m) 
D, tubes innermost diameter (m) 
Gf geometry factor of an intermediate heat exchanger (-) 
L collector length (m) 
Nu Nusselt number (-) 
AP pressure drop along the circuit (Pa) 
Pr Prandtl number (-) 
¿gain thermal power gained by the heat transfer fluid (W) 
(¿SUn thermal power impinging onto the receiver (W) 
Kcond thermal resistance for conduct ion across t he tubes (m 2 

K/W) 
RConv thermal resistance for convection from the inner surface 

of the tubes to the fluid (m 2K/W) 
Rioss thermal resistance from the outer surface of the receiver 

tubes to the env i ronment (m2K/W) 
Re Reynolds n u m b e r ( - ) 
r a i r env i ronment t empera tu re (K) 
Tin fluid inlet t empera tu re (°C) 
Tout fluid out le t t empera tu re (°C) 

transfer coefficient and low pumping losses at adequate tempera
tures, and they have been widely used in the industry, even though 
oils cannot achieve ultra high temperatures. In the case of the 
Therminol VP1, an artificial oil traditionally used in parabolic 
trough solar power plants, the maximum temperature achievable 
is bellow 400 °C [22], being the limiting temperature element at 
current time. The possibility of using other fluids for cooling the re
ceiver, such as gas and molten salts, has also been addressed at a 
very preliminary stage. 

Over this background, a full design window analysis of the stea
dy-state thermal performance is carried out in this paper to iden
tify the main features and the optimum working conditions of 
the receiver for different concentrated radiation fluxes (in W/m2). 
For doing so, a linear receiver model has been developed to simu
late an innovative Fresnel receiver that consists of multiple parallel 
tubes [23]. From this model, the fluid outlet temperature and ther
mal and exergetic efficiencies are obtained for different values of 
the definition variables (inlet temperature, thermal flux onto the 
receiver, number of tubes, fluid speed, etc.) and the inner variables 
(global thermal transfer coefficient, thermal transfer surface, etc). 

The main outcome of the analysis is the identification of the 
best receiver design in terms of the tubes diameter, the length, 
the fluid mass flow and the inlet temperature, all depending on 
the concentration ratio. 

In next section, the receiver model is explained, introducing all 
variables used in the model and establishing some guidelines to 
follow a systematic analysis. In Section 3, a study of the collector 
performance, depending on the mass flow, the inlet temperature 
and the tubes diameter, is presented for different impinging radi
ations onto the receiver, which has a great importance on the ther
mal performance. The results of this study are analyzed with a 
physics perspective in Section 4. This leads to the identification, 
in Section 5, of the elements that have a relevant role in defining 
a suitable design window for Fresnel receivers, and in optimizing 
their performance. Finally, the conclusions are discussed in last 
section, and the future work is identified for assembling a simple 
but efficient LFR receiver, as the basis of a new family of CSP 
plants. 
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sun equivalent temperature (K) 
fluid temperature increase along the receiver (°C) 
log mean temperature difference in the convection pro
cess (°C) 
global coefficient for thermal losses from the receiver 
(W/m2 K) 
receiver width (m) 
pumping power (W) 
specific heat capacity (J/kg K) 
friction coefficient (-) 
heat transfer coefficient to the fluid (W/m2 K) 
thermal conductivity of the fluid [W/m-K] 
fluid mass flow (kg/s) 
number of tubes (-) 
thermal power intensity impinging onto the receiver 
(W/m2) 
fluid speed within the tubes (m/s) 
exergy efficiency (%) 
energy efficiency (%) 
fluid density (kg/m3) 

2. Model and design window definition for a multitube Fresnel 
receiver 

Many possible configurations for Fresnel collectors are found in 
the literature [6,23-29], but the one designed by Martínez-Val 
[23], see Fig. 1, seems to have important advantages compared to 
others: higher efficiency in driving the captured heat into the heat 
carrier fluid, and flexibility of design to accommodate the number 
of tubes to the thermal and hydraulic requirements of a given case. 
This has driven the present study to assume the use of the cited re
ceiver, the tubes being made out of steel for cost reduction reasons, 
and the radiation absorbing screen being thermally connected to 
them. The tubes diameter is a fundamental parameter in the ther
mal performance of the receiver, as will be seen in the following 
sections. 

Fresnel receivers require wide windows due to both, the dis
tance from the furthest mirrors and the reflected radiation aper
ture, which is always larger than the sun light aperture (16' of 
cone half-angle). Therefore, vacuum inside the receiver box would 
imply very high mechanical stresses in the glass, not being ad
vised; instead, an inert gas at approximately 1 atm is used in order 
to compensate the pressure and minimize window failure risks. 

Fig. 1. Cross section of a multitube linear Fresnel receiver [23]. 



Thanks to the innovative design of this receiver, the pressure may 
be kept constant at atmospheric conditions, even if the tempera
ture in the box changes along the day. The drawback to the use 
of a gas at atmospheric pressure is an increase in thermal losses 
with respect to a vacuum receiver. 

A model that takes into account all relevant heat transfer pro
cesses has been developed on Engineering Equation Solver [30]. 
Similar models had been previously applied to parabolic trough 
collectors [31], solar boilers [9] and Fresnel devices [12]. The model 
used in this work had been previously used by the authors [9,12], 
and is based on a model created for trough collectors by Forristall 
[31]. Such model was validated with experimental results of the 
Aztrak plant, on a LS-2 collector [32,33]. These technical reports 
indicate errors of the model compared to the results of less than 
2%. 

The thermal behavior of the receiver is self-consistently gov
erned by: 

• The heat transfer equation, which is of the type of an interme
diate heat exchanger: 

Grh-A-ATk (1) 

The thermodynamic equation of the fluid, which undergoes an 
increase in specific enthalpy: 

Qgain = c„ • m • AT. (2) 

The hydraulic equation, which imposes the requirement of 
pumping power to overcome the pressure drop associated to 
the fluid motion: 

m 
1 

P 
W P = - A P . (3) 

In previous equations, 4gain refers to the thermal power gained 
by the heat transfer fluid, G¡ to the geometry factor of an interme
diate heat exchanger - which is in this case close to one due to the 
similarity between the receiver behavior and an intermediate heat 
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exchanger-, h to the heat transfer coefficient, A to the heat ex
change surface, ATlm to the log mean temperature difference along 
the receiver, cp to its specific heat, m to the mass flow, AT = T0 - T¡ 
to the fluid temperature increase, Wp to the pumping power, p to 
the fluid density and AP to the pressure drop along the circuit. 

Relevant heat transfer processes are depicted in Fig. 2, where 
the numbers are labels for the following elements: 

(1) Heat transfer fluid 
(2) Pipe inner surface 
(3) Pipe outer surface - selective coating 
(4) Glass cover inner surface 
(5) Glass cover outer surface 
(6) Air 
(7) Environment. 

In Fig. 2, the thermal intensity impinging onto the receiver is 
(¡sun, (¡absorbed being absorbed by the window and qrenected,giass being 
reflected; the remaining energy, q3, impinges on the selective coat
ing. Part of q3 goes through the pipe to the heat working fluid, 
while the other part is transferred to the air and environment 
through processes of reflection, conduction, convection and 
radiation. 

The heat transfer coefficient from the inner surface of the tubes 
to the fluid, h, has been simulated by the correlation provided by 
Gnielinski [34], which gives the Nusselt number, Nil, proven to 
have errors bellow 10% [35]: 

Nu-

Nu = 

(f/8)(fie-1000)Pr 

1 + 12.7(f/8)1/2(Pr2/3 • 
hD 

1) (4) 

where Re is the Reynolds number, Pr the Prandtl number,/the fric
tion coefficient, given by Moody's correlation [35,36], and k the 
thermal conductivity of the fluid. 

Other heat transfer coefficients, such as the global coefficient for 
thermal losses, Lf.which characterizes thermal losses to the air by 
convection and depends on the wind, are obtained from the litera
ture [37]. 

It is necessary to define the mass flow and the pressure drop for 
the hydraulic process characterization (Eq. (3)) . The former de
pends on the fluid velocity, the number of tubes and their inner 
diameter, while the latter depends on its velocity as well, on the 
friction factor and the hydraulic circuit dimensions, i.e. diameter 
and length: 

n-Df 

3 2D, 

(5) 

(6) 

where the factor "2" is given by the fact that the fluid has to come 
back after passing through the receiver. 

This model permits one to obtain the fluid outlet temperature, 
lout, and thus the thermal or energy efficiency, r\th, that is the ratio 
of power absorbed by the fluid to radiation power impinging on 
the receiver: 

<7th=- (7) 

Fig. 2. Thermal fluxes involved in linear receivers [12]. 

Nevertheless, the thermal efficiency is not enough to character
ize the receiver performance; it is well known that high working 
fluid temperatures convey higher efficiencies in the thermody
namic cycle at the power block, with the obvious limit of Carnot 
efficiency. In addition, pumping power, Wp, must be taken into 



account because it may imply important parasitic power losses, 
depending on the heat carrier fluid used. For these reasons, the 
exergetic efficiency, r¡eX} is defined [3,12]: 

W„ 
(8) 

The outputs of the program, Tout,r]th and r¡ex, depend on several 
variables: 

• Inlet temperature, Iin: The reference is taken as 290 °C, as it is 
the case for Andasol power plant. This is due to the need of 
transferring heat to molten salts, which solidify at 254 °C [38], 
to store it. However, some solar power plant do not have ther
mal storage, and so inlet temperature could be lower; thus for 
some simulations it has been fixed to 200 °C. 

• Thermal flux onto receiver, qsun: It depends on the concentra
tion achieved by the solar field, the mirrors reflectivity, and 
the Direct Normal Irradiation (DNI). 

• Receiver length, L: When comparing different thermal fluxes 
onto the receiver, it will vary so that the total power impinging 
on the receiver is equal for all simulations. 

• Receiver width, W: It may be admitted as the distance from the 
furthest mirror to the receiver times the inherent aperture of 
the reflected radiation, which is always larger than 9 mrad -
sun's natural light aperture. As this depends on the solar field 
design, and the present work is focused on the receiver, W has 
been fixed to 0.49 m for all simulations. 

• Tubes external and internal diameters, De and D¡: They deter
mine the heat transfer and fluid mechanics processes. The ratio 
DejDi is fixed to 1.167 as a first approximation to give the same 
mechanical strength to all configurations [39]. The number of 
tubes seen in Fig. 1 is established by the receiver width and 
the external diameter, so that all the tubes occupy the whole 
receiver area, see Eq. (9) and Table 1. 

• Fluid: For this study Therminol VP1 is considered, although the 
LFR system could also work with Direct Steam Generation or 
with molten salts. 

• Fluid velocity, v. It has a great effect on the pumping power and 
Reynolds number (and thus on the heat transfer coefficient). If 
the fluid output temperature is fixed, the fluid speed becomes 
a result of the program. 

• Optical and thermal parameters: Such as selective coating 
absorptivity, glass reflectivity, and pipe thermal conductivity. 
They are taken from the literature. 

• Air and ground temperatures: They are fixed during all simula
tions, with values in agreement with the purpose of this study. 

W = n • De ce n • D, 

Table 1 
External De and internal D¡ diameters of each pipe depending 
on the number of tubes, n, for a 49 cm wide receiver. 

(9) 

n ( - ) 

3 
5 
7 
9 
11 
19 
25 
31 
33 
35 

De (cm) 

16.3 
9.8 
7.0 
5.4 
4.5 
2.2 
2.0 
1.6 
1.5 
1.4 

A (cm) 

14.0 
8.4 
6.0 
4.7 
3.8 
2.6 
1.7 
1.4 
1.3 
1.2 

From these variables one can obtain other parameters such as 
the Reynolds number, Re, the heat transfer coefficient, h, and the 
thermal transfer surface, as well as the results of the simulation, 
i.e. pumping power, Wp, gained heat, Q_gaim exit temperature, rout, 
and thermal and exergetic efficiencies, i?th and r¡ex. 

3. Results: Fresnel receiver optimization 

It has been seen in previous section that there are many design 
variables of the receiver; however, this study pays special attention 
to how the exergetic efficiency is affected by the most relevant de
sign variables, namely the tubes diameter and the fluid speed, for 
different radiation intensities (directly linked to the solar concen
tration ratio). Inlet temperatures is another data representing 
working conditions of the plant, and its effect is also studied. 

The tubes diameter is a design parameter that will be fixed once 
the power plant is designed, while the fluid speed is an operation 
parameter that may be changed along the day and the year in order 
to obtain the desired outlet conditions. The inlet temperature could 
be considered as an operation parameter as well; however, there 
must be a design inlet temperature for the design of the heat ex
changer or boiler, which works best in stationary and constant 
conditions. 

The radiation intensity is obviously imposed by the climate and 
the season of the year, as well as by the optic performance of the 
solar field, i.e. the concentration factor. It should be pointed out 
that the radiation flux impinging on a receiver surface from a Fres
nel mirror array is far from uniform, as all mirrors are normally fo
cused onto the central line of the receiver in order to achieve high 
radiation concentrations. This fact may be observed in Fig. 3, where 
the average radiation flux across a 50 cm wide receiver, and along 
the day 21st June, is depicted, admitting the light natural aperture 
semi-angle to be 4.65 mrad, and the mirrors surface error semi-an
gle 10 mrad [40]. This corresponds to calculations carried out with 

-15 -10 -5 0 5 10 
Receiver width (cm) 

Fig. 3. Radiation intensity (kW/m2) variation across the Fresdemo receiver width, 
along the day 21st June, taking into account a natural solar aperture semi-angle of 
4.65 mrad and surface error of 10 mrad, and admitting DNI of 850 W/m2, from [40]. 



the construction data of the Fresdemo prototype at Planta Solar de 
Almerfa (PSA). 

One can observe that the distribution varies along the day, and 
it would be different for any other day of the year. This is due to the 
influence of the light natural aperture and mirrors surface and 
tracking errors together with the variation of the distance traveled 
by a reflected ray along the day and year, and the impossibility to 
focus a fixed point or line when the light source position changes. 
Therefore, a complete characterization of thermal process, includ
ing not only different average fluxes, but also their distributions, as 
well as different operation conditions, would be difficult to deal 
with. For this reason, the present study, which aims to characterize 
the basic physics of linear thermal receivers, assumes a uniform 
radiation flux impinging onto the receiver. 

One should take into account that heat transfer from the selec
tive coating of one tube to the heat carrier fluid depends mainly on 
the tube diameter and the flux impinging onto that tube, the effect 
of the radiation flux to other tubes of the receiver being of second 
order. Thus, it seems adequate to assume uniform radiation flux for 
the paper objectives. 

In the following, some selected results are shown and com
mented, in order to highlight the features of the receiver thermal 
performance. First, the effect of varying the fluid speed is illus
trated for a 300 m receiver with an impinging radiation of 
8.33 kW/m2 (i.e. a total thermal power of 1.225 MW), assuming a 
fluid inlet temperature of 290 °C. This radiation level can be con
sidered as the lower limit in our design window. Values bellow it 
are not suitable to generate an appropriate thermal regime in the 
receiver, with an acceptable efficiency of the captured energy by 
the heat transfer fluid [12]. One can observe in Fig. 3 that this value 
only appears at the sides of the receiver for the day considered. 

Fig. 4 shows the outlet temperature obtained for different tubes 
diameters as the fluid speed changes. Obviously for a given geom
etry, i.e. for a given De, as the fluid speed increases the outlet tem
perature diminishes, while an increase of the number of tubes (and 
thus a reduction of the cross section) implies an outlet temperature 
augmentation for a given fluid speed. 

Eqs. (2), (5) and (9) may be gathered as follows: 

Qgain oc v • De • AT (10) 

This explains Fig. 4, assuming that the heat gained by the fluid 
does not change importantly compared to «/and De variations. It re
sults from this figure that the receiver performance may be shown 
as a function of the outlet temperature instead of the fluid speed, 
as will be done from now on. 

For the foregoing conditions, the exergetic efficiency reaches a 
maximum for moderate outlet temperatures, around 300 °C (see 
Fig. 5). It is worth pointing out that the maximum efficiency 
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Fig. 5. (a) Thermal and (b) exergetic efficiencies depending on the fluid outlet 
temperature for a 300 m receiver with 8.33 kW/m2 impinging radiation when the 
inlet temperature is 290 °C and for different tubes diameters. 

temperature increases as the tubes diameter gets smaller. It seems 
obvious from this figure that it is not worth increasing the fluid 
temperature to its maximum allowable, i.e. 400 °C, as the exergetic 
efficiency for such high temperatures is notably lower. This is due 
to the low radiation intensity, assumed to be 8.33 kW/m2, i.e. a 
concentration ratio close to 10 suns for a DNI around 850 W/m2. 
Such average concentration factor may be found in a Fresnel con
centrator when the sun is far from its zenith. It was explained by 
Muñoz et al. [12] that the maximum exergetic efficiency tempera
ture depends on the solar concentration, being lower for low solar 
radiations. 

If the solar concentration is higher, for the same total thermal 
power impinging onto the receiver, the outlet temperature for 
which the maximum exergetic efficiency is achieved is notably 
higher, as shown in Fig. 6. For relatively high concentration ratios, 
around 30 suns, the influence of the receiver's tubes diameter be
comes very important, the maximum exergetic efficiency changing 
from slightly more than 37% to nearly 40%. It is remarkable as well 
that for diameters around 4.5 cm, the maximum exergetic 
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Fig. 4. Outlet temperature depending on the fluid speed for a 300 m receiver with 
8.33 kW/m2 impinging radiation when the inlet temperature is 290 °C and for 
different tubes diameters. 

40 

39 

38 

37 

36 

35 

34 
280 

lm 9 
H i 

^ j - g ó S ^ 0 0 0 0 

^ 3 D Q D 

310 340 

Tout [°C] 

370 

De = 4.5 cm 

—-o—De = 5.4 cm 

—c—D e = 7.0cm 

L=100m 
Tin = 290 °C 
Q/A = 25kW/m2 

400 

Fig. 6. Exergetic efficiency depending on the fluid outlet temperature for a 100 m 
receiver with 25 kW/m2 impinging radiation when the inlet temperature is 290 °C 
and for different tubes diameters. 
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Fig. 7. Exergetic efficiency depending on the fluid outlet temperature for a 300 m 
receiver with 8.33 kW/m2 impinging radiation when the inlet temperature is 200 °C 
and for different tubes diameters. 

efficiency is achieved at an outlet temperature of around 400 °C 
(Therminol VP1 maximum temperature). 

When comparing Figs. 5b and 6 one can observe that the exer
getic efficiency changes notably with the concentration ratio. This 
is an important matter regarding Fresnel collectors, as the average 
concentration may vary from 30 suns to 10 suns when the radia
tion source moves from its zenith towards the skyline. 

In addition, it is worth analyzing the effect of the second vari
able defining the working conditions, namely the inlet tempera
ture. One may observe in Fig. 7 that, for the same conditions 
assumed as for Fig. 5, but the inlet temperature being 90 °C lower, 
the exergetic efficiency increases to almost 30% from less than 27%. 

From Figs. 5b and 7 one can deduce that the effect of the tubes 
diameter in the former is very limited because the inlet tempera
ture is higher than the temperature of maximum exergetic effi
ciency corresponding to that flux, thus placing all maxima just 
above 290 °C. Decreasing the inlet temperature down to 200 °C 
increases the exergetic efficiency by nearly 3.5% points, thus 
augmenting the power generation for the same receiver by more 
than 10%. 

However, decreasing the inlet temperature to 200 °C means 
that other storage system than molten salt may be required for 
Fresnel collectors, as they solidify at more than 250 °C In fact, an 
option deserving some additional attention in this framework is 
the use of the same oil for storing the thermal energy if the 
required inlet temperature is low. 

Figs. 6 and 7 show that the maximum exergetic efficiency 
increases as the tubes diameter diminishes. From this information 

it was obvious the need to analyze how the maximum exergetic 
efficiency varies with the tubes diameter , optimizing the outlet 
temperature, i.e. the fluid speed, for each case. This is first done 
for solar radiation intensity impinging onto the receiver of 
8.33 kW/m2, and an inlet temperature of 200 °C. Results are de
picted in Fig. 8. 

One can observe that the exergetic efficiency generally in
creases as the tubes get narrower, until a maximum is achieved 
at somewhere between 1 cm and 2 cm. If tubes are even smaller, 
pumping power becomes non-negligible, and so the optimal mass 
flow decreases to reduce parasitic power, the outlet temperature 
increases, and thermal losses augment as well, the exergetic effi
ciency decreasing. 

It is remarkable that the maximum exergetic efficiency diame
ters range coincides with the area where a sudden increase on the 
outlet temperature appears as the tubes get narrower. This is re
lated to the diameter limit for pumping power: if tubes get nar
rower and the mass flow is maintained, the increase of pumping 
power becomes too important, and the exergetic efficiency de
creases notably. As the program maximizes such efficiency, mass 
flow is reduced in order to limit pumping power, which implies 
an increase on the outlet temperature, maintaining the exergetic 
efficiency nearly constant. When tubes are too narrow, the outlet 
temperature and pumping power increase too much, resulting on 
an exergetic efficiency decrease. 

If mass flow were constant, the fluid speed would be inversely 
proportional to the tubes diameter, and thus proportional to the 
number of tubes assuming a constant receiver width (see Eq. 
(5)). This trend is seen in Fig. 9 for wide tubes, i.e. for a small num
ber of tubes. However, when tubes get narrower, the actual speed 
decreases compared to the lineal trend, which is linked with the 
foregoing process. Comparing Figs. 8 and 9, one can deduce that 
the outlet temperature increase for low number of tubes, i.e. wide 
tubes, is not mainly caused by a mass flow decrease, but to a more 
effective thermal process. 

Variations on the fluid speed have a significant impact on 
pumping power as well. Reynolds numbers are well above 
10,000, and thus the flow may be considered as fully turbulent. 
This implies a friction factor that does not change importantly as 
Re increases [35]. From Eqs. (3), (5) and (6), it results: 
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Fig. 8. Maximum exergetic efficiency and respective outlet temperature depending 
on the tubes diameter for a 300 m receiver with 8.33 kW/m2 impinging radiation 
when the inlet temperature is 200 °G 
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radiation when the inlet temperature is 200 °C. 



This cubic trend is seen in Fig. 10, where the x axis represents 
again the number of tubes, inversely proportional the tubes diam
eter after the assumptions made in Section 2. One can observe as 
well in this figure that the thermal power gained by the fluid gets 
lower as the number of tubes increases, and so does the thermal 
efficiency. This is due to the higher temperatures at the receiver 
surface caused by the smaller mass flow, which increases thermal 
losses, but increases the thermodynamic cycle efficiency. 

Fig. 10 also shows the value of Q.gain - Wp/t]th_e for each n, 
where r¡th.e corresponds to the thermal to electric conversion coef
ficient. These values are somehow lower than (¿gain, especially for 
high number of tubes due to the important increase of pumping 
power in this region. This is the reason for the exergetic efficiency 
diminution for numbers of tubes higher than 30, i.e. tubes diame
ters smaller than 1.5 cm. 

From the foregoing figures one can deduce that there is a small 
range of tubes diameters that drive to a maximum exergetic effi
ciency, from 0.8 cm to 3 cm approximately. In this range, the outlet 
temperature is also limited to 300-310 °C, and so the thermal effi
ciency does not vary importantly neither. If tubes become larger 
than that - and so there are more tubes for the same receiver 
width-, the heat transfer coefficient h diminishes (see Fig. 9), and 
so the thermal process is less effective, the optimal outlet temper
ature being lower. On the other hand, if chosen tubes are narrower, 
the hydraulic process requires too much pumping power, and thus 
the optimal mass flow decreases, the outlet temperature aug
ments, and the overall process efficiency gets worse. 

The same calculation has been carried out for a 150 m receiver 
with a radiation intensity of 16.66 kW/m2, i.e. the same total power 
impinging onto the receiver as in the former case. Some of the re
sults are represented in Fig. 11. Recall that the maximum temper
ature that the oil admits is around 400 °C, but this limit has not 
been obeyed in this theoretical simulation in order to point out 
the features of the physics underlying in these cases. 

One can observe in Fig. 11 that for this case, where the radiation 
intensity is twice as large as in the previous case (with the same 
total power impinging onto the receiver, 1.125 MW), exergy effi
ciencies are 9% points higher. This is achieved for slightly narrower 
tubes, which is due to the smaller length of the receiver that re
duces the pumping power required. 

The same trend is observed in Fig. 11 as was in Fig. 8, with a nar
row diameters range where the exergetic efficiency is maximized. 
If diameters become larger, the heat transfer process is less effec
tive, while if they become narrower, pumping power is too impor
tant. The temperature at which the maximum efficiency is 
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achieved is now around 400 °C, notably higher than for the former 
case. This is due to the fact that the optimal outlet temperature for 
a lineal receiver depends on its concentration ratio [12]. 

The difference of optimal outlet temperature observed when 
compared to the 16.6 kW/m2 case, implies that the fluid tempera
ture increase along the receiver is double for 25 kW/m2. On the 
contrary, the gained thermal power increases just by 11% approx
imately (0.87 MW vs 0.78 MW). As a consequence, the mass flow 
must be smaller (see Eq. (2)), which reduces at the same time 
pumping power, and makes the optimum tubes diameters smaller. 
However, there is not an important efficiency difference between 
diameters of 0.7 cm and 1.5 cm, and so one could look at reducing 
the power plant investment by using the cheapest tubes within a 
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Fig. 12. Exergetic efficiency produced in a 0.49 m wide Fresnel receiver depending 
on the impinging radiation intensity and the receiver length, the inlet temperature 
being 200 °C 



wide range of diameters, taking into account invest and mainte
nance costs: material used, tubes fouling, etc. 

Finally, a numerical simulation has been carried out to obtain 
the optimal receiver length, depending on the radiation intensity 
impinging onto it and on the tubes diameter, which is depicted 
in Fig. 12. This has been done taking into account that the maxi
mum temperature of the oil Therminol VP-1 is around 392 °C, i.e. 
the fluid speed is optimized to maximize the exergetic efficiency, 
and if this gives an outlet temperature larger than its allowed max
imum, then it is fixed to 392 °C, obtaining the fluid speed from this 
constraint. When the pressure drop is above 10 bar the point is not 
drawn, as this would drive to unsafe conditions in relation to oil 
boiling. 

One can observe in Fig. 12 that larger radiation intensities con
vey to better efficiencies, as previously stated; nevertheless, the ef
fect of increasing from 8.3 kW/m2 to 16.6 kW/m2 is notably more 
important than from the latter to 25 kW/m2. This is coherent with 
the results formerly given, as well as with those given by Muñoz 
et al. [12], taking into account that the outlet temperature is 
limited. 

Fig. 13 shows the outlet temperature for the previous simula
tion, which is an important information for a proper analysis of 
the efficiency obtained. None of the optimized temperatures for 
an intensity of 8.3 kW/m2 reaches the maximum permitted, 392°. 
When the receiver's tubes diameter is 1.4 cm, the temperature is 
close to its maximum (900 m); however, the pressure drop is too 
high, in fact higher than 10 bar for a 1000 m receiver. For higher 
radiation intensities, the maximum temperature is virtually always 
reached, and thus a proper optimization is not carried out; the re
sults are then simply the solution to the simulation imposing an 
outlet temperature of 392 °C. Due to this constrain, the average 
fluid temperature is the same for these cases. 

Fig. 14 shows the thermal efficiency obtained in the foregoing 
simulations. One can observe, when comparing it to Fig. 13, that 
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when the outlet temperature is limited to its maximum, 392 °C, 
the thermal efficiency increases as the length does due to the high
er fluid mass flow and thus, the higher heat transfer coefficient. 
However, this has a saturation shape, and the thermal efficiency 
improvement is lower as the length increases. On the contrary, 
when the outlet temperature is not fixed to its maximum, thermal 
efficiency is inversely proportional to rout, as higher temperatures 
- obtained thanks to the higher total thermal power impinging 
onto the receiver - increase thermal losses. 

Figs. 12-14 give a global view of the plant optimization process, 
and the physics beneath. A decrease in exergetic efficiency is al
ways observed for long receivers when the tubes are too narrow; 
recall that the receiver cross section is proportional to the tubes 
diameter, and thus the fluid speed is proportional to the inverse 
of such diameter for a given mass flow. As a result, very narrow 
tubes imply an increase on pumping power that becomes of the or
der of magnitude of the thermal power, and the exergetic effi
ciency decreases as the receiver becomes longer. On the other 
hand, when tubes are wide and/or when the receiver is short, 
pumping power has an influence of second order on the process. 
When this happens, an increase on the receiver length implies 
either an increase on the thermal efficiency due to the increase 
of the fluid speed when its outlet temperature is already the max
imum allowable, or an increase on the outlet temperature thanks 
to a higher power impinging onto the receiver. As a result, there 
is an exergetic efficiency increase. 

Fig. 12 has a great importance for the development of linear 
Fresnel reflectors. It shows that even though the exergetic effi
ciency may vary importantly along the day, from 32% to 42% 
approximately, all maximum values for each radiation intensity 
are given for the same design of the receiver: 100 m length and 
tubes diameter of 1.4 cm. This implies that the same design is opti
mal for all operating conditions, and thus it is not necessary to find 
a compromise between noon and other time of the day, or summer 
and winter. 

In addition, it is remarkable that the efficiency obtained is not 
very different for 2.3 cm tubes, while for 7 cm the behavior gets 
worse. Therefore, the design for a good performance is flexible 
within a given range, and the final design can be fixed with de
tailed economic considerations. That is to say, technical uncertain
ties are not a design risk thanks to the robustness of the thermal 
behavior within some limits, i.e. 1-2.5 cm. 

Finally, it is worth noting that a solar power plant will be built 
by collector modules, and the optimization analysis carried out 
here is aimed at determining the module length giving the best 
performance. From Fig. 12 one can deduce that it is better to have 
three modules 300 m long than a unique module of 900 m if the re
ceiver's tubes diameter is in the appropriate range (around 1.4 cm), 
and for any radiation intensity within the range considered. 

4. Discussion on the computational results. The physics of linear 
thermal receivers 

The results observed in the previous section may be explained 
by easy-to-follow physical models. This is important when com
plex programing simulations are carried out, as it enables one to 
find out possible errors and to understand the process, making pos
sible to improve future designs. 

Two main processes must be kept in mind: on the one hand, 
the thermal process is governed by the heat transfer balance -
Eq. (1) - and the thermal energy balance - Eq. (2). On the other 
hand, the fluid mechanics process is governed by the hydro-
mechanical balance, expressed as the equality between the pres
sure drop along the circuit and the pressure boost given by the 
pump Eq. (3). 
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Fig. 15. Equivalent thermal circuit for the heat transfer process that takes place in a 
linear receiver. 

The heat transfer process might be studied by an equivalent ther
mal circuit with heat generation at the external surface of the tubes, 
i.e. at the selective coating, as depicted in Fig. 15. Heat might flow 
from there either to the environment, which is at a given tempera
ture rair, or to the fluid, at T¡. The thermal resistance to the environ
ment, Rioss, is the inverse of the global coefficient for thermal losses 
to the environment, Li. Therefore, the heat transferred to the envi
ronment mainly depends on the surface temperature. 

In the opposite thermal branch, there are two main thermal 
resistances in series from the external surface to the fluid: the con
duction through the tube wall, and the convection from the inner 
surface to the fluid itself. The former has the following definition 
for cylindrical tubes: 

Re 
log(Pe/Di) 

2nLk 
(13) 

where log refers to natural logarithm. Therefore, it is constant for 
any diameters as DeID¡ is constant - see Section 2. It results that 
the only thermal resistance that has an important variation with 
the receiver design is the internal convection resistance, that de
pends on the convection heat transfer coefficient, h, as follows: 

R - 1 o c 1 
Kcom ~ nnLD,h K h 

(14) 

With this easy-to-follow analysis one can observe that, for a gi
ven fluid temperature, increasing the heat transfer coefficient re
duces the thermal resistance from the outer surface of the tube 
to the fluid, thus reducing the former's temperature and so the 
thermal losses to the environment. Nevertheless, this effect is lim
ited by the conduction resistance: when Rconv becomes very small 
compared to Rcond. it is not advisable to still increase h if this im
plies an increase on pumping power, as this would have a negligi
ble effect on the thermal process. 

Design choices, namely the tubes diameter and the mass flow, 
have a thermal effect, making the heat transfer coefficient vary. 
This has been simulated by the correlation provided by Gnielinski 
[34], previously stated in Eq. (4), which gives the Nusselt number 
approximation with errors bellow 10% [35]. 

Additionally, the friction factor, /, was simulated by Moody's 
correlation, which depends on the relative roughness and on the 
Reynolds number. Therefore all physical phenomena depend on 
dimensionless numbers, Re and Pr, and on the tubes diameter, D, 
if other parameters such as the absolute roughness are fixed. 

The average fluid temperature has limited influence on the 
dimensionless numbers, and thus on both the fluid dynamics and 
thermal processes, as seen in Fig. 16. One can observe that, for 
the temperatures range considered, the effect of this parameter is 
lower than 20% for the heat transfer coefficient and 10% for the fric
tion coefficient. This is not actually important, especially taking 
into account that the values given by the equations used may have 
errors up to 10%. In addition, the average temperature range is half 
of the temperatures considered in this graph, and thus its effect 
may be considered of second order. 

However, the fluid temperature has a great effect on the overall 
process. On the one hand, high outlet temperatures imply high 
Carnot coefficients, C¡, and thus better exergetic efficiencies. 
This is given by the relation 1 - rair/rout, being its derívate 
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Fig. 16. Heat transfer coefficient and friction coefficient variation depending on the temperature for a 2.3 cm tubes receiver and 0.5 m/s flow speed. 

8Cf/dT0M = Tiir/T
2
0Ut. Therefore the effect on the exergetic effi

ciency of increasing the outlet temperature becomes less impor
tant for high temperatures. 

On the other hand, high fluid temperatures imply high tube sur
face temperatures as well, and thus high thermal losses. This pro
cess is governed by conduction, convection and radiation and thus 
cannot be easily expressed. However, it is obvious that thermal 
losses increase as the receiver temperature raises up with a trend 
with linear and fourth order exponential components, and there
fore, the effect of increasing the temperature becomes more 
important. 

Recall that thermal losses depend on the receiver geometry, on 
the materials used and on its temperature, but it does not depend 
directly on the impinging radiation. As a result, for a given receiver 
at a given temperature, if the radiation intensity is higher, the heat 
flow to the fluid becomes higher, the thermal efficiency being high
er as well. This explains that the maximum exergetic efficiency 
temperature is higher as the intensity increases (see Figs. 5, 6 
and 12). 

Regarding the Reynolds number, it depends on the fluid speed 
and on the tubes diameter. Considering Eqs. (5) and (9) it results 
that, for a given temperature 7}, Reynolds is proportional to the 
mass flow, as both are proportional to v-D. These parameters, D 

and Re, have an important effect on the heat transfer coefficient 
and on the pumping power, which may be expressed by scaling 
laws. 

It must be noted that, assuming Pr and/constant, Nu is propor
tional to Re, see Eq. (4). In addition, the heat transfer coefficient is 
directly proportional to Nu, and inversely to D. Therefore, it holds: 

h, m 
D 

(15) 

It was seen in Fig. 9 that, the mass flow not varying notably, i.e. 
Re approximately constant, h increases proportionally to 1/D. In 
Fig. 17 the heat transfer coefficient is depicted as a function of 
the inverse of tubes diameter (y axis) and the mass flow (x axis). 
One can observe that the distance between two following level 
curves is constant for a given m as the fraction 1/D increases, and 
for a given D as m varies, which is in agreement with Eq. (15). Re
mark that the heat transfer coefficient variation with the tubes 
diameter and the mass flow is notably larger than with the average 
fluid temperature, as seen when comparing Figs. 16 and 17. 

In the study of the flow dynamics process, it is deduced from 
Fig. 16 that the fluid temperature does not induce significant 
changes in pumping requirements. This is not the case of the tubes 
diameter and the mass flow. It was said in Section 3 that pumping 
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Fig. 17. Heat transfer coefficient (W/m2) depending on the tubes diameter and on 
the mass flow for an average fluid temperature of 300 °C. 
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power is proportional to i? and thus, from Eqs. (5) and (9), to m3 

and D-3: 

W p c x m 3 - ^ (16) 

This double cubic relation is seen in Fig. 18, where the pumping 
power does not vary for low 1/D and m, but increases rapidly for 
large values. 

A simplified way to present the problem to be optimized is as 
follows: a given mass flow m of the heat carrier fluid, with a spe
cific heat cp, must enter the collector, with a given impinging ther
mal flux, at temperature Tin, and exit it at Tout, i.e. it must gain a 
thermal power (¿gain- A thermal optimization process would consist 
in finding the shortest collector to get this heating, i.e. the number 
of tubes producing the highest linear thermal power density across 
the tubes toward the heat carrier fluid, from the heat source gen
erated by the radiation absorption in the selective coating. 

It has been seen that Re oc m, and so it would be constant for 
this simulation. Thus, from Eq. (15), h oc 1/D. Assuming the ther
mal circuit seen in Fig. 15, and taking into account Eqs. (13) and 
(14) it holds that the global coefficient for heat transfer to the fluid 
is: 

; ficond+Kconv d-D + b 

where a and b are two constants. Therefore, decreasing the tubes 
diameter always means increasing the global coefficient for heat 
transfer to the fluid, but with an hyperbolic limit in l/Rcond; due 
to this limit, it makes no sense to use tubes as narrow as possible. 
In addition, this would convey to an increase of pumping power, 
which is exclusively proportional to cubic exponential of the in
verse of the tubes diameter if the mass flow is considered constant 
- see Eq. (16), and so would diminish the net electric power pro
duced by the power plant. 

5. Elements for linear receiver thermal optimization 

The foregoing analysis and numerical simulations of the ther
mal performance of linear receivers, and more specifically, of Lin
ear Fresnel Reflectors receivers, point out the existence of an 
interesting design window at moderate values of the radiation flux 
impinging onto the selective coating of the receiver. These flux val
ues are in the range from 8 to 25 kW/m2, which is an average con
centration level easily obtained by parallel Fresnel mirrors along 
the day. The radiation flux can be higher in the central tubes of 
the receiver, as seen in Fig. 3, but results of this work could be 
extrapolated for these values. 

The width of the receiver, i.e. the transversal distance covered 
by the tubes of the receiver, is mainly fixed by the features of the 
concentrated solar beam coming from the Fresnel array, and it 
can be determined by the criterion of capturing 100% of all re
flected photons at all relevant moments with sizeable sun power. 

In this paper, the width was fixed to 49 cm in order to simulate 
the thermal interaction and response to low-quality concentrators; 
for obtaining a radiation of 25 kW/m2 in a 49 cm wide receiver, the 
solar field would need to be around 20 m wide, which is the case of 
the Fresdemo plant [41,42]. In a given design, the concentrated 
radiation inherent aperture - which is affected not only by the nat
ural aperture of the solar beam, but also by the tracking system and 
the mirrors quality - will be better known, and the transversal 
width of the receiver could be fixed more accurately. 

The receiver's tubes diameter, D, which will fix the number of 
tubes for a given receiver width, and their length, L, for each recei
ver module are the design variables that must be fixed by applying 
the analysis formerly stated. Once the receiver is built, neither D 

nor L can be changed; however, the width of the receiver where 
radiation flux is impinging may vary along the day and the year, 
and some tubes should be closed at that time via valves. The main 
objective of this study is to establish appropriate criteria for deter
mining the optimum diameter and length. 

There are two parameters representing operational conditions: 
the concentrated radiation intensity and the inlet temperature of 
the fluid, although the latter is also a design parameter of the heat 
exchanger (heat carrier fluid - power block working fluid). The 
radiation intensity depends on the solar data, and also on the 
reflecting features of the array, while the inlet temperature is a va
lue that can be managed to some extent by the plant operator, but 
only if the operating conditions of the thermodynamic cycle can 
undergo variations within some limits. In the project of a given 
plant, an operational range of values must be selected for each of 
these variables. 

A last parameter representing operating conditions is the heat 
carrier fluid velocity inside the tubes. It is related to the tempera
ture jump undergone by the fluid along the solar receiver, and it 
has a paramount importance in relation to the pressure drop and 
the pumping power associated to it. The outlet temperature has 
a great impact on the thermal performance of the CSP power plant: 
on the one hand, very high temperatures imply better efficiencies 
at the power block, represented in the exergetic efficiency by the 
Carnot coefficient; on the other hand, the higher the temperature, 
the higher the thermal losses. As a result there is a temperature 
range for maximum efficiencies that mainly depends on the radia
tion intensity; such temperature is obtained by varying the mass 
flow within the receiver. Recall that the radiation flux is not uni
form, and so the different tubes of the receiver would have differ
ent thermal fluxes. This could be used for having different streams 
in different set of tubes depending on the thermal flux, thus opti
mizing the use of the energy. 

A set of important facts and conclusions were derived from the 
previous analysis and discussions, in order to maximize the net 
power output of the hypothetical plant for given operating condi
tions. It has been shown that when varying the tubes diameter for 
given radiation intensities and receiver lengths, a maximum on 
exergetic efficiency is found. If tubes are narrower that such opti
mum value, pumping power become too important, the efficiency 
decreasing. If, on the contrary, the tubes are wider, the thermal 
process gets less effective, with the same result. 

The optimum tubes diameter does not vary considerably when 
the radiation intensity does; this is good news for designing a lin
ear Fresnel receiver module, because the choice of the tubes diam
eter and their length would be done regarding at an optimum 
configuration for the whole day, even though radiation intensity 
changes along the day and the year for linear Fresnel reflectors. 

For this purpose, relevant information was presented in Fig. 12, 
where it can be seen that the exergetic efficiency goes down as the 
receiver unit becomes longer, particularly at low values of the radi
ation flux. This sets up the binding requirement for determining L. 
The optimum design choice is the use of narrow and relatively 
short tubes (1.4 cm diameter - 100 m long). The average thermal 
efficiency of a receiver working in the cited range of concentrated 
radiation (from 8 up to 25 kW/m2) would be around 70% (Fig. 14), 
which seems a very suitable value for a very simple and robust CSP, 
and therefore much less expensive than other conventional alter
natives. Nevertheless, it is of paramount importance to use the re
ceiver configuration chosen in this work, and to follow the criteria 
established in the foregoing paragraphs of this section. 

Additionally, a plant of this type would have a flexibility that 
could play an important role in the management of the plant. In 
particular, the operator could vary the inlet temperature and the 
fluid speed to modify the thermal output of the plant, if needed 
by any reason (for instance, a transient caused by a set of clouds). 



Information on the effects of these variations on the plant thermal 
output could be calculated as a part of the operating instructions. 

Last but not least, it must be underlined that the maximum 
exergy efficiency is found at an outlet temperature which is higher 
for higher intensities of the radiation flux. To some extent this is an 
anticipated fact, because the outlet temperature has an important 
weigh in computing exergy, but it is an important hint in the sense 
that the optimum outlet temperature may not always be the max
imum temperature allowed by the heat carrier fluid. In any case, 
having better Fresnel arrays producing more concentrated radia
tion fluxes, would have a positive effect on the overall energy out
put and efficiency of the plant. 

6. Conclusions and future work: a niche for cheap ways to 
exploit CSP 

Concentrated solar power development in last decade has con
sisted in Parabolic Trough Collectors similar to those installed in 
Mojave Desert during the 1980s and 1990s. This is mainly due to 
their maturity, which makes them a lower risk option. Neverthe
less, currently built power plants are dealing with some problems 
that increase considerably capital and maintenance costs: 

• The receiver is not fixed, and so rotating joints are necessary to 
follow the sun. High pressures and temperatures of the heat 
carrier oil can cause fluid leakages through these rotating joints, 
with negative effects on the environment and on the operators 
health. 

• There must be metal-glass welds at the ends of each module of 
receiver tube, as a consequence of the vacuum between the 
selective coating and the tubular window. These welds are sub
ject to failures along the collector life-time, and the correspond
ing 4 m long tube has to be substituted, with important 
economic consequences. 

• The mass of materials (glass, steel, concrete, etc.) required for 
troughs is enormous. Taking into account the foundation of 
the pillars to support the receiver rotating structure, the weigh 
is around 250 kg/m. It is remarkable that a 50 MWe (without 
thermal storage) typically has 60 km of trough modules, and 
requires more than 6000 tonnes of steel, i.e. an amount of steel 
larger than that of a 1000 MWe nuclear power plant. 

These problems have conveyed to research in other technolo
gies, with the main objective of reducing costs on CSP. Linear Fres
nel reflectors arise as one possibility with a great potential for cost 
reductions, thanks to its fixed receiver, with no need for vacuum 
and, therefore, no need for metal-glass welds, and with cheaper 
mirrors installed on lighter structures. 

Nevertheless, linear Fresnel reflectors achieve lower average 
concentration ratios, and vary a lot along the day and the year. In 
addition, reflected beams from the furthest mirrors must travel a 
long distance until impinging onto the receiver, and so deviations 
due to the angular intensity distribution across the sun's disk, as 
well as to tracking and reflecting errors, imply the need of large 
receivers. As a consequence, Fresnel receivers designed until cur
rent time consisted on a secondary reflector and a tube with a large 
diameter; it has been seen in this work that the use of such receiv
ers leads to very poor thermal performance. This fact has discour
aged the development of this technology. 

However, the use of a multitube receiver would increase greatly 
the thermal efficiency of the LFR, without having an important con
sequence in pumping power requirements. It has also been found a 
design window for these receivers, which is defined by the tubes 
diameter (in a range of 1-2.5 cm) and their length (from 100 m 
to 300 m). A deep study of this design window for a definite project 

Fig. 19. A sketch of a LFR array with a dual receiver facing each half of the solar 
field. 

will give the exact values for an optimum integrated thermal 
performance. 

Multitube receivers have other advantages, such as the opera
tional freedom for making flow more fluid by tubes where radia
tion intensity is higher and less by lateral tubes. Another 
operational mode would be the flow in series by different set of 
tubes, in the sense that periphery tubes can be devoted to preheat 
the fluid when going in one direction, flowing then by the central 
strip for the final heating up to the maximum temperature. In addi
tion, as tubes are relatively narrow, thermal flux for each tube is 
more uniform that it would be for a unique large tube, hot spots 
being less important. 

Future work in this field will address some transient analysis of 
the receivers; this includes effects produced by rapid variations of 
the concentrated radiation, and by thermal energy storage, which 
seems to be a very interesting complementary system for obtain
ing the best result of the collector along an integrated period 
[43,44]. Present work establishes the basis for future studies, 
where the optical and thermal processes will be coupled for a more 
accurate understanding of the process, taking into account the map 
of radiation flux. 

This receiver must be coupled with mirror arrays able to pro
vide radiation intensities in the range identified in this paper, at 
a minimum cost. Future research activities should work in this 
trend to advance properly in the learning curve for CSP, in order 
to get a significant reduction in the cost of electricity. In this new 
quest, an alternative on the position of the receiver should be stud
ied at depth, for assessing the potential improvement in the optical 
connection between the mirror arrays and the receiver, as can be 
seen in the sketch of Fig. 19. 

The receiver can be split into two halves, placed with some tilt 
angle from horizontal, so that the concentrated radiation impinges 
onto the receiver window glass with a small angle from normal 
incidence, which can improve the window transmissivity. 
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