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Abstract

Direct steam generation is a promising alternative to conventional HTF for solar thermal power plants. The optical
equivalence of parabolic through collectors and linear Fresnel reflector demonstrated by several authors has led
to the proposal of the integration of direct steam generation in linear Fresnel reflector systems for Steam Rankine
power plants; as the Puerto Errado (Portugal), Kimberlina (USA) or Liddell (Australia). With this background, in
the present paper a 2E analysis (energy and exergy) of a conceptual configuration solar power plant with Fresnel
reflectors and direct steam generation, coupled to a Steam Rankine power cycle, is developed in order to establish
a reference for a future implementation of this technology and show its viability against parabolic trough plants
in México.
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1. Introduction

Solar plants for conversion of thermal energy into electrical energy through power cycles have been oriented to
solar fields with parabolic trough collectors (PTC). In recent years, there has been an increasing interest in using
Fresnel reflectors due to low operating costs and the possibility of using direct steam generation. Unlike the
parabolic collector, the analysis has been carried out by different research groups are oriented towards a single
configuration of Fresnel reflectors (LFR), which still limits the analysis of results.

Commercially, direct steam generation (DSG) is still not in use because the PTC presents thermal stress problems.
However, Fresnel reflectors do not present this disadvantage, so that currently one of the trends is towards this
direction since it avoids the use of exchangers of heat and increases thermal performance by simplifying the
configuration of the entire system. The DSG implies that the only working fluid is water, circulated through the
solar field, where a phase change occurs. Then, the steam, at high pressure and temperature, is injected into the
block. However, the technical limitations of using DSG in PTC that does not occur in the LFR, such as low thermal
stresses, has made the tendency to perform power cycles with CSP and DSG using LFR, (Coco-Enriquez et al.,
2013; Montes Pita, 2008; Ravelli et al., 2016).

Power plant modelling plays a crucial role in the design assessment and prediction of plant performance. This
implies performing simulations to obtain background for future application. Aforementioned, it is essential to
support the decisions related to the investment and design of CSP plants, since this helps in the prediction of the
economic, energetic and operational characteristics of a real plant; outwardly the associated risks of possible
accidents and system failures, which may render an installation unusable (Morin, 2012).

In this regard, several researchers have performed DSG analyzes with LFR, such as Giostri et al. (2013) compare
the thermal performance of two solar plants (PTC with thermal oil and LFR with DSG) and show that the solar
field using DSG presents better performance than if oil is used for the same operating conditions; Similarly, Sun
et al. (2015) simulated numerically a solar plant with a parabolic channel in recirculation through a 2E analysis,
to determine the energy and exergy efficiency of the system. Alternatively, Montes et al. (2016) have developed
a thermal model applied to the comparative study of the thermal performance of the LFR receiver based on
different parameters over the FRESDEMO field.
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In the present, a 2E analysis is developed for a configuration of a conceptual solar power plant with Fresnel
reflectors and direct steam generation for Agua Prieta, Sonora; using an optically optimized LFR field. The
developed model differs from those presented by other authors in the sense that the Adiutori methodology (2017)
is introduced to avoid the use of the convective coefficient in a heat transfer study in solar concentration systems.
Thus, the model reduces the calculation time and ensures a better tolerance of convergence in the results.

1.1. Structure and scope

As mentioned previously, a simple and flexible heat transfer model is developed, which will be described in detail
in Section 3 taking into consideration de opto-geometric description presented in Section 2. Regarding the opto-
geometric description, the Fresnel field has been optimized for the locality, so more energy can be used for the
thermal process; while the 1-D thermohydraulic model has been developed (Alobaid, 2018), and validated with
simulations done by another researchers over the FRESDEMO field (Mertins, 2009; Montes et al., 2016), in order
to quantify the energy and exergy in the receiver and the whole system as, exploiting the geometrical properties
of the model.

2. Opto geometric description of the LFR field

Even though the optical nature of LFRs is simple, there are very few data available to describe a Fresnel reflector
field (Boito and Grena, 2016); many parameters need to be considered for the design of a Linear Fresnel Reflector
Systems (Karathanasis, 2019). Considering some descriptions of various Fresnel reflectors, a field similar to the
configuration of FRESDEMO (Fig. 1) is assumed to fix some design parameters; which is located at Plataforma
Solar de Almeria, Spain.

Fig. 1: Main geometrical parameters of the FRESDEMO field (Bernhard et al., 2014).

The conceptual solar power plant takes the FRESDEMO’s field as reference, so an optical optimization has been
done for the city of Agua Prieta, Sonora (North-West of México), which full description has been done for
optimizing the intercept factor, result of having increased the height of the receiver and modified the CPC of the
second stage of the cavity, maintaining the opening area of the receiver (Gonzalez-Mora and Duran Garcia, 2018).

In Tab. 1 the geometric description of the field is shown, while in Fig. 2 the IAM is shown and Fig. 3 the average
optical concentration in the receiver plane. These graphs are used in the thermal model to establish the variance
in output performance of a solar collector as the angle of the sun changes regarding the surface of the collector.
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Fig. 2: Incidence angle modifiers for longitudinal (K;) and transverse (K,) directions (Gonzalez-Mora and Duran Garcia, 2018)



E. Gonzalez-Mora et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

— Ty 0T
T 7R £ —
osf 18
,,,,,,,,,, N
53.55. —
| - - e
06 TTU6426-- R
— R s
T e T
‘H-\.‘ T
08 o S,
---- 85 68 —re__ SO
e N .,
o ', Ay
R 9,39 ) \
- ‘|
) o
0 02 04 06 08 1
Kl

Fig. 3: Average optical concentration in the receiver plane

Tab. 1: Geometrical parameters of the optimized field for Agua Prieta, Sonora (Gonzalez-Mora and Duran Garcia, 2018).

Parameter Agua Prieta
Number of primary mirrors 25
Solar field width [m] 21
Total length of the primary mirrors [m] 100
Width of the primary mirrors [m] 0,6
Filling factor 0,7143
Receiver height [m] 15
Receiver width [m] 0,5
Absorber tube outer diameter [m] 0,14
Absorber tube inner diameter [m] 0,125
Semi-angle acceptance of the CPC [°] 66,30
Intercept factor 0,7231
Receiver length [m] 100
Geometric concentration of the CPC 1,1368
Geometric concentration of the entire field 34,1046
Peak optical concentration 107,1430

3. Thermal model of the LFR

Taking as a starting point the models described by Montes et al. (2016), who applied the analysis for the
FRESDEMO field, and the one from Veynandt (2011), who carried out the analysis of direct production of hot
air Fresnel field, the 2E thermal model for the receiver is developed. The model proposed uses the energy balance
equations at each surface of the cavity, schematically shown in Fig. 4 a. In Fig. 4 b the thermal resistance model
equivalent to the heat transfer in the receiver cavity is represented. All the terms in Fig. 4 are defined in Tab. 2.
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(a) Cross-section of the cavity in the receiver (b) Thermal resistance model for the receiver cavity

Fig. 4: Heat transfer model in the cavity.
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The thermal energy equations are determined by applying the energy balance to each surface of the cross-section
of the receiver cavity according to the resistant thermal model of the Fig. 4 (b); with egs. (1) — (6) and an additional
balance equation for the change in enthalpy of the HTF while flowing through the absorber tube, eq. 7.

q,21,conv = q,32,cond (eq. 1)
4'3s01aps = 4'32,cona + 4'3raa + 4'3,conv + 4’ supp,cona (eq. 2)
q'45,cond = 4 4501405 T 4 araa + ' 1.conv (eq. 3)
q'45,cona = q'ssraa T 4'ss,conv (eq. 4)
q'67,cona = q'6raa + q'6,conv (eq. 5)
q'7,s01a0s + 4'67,cona = 4'78,raa + 4'78,conv (eq. 6)
4'21,c0nv = o (hisar — hient) (eq.7)

Luce

The terms of conduction, convection, and radiation will be treated first as thermal resistance. The advantage of
using the concept of thermal resistance lies in the ease of working with the three mechanisms of heat transfer
together, so that heat transfer can be encompassed by:

. AT
q

Rltertot

(eq. 8)

Tab. 2: Definition of heat flux in the cavity.

Heat flux [W/m] Heat transfer mode Heat transfer path
From To
q'21.conv Convection Inner absorber tube Heat transfer fluid
q'32,cona Conduction Outer absorber tube Inner absorber tube
4’ supp,cond Conduction Outer absorber tube HCE supports
q'3.5014bs Absorption of solar radiation | Incident solar radiation | Outer absorber tube
q'3rad Radiation Outer absorber tube Cavity
4’3, conv Convection Outer absorber tube Cavity
G 4rad Radiation CPC surface Cavity
Q' aconv Convection CPC surface Cavity
Q' 4,501405 Absorption of solar radiation | Incident solar radiation CPC surface
G’ 45,cond Conduction CPC surface Insulation
q's8rad Radiation Insulation Environment
4’58 conv Convection Insulation Environment
q'6rad Radiation Inner Pyrex surface Cavity
q'6,conv Convection Inner Pyrex surface Cavity
q'67.cond Conduction Inner Pyrex surface | Outer Pyrex surface
47 so14bs Absorption of solar radiation | Incident solar radiation | Outer Pyrex surface
q'78rad Radiation Outer Pyrex surface Environment
q'78 conv Convection Outer Pyrex surface Environment

3.1. Convection heat transfer

To calculate the heat transfer by convection between the three internal surfaces of the cavity, there is no direct
methodology, due to the geometry that involves the relationship between non-conventional surfaces; however,
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using a series of dimensionless groups it is possible to apply it to a great variety of cases with relevant
modifications (Alhama Lépez, 2012; Simon et al., 2017). Some correction proposals have been made for the
relationships of conventional surfaces through a complete and detailed study of the geometry of the CPC, the most
relevant being the one proposed by Veynandt (2011) and Montes et al. (2016), who proposes to approximate the
cavity to an annular space between two long concentric cylinders (where the inner cylinder, absorber, is warmer
than the outside, free flow of the cavity), to use as an approximation the correlation of Raithby and Hollands
(1975), leading to:

.y _ (Ti-To)
CIconv,i -

(eq. 9)

I,
R Lconv

where T; is the temperature of the i-th surface (outer absorber tube, CPC or inner Pyrex surface), and T, represents
the corrected temperature of the weighted surface temperatures, which is based on a detailed study of the
isothermal lines in the stratified temperature distribution for the cavity, validated by the experimental work and
the numerical simulations of Kuehn and Goldstein (1976).

For the back shell of the insulation, the convective heat loss is calculated by different correlations for the case of
wind or absence of wind; if the back shell of the insulation is considered as a horizontal semi-cylinder, the
correlation of Churchill and Chu (1975) is applicable. In the case of forced convection, the correlation of
Zukauskas (1972) is adequate; considering the external diameter of the absorber as the characteristic length of the
system.

The glass window in the receiver is modelled as a horizontal plate heated by the bottom so that the convective
heat loss is calculated by different correlations for the case of wind or absence of wind. If there is no presence of
wind, the Nusselt number is determined by the McAdams correlation (1954); otherwise, the Pohlhausen relation
is applicable in the case of laminar flow (1921); while, if one has a turbulent flow condition, the relationship of
Chilton and Colburn is adequate (Bergman et al., 2011).

Internal convection from the inner tube to the HTF is divided into two zones (involving the three fluid regimes):

e Monophasic fluid (subcooled liquid and superheated steam).
e  Two-phase fluid (liquid-vapour mixture).

In the first case, the Gnielinski correlation (Bergman et al., 2011) is used, which has the advantage that it is valid
for a large interval of the Reynolds number. The relationship of Gnielinski is complemented with the friction
factor described by Zigrang and Silvester (Nellis and Klein, 2009). In the second case, the correlation of Gungor
and Winterton (1986) for two-phase flow is used because of its simplicity. One of the advantages of this model is
that it can be used to predict the behaviour of any working fluid, both single-phase and two-phase.

3.2. Radiation heat transfer
The heat transfer by radiation ¢';; 4, is determined by the Stefan-Boltzmann equation for heat flux between two
bodies with emittance ¢; and surface temperature T;, considering that in the case of a small convex object - like
the receiver - this thermal energy radiates towards a much larger surface (the equivalent sky) (Bejan, 1993; Duffie
and Beckman, 2013; Nellis and Klein, 2009), as stated in eq. 10.

_ T

q,ij,rad - (eq 10)

!
R'ijrad

To model the transfer of heat by radiation from one surface to another inside the cavity, as in the case of the
absorber tube to the window of the receiver, the use of thermal resistance will not be used; so that the equation
modelling this phenomenon considers the radiosity and the vision factor of the system only as a surface
phenomenon. According to Siegel and Howell (Howell et al., 2015), the radiosity can be determined by

Ji = &oT + (1 — €)X, J;Fi-j (eq. 11)

where J; is the radiosity of the surface, ¢; is the emittance, T; is the temperature of the surface and F;_; is the
surface vision factor from i to j, which is calculated using the eq. 10; that relates the geometries of the surfaces
involved in the process, as well as the areas of each surface (Howell et al., 2015).

1 cosB;cosf;
Fi—j = A_ifAl' fAJ#dA]dAl (eq 12)
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where S is the normal distance between surfaces, 6 is the angle of the normal to the surface and A is the area of
the surface. It is necessary to emphasize that the normal of the surface i points towards the surface j, and that the
surface j points towards the surface i. In the case of closed cavities, the sum of the vision factors must be unitary
(Howell et al., 2015). Thus, the heat transfer by radiation (per unit length) for each surface is then determined by

Qi raa = Li(&0TH + (1 — &) X;JFi—j) (eq. 13)

3.3. Conduction heat transfer
The conduction heat transfer is modelled according to eq. 14.

Ti-Tj

q,ij,cond = R eond (eq. 14)
The heat losses of the supports are determined by considering that each HCE is placed in the focal line of the
concentrator through supports that go from the structure of the concentrator to the absorber. There is a support at
the end of each HCE, 17 in 100 m (approximately every 6 m of the receiver length). The losses of the support
are approximated by treating the support as an infinite fin with a base temperature of 10 K less than the
temperature of the external surface of the absorber (T;) at the point where the support is fixed. This estimated base
temperature accounts for heat losses along the short distance from the support fixation to the minimum area of the
cross-section, which is assumed to be the base of the fin (~ 5 cm with ~ 4 ¢m insulation) (Forristall, 2003; Montes
et al., 2016). The thermal resistance and the heat loss of the support are estimated with the following equations

(Bergman et al., 2011):

’ _ LHCE
R supp,cond — [ — (eq 15)
(thbkAcs)c,supp
1 _ Tsupp—Ts
q supp,cond — R’ (eq 16)
supp,cond

where h, is the average support convection coefficient, P, is the support perimeter, k is the thermal conductivity
of the support, A is the minimum cross-sectional area of support. The coefficient i, depends on the wind speed.
In the case that there is no wind, Churchill and Chu's relationship (1975) allows Nusselt's number to be determined.
In the case of wind, the Churchill and Bernstein (1977) relationship is applicable. The reference temperature for
calculations is estimated by (Tyqse + Te) / 3 as proposed by Forristal (2003). In this model, the heat losses in the
tubes manifold are ignored.

3.4. Absorption of solar radiation

The absorption of solar radiation in the tube, the CPC and the window are considered as surface phenomena, so
each term can be calculated by egs. 17-19, where 74, is the Pyrex glass transmittance, p, is the CPC reflectance,
a;; is the absorptance for the tube, CPC and Pyrex glass, and q'iy, yec—nce 1S the incident solar radiation flux in the
receiver, taking into account the primary mirror’s reflectance and the IAM.

.y _ .1

q 3,5014bs = T67P4%239 inrec—HCE (eq. 17)
N 'y

q 4,5014bs = T67%459 in,rec—HCE (eq. 18)
.y _ - !

4 7s01abs = X679 inrec—HCE (eq. 19)

3.5. Energy efficiency
The thermal efficiency of the first law is defined as the quotient of the useful power and the available power (or
input to the system). Thus, the thermal efficiency of the Fresnel reflector is calculated using eq. 20, and the receiver
efficiency with eq. 21.

NiLFR = —Q»Q_HTF (eq. 20)
inpm
Q
Nirec = Qi:::c (eq 21)

3.6. Exergy analysis
The input exergy to the system is the exergy irradiated from the Sun. The Parrot’s model (1978) quantifies the
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exergy of solar radiation on the earth's surface; that is, consider the transfer of radiative exergy between the surface
of the Sun and the earth's surface, as stated in eq. 22.

. 1 4
B, = DNI [1 - g%u — cos 0,)% +§(;—°) ] (eq. 22)

Considering a steady-state system is, the exergy balance of the receiver will be:

Brec = (1 - ;_Z) Qin,rec (eq 23)
3.7. Exergy efficiency

Similarly to the energy efficiency, the exergy efficiency is calculated for the Fresnel reflector (eq. 24) and for the
receiver (eq. 25).

B,
NiLFR = ;Zc (eq. 24)
__ Burr 25
Nirec = Broc (eq. 25)

4. Thermal model validation

As explained in the previous section, the thermal model consists of 29 equations and 29 unknowns that are grouped
into 7 final equations, eqs.1-7, which involve 7 well-defined groups:

e Group 1: 4 solar absorptive equations to calculate §'s soiaps: G'a,501a0s: 4'5.501abs+ 4’7 S01abs)
*  Group 2: 4 conduction equations (q'sz.cona: q'supp,cona: 4'as,cond: 4'67,cona)

e Group 3: 6 convection equations (4’21 conv: 9'3,convs 4 4.convs 4's8,convs 4'6,convs 4'78,conv)
e Group 4: 5 radiation equations (4's raa: 9'4raa> 9'ssraar 9 6,raar 9'78,raa)

e Group 5: 3 radiosity equations

e Group 6: 7 balances, one per node from 2 to 7 plus the central one of the cavity

e Group 7: fluid energy balance to calculate the increase in the enthalpy of the fluid

At this point, it is pertinent to mention that the proposed model is non-linear, however the methodology proposed
by Adiutori (2017) is used with the purpose of being able to solve directly for temperatures and heat fluxes,
transforming the convective coefficients by functional relations of the heat flow and temperatures, thus avoiding
the solution by iterative methods, as proposed by Heimsath et al. ( 2013), although this does not exclude that the
solution is numerical applied to each HCE of 5,88 m. This length has been chosen since 17 supports are distributed
over 100 m of length.

To validate the model, the analysis parameters of the Montes et al. (2016) model have been tested and the system
of equations has been solved to obtain the temperatures and heat fluxes involved in the receiver. Once the analysis
has been carried out, the results are compared with those shown by Montes Pita et al. (2016) and Mertins (2009)
over the FRESDEMO field. The validation criterion proposed is that for the reported graphs of heat losses, the
following conditions must be met:

e Heat losses must be of the same order of magnitude (400 to 1800 W /m)
e  The graph must be congruent with both models

e  There should not be a discrepancy greater than 10%

The first two conditions are directly evaluated when comparing the data of the overlaid graphs in Fig.5. where it
is appreciated that the results are bounded by both models. The third condition is verified with the error bars
shown in Fig. 6 (a) and (b) where it is perceived that the most significant error is at the beginning of the heating
zone, although it does not exceed a value of more than 5%, therefore, the value of the discrepancy in this zone is
accepted.
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5. Thermal performance characterization of the system

Once the thermal model has been validated, we proceed to apply it directly to the case study with the objective of
establishing the length of the loops that will make up the solar field; and also, to be able to thermally characterize
the loop by means of an evaluation of the energy and exergetic performance to compare it with the performance

of other Fresnel loops and even with parabolic channels for the same power range.

With the help of software Meteonorm (2018), it is possible to establish the climatological conditions that will be
the initial values to begin the application of the model, which are summarized in the Tab. 3 for the design day,

(June 21%).

The thermal model is applied to the simulation of each HCE that makes up the solar field that is described in
Section 2, operating in steady-state in a single operation: preheating, evaporation and superheating. The optimized
LFR field will heat 4,2 kg/s of steam at 100 bar enters at 518,3 K and leaving the field at 673,15 K, which are

similar values with those adopted in other simulations (Coco Enriquez et al., 2014; Montes et al., 2016).

Tab. 3: Meteorological data for Agua Prieta, Sonora

Parameter 21% June
Day of the year 172
Atmospheric pressure [bar] 0,886
Ambient temperature [K] 300,05
Effective sky temperature [K] | 271,95
DNI [W /m?] 856,4815
Wind speed [m/s] 4,1

The graph plotted in Fig. 7, shows the rise of temperature of water while flowing through the 623,5 m of the loop.
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The length of the loop is divided into three regions:
e Preheating: 88,6 m (14,2%)
e Evaporation: 423,9 m (68%)
e  Superheating: 111 m (17,8%)
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Fig. 7: Water/steam temperature along the optimized Fresnel loop in once-through operation mode.

The graph in Fig. 8 shows the increase in heat losses per unit length concerning the temperature difference between
the fluid and the environment. When performing the thermal performance analysis of both the receiver (red line)
and the concentrator (black line), it is clear that after the phase change, the decrease in performance is
considerable. In the first HCE, the performance of the concentrator is 0,47 while that of the receiver is 0,71; at
the exit of the loop, the first fall to 0,28 and the second to 0,42. This decrease in energy efficiency is shown in
Fig.8.
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Fig. 8: Energetic performance of the linear Fresnel reflector and receiver.

Unlike energy efficiency, the exergetic performance of the receiver, it has different behaviour on the receiver's
energy performance, but not the exergetic performance of the concentrator, as shown in Fig. 9. The above is
explained because the energy efficiency decreases with increasing working temperature, since the heat loss is
greater, while the exergy performance increases with temperature, but this increase is lower at higher
temperatures. In the first HCE, the exergetic performance of the concentrator is 0,67 while that of the receiver is
0,14; at the exit of the loop, the first fall to 0,19 and the second reaches 0,40.
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6. Conclusions

The model to analyze the thermohydraulic behaviour is described, taking as reference models of heat transfer
reported for Fresnel systems for direct steam generation. The pertinent parameters were adjusted to achieve the
convergence, which was validated with error bars on the graphs of heat losses against the temperature difference
of the fluid of work and the environment, reported by the mismatch models, where the error does not exceed 5%
for the values reported by other researchers over the FRESDEMO field, in such a way that the adaptation of the
model using the Adiutori’s methodology for heat transfer is considered valid.

The difference with other models lies in two fundamental features: First, the model is implemented each 5,88 m,
to simplify the simulation of losses through the supports. Second, the model is solved by a direct numerical
method, in which all convection heat transfer equations are transformed into functions depending only on the
temperature of each surface. This grants to solve the model directly for temperatures and heat flows with no
iterative process.

Once the model has been validated with the FRESDEMO’s simulations data, it has been applied to the locality of
Agua Prieta, Sonora, in order to determine the length of the loop for a direct steam generation power plant,
resulting in 623,5m with water/steam as the working fluid; where the optical optimization described in
(Gonzalez-Mora and Duran Garcia, 2018), is appropriate to reduce the length of 1000 m of the FRESDEMO field
for the same thermal process.
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