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Abstract. The development of technologies for the benefit of solar energy has been outstanding in recent years due to
its enormous potential use for generating electricity. Among these technologies highlights the Concentrated Solar Power
(CSP) that concentrate the solar radiation to a specific point. Because of the concentrators are subject to seasonal
variation of solar irradiation is of great importance the development of mathematical models to calculate this energy.
This work, more precisely, proposes a technique for calculating the amount of solar energy that optimizes the operating
time of solar concentrators, particularly the Linear Fresnel Reflectors (RFL). The technique is to establish an algorithm
for direct normal irradiance calculation purposes taking into account the thermal analysis of the energy losses associated
with the operation of this type of system. The model to be applied to climate conditions of the city of Natal/Brazil, but can
also be used for other parts of the world.
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1. INTRODUCTION

Concentrated solar power (CSP) collectors are panels that capture the sun’s radiation and redirect to a single point.
They can take different formats in which we can detach the Cylindrical Parabolic Concentrator (CPC), Parabolic Disc
(PD), Linear Fresnel Reflector (LFR), Central Tower (CT), among others.

In the case of LFR a set of plane mirrors turn direct the solar radiation to a central receiver. In the pipes installed
within these receptors circulates a fluid, which can be water, which receives energy from solar radiation increasing its
temperature and can be used to move a turbine in a Rankine cycle.

Depending on the application required, the CSP technology can provide a wide range of capacity in power generation
ranging from a few kV to 50 MW (Fernandez-Garcia et al., 2010). The use of synthetic or organic oil has been widely
used as working fluid because of its low cost (Purohit ez al., 2013). However, the use of molten salt as working fluid gives
higher temperatures allowing to the turbine to operate more efficiently (Desai et al., 2014).

For the optimization of concentrated solar energy systems a number of parameters must be analyzed, among them
stands out direct normal irradiance (DNI) (Desai et al., 2014). The direct normal irradiance corresponds to the energy
variation rate that focuses per unit area (W/m?).

Due to variation DNI throughout the day and seasons, determine the amount of captured radiation is essential for
design, as this will determine how much energy can be produced by a system utilizing solar concentrators.

In this work, first will be held a thermodynamic analysis of a LFR field and will apply the theoretical concepts
developed to make a simulation for the city of Natal/Brazil.

2. THERMODYNAMIC ANALYSIS

In the Fig. 1 the system scheme is presented in analysis.
By Canavarro (2010) we see that the efficiency of a solar collector is given by,

Heat rate utilized in the receiver anm

(1

Mool = Heat rate incident in the collector Qm .

As the heat rate utilized in the receiver is the difference between the heat rate absorbed by the receiver (Qabsﬂ.ec) and
the heat rate lost in the receiver (Qos,rcc), and the heat rate incident in the collector is given by the product between the
irradiance in the design (/p) and the solar collector area,

Qabs rec Qlos rec
— ) ) 2
Tcol Ip - Ap 2)
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Figure 1. Scheme of a LFR system

By Stine and Geyer (2001), we have the definition of optical efficiency given by:

Heat rate absorbed by the receiver Qabs,ec _ Qabs,rec

Mot = Heat rate incident in the collector ch T Ip- Ap

3)

The heat loss rate at the receiver is proportional to the product of the collector area and the temperature difference
(T, — Tw), being T,,, average temperature between the temperatures before and after the receiver and 7., the ambient

temperature. The proportionality constant i, is called loss coefficient based on the collector area.
T — Too

Ip
From energy balance in the system, Fig. 1 along with Eq. (1) found,

Necol = Mot — UL

anin = mD . (h2 - hl) = Necol * ID : Ap

From Egs. (4) and (5),

. (mot-Ip pr-AT

o = ( ) ) ) Ay

Doing the same procedures for the real case, being I the real irradiance,

m = not'Ii,qu'AT A
U Ah Ah P

In the system, Fig. 1, disregarding losses in the pumps I, II and III and from energy balance we found,
anm = e - (he — h1) = 1hgc - (hs — h7)

From Eq. (8) and (5), being 7 the real collector efficiency,

e (hs —h7)=n-1-4,

From conservation of mass and energy in the control volume defined by points 1, 3 and 7 we find,

ms + 1y = 1my

ma - hs + 1y - hy =1y - Iy

Dividing the Eq. (11) by 74,
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Denominating 7iv7 /7 of dry output fraction of the working fluid, and denoting by x, the Eq. (12) can be written with
a combination of Eq. (10) as,

hi—hs =z (hy — h3) (13)
hi=0—-2) -hs+x-hy (14)
Similarly, the conservation of mass and energy balance in the volume control of the region between points 2, 3 and 5:
ma - hg + 15 - hs = 1ha - ho (15)
As mg = 1 and 1hs = 1y, dividing them for m,

(1—a)-hs+z-hs=hs (16)

A linear relation can be obtained between steam flow rate and power output of turbine through the Willan’s line
il
equation':

W=a+b-m 17)
And the output power in the design is given by:

Wp=a+b-mp (18)
Assuming a power loss y against the rated output of the turbine:

a=—y-Wp (19)

Combining the Egs. (17) and (18) with the Eq. (19) we found,

Wp —W =b-(mp —1m) (20)
In Eq. (6) and (7) doing,

o= % Q1)
5= % (22)
we found,

tp = (alp — B) - 4 (23)
m=(al — ) 4, (24)
Combining the Eq. (23) and Eq. (24) with Eq. (20):

Wp =W =b-(alp —B)- A, —b-(al =) - 4,

Wp-W=b-a-(Ip-1)-4,

Wp-W=r-(Ip—1)-A, (25)
In which,

F=b-a (26)

For the project is considered that the power turbine is the output power of Pp. In the analysis are disregarded kinetic
energy and potential variations in the turbine, so the isentropic efficiency of the turbine can be calculated by Eq. (27),

Wp
mp - Ahis
Combining the Egs. (18) and (19), we found,

Nis = 27)

WD:—y-WD+b~mD

I'The Willan’s line is given by a linear approximation on a graph “steam consumption versus output power” for a steam turbine. The parameters a
and b match lost power due to internal losses in W, and the slope of the curve in J/kg, respectively.
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b-mp
1+y

Wp =
Combining with the Eq. (26),

. T'mD
Wp=—"

p a-(1+vy)

From the Egs. (23) and (29),

WD T'(OJD_B) / /
P _ L D I =
Ap a-(1+y) @ Ip=p

Being,

and,

T-0

5/:a-(1+y)

(28)

(29)

(30)

€2y

(32)

In the period of time dt the turbine loses power Pp — P, that is, the expression (Pp — P) - dt charge differential loss

in the turbine. The total loss L, per unit area, can be calculated from the following equation,

[ (Wp—W)
L_/Dj%dt

or, using the Eq. (25):

L:/T-(ID—I)~dt

(33)

(34)

The Eq. (34) shows that the losses are proportional to the difference between the irradiance received on the project
and the real. We should emphasize that this interval dt does not match an operating time interval, but a difference between
the turbine operating times. It is worth noting the irradiance in the reflector lower will be the time required operation to

achieve a certain energy to be used.

If the design is provided for a given irradiance I to be captured then a run time will be required ¢p to the turbine.
We will also take into account that there is a minimum irradiance (/) that the system can take advantage at a time turbine
operating limit (¢.). Adopting the operating time as a function of irradiance (¢ = f(I)) the total loss in the turbine is

expressing by:

fle)
LZ/ T7-(Ip—1)-dt
fIp)

The integral of Eq. (35) is proportional to the hatched area in Fig. 2, so we can rewrite Eq. 35 as,

Ip
L= [ ey - ) ar

c

The integral of Eq. (35) is proportional to the hatched area in Fig. 2, so we can rewrite Eq. 35 as,

Considering 7 and f(I.) constants:

Ip

I.

The output energy per unit area, the project is,

Wp
Ep=——-f(I
D Ap f( C)
The total effective power output () is given by:
4% Ip
E:ED_L:AD'f(Ic>_T'<f(Ic)'(ID_Ic)_ f(l)dl>
P I

(35)

(36)

(37)

(38)

(39)
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Figure 2. Irradiance versus operating time

Using the Eq. (30):

Ip

E=(a"-Ip=p)-f(lc) -7 <f(lc)~(ID—Ic)— f(1)~d1> (40)
IC

Making the first and second derivative with respect to the expected irradiance (Ip):

dE

——=a  f(I) =7 f(Ie) + 7 f(Ip) cay)

dIp

d*E ,

az 7 f'(Ip) (42)

To find the critical points, Eq. (41) results in,
o f(Ie) =7 f(le) + 7 f(Ip) =0 43)

f(Ip) is the expected operating time for the highest value of Ip captured. That is,

f(ID,maa:) = T _7_a : f(Ic) (44)
Using the Eq. (31),
FIpmaz) = —— - f(L.) 45)

Tty

For a minimum irradiance (critical) absorbed we will have a minimum power of the turbine operation (Wmm). Using
Eq. (25) found,

Wp — Wain =7-(Ip — I.) - A, (46)
From the Eq. (28) and using the relation of 7 = b - «,

_WD'(1+y)

T=uw - “mn
mp
Combining the Eqgs. (46) and (47),
. ) Wp - (1
WD—Wmmzww-(lD—Ic)-Ap (48)

mp
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or,

Ic:ID_

(WD - Wrmin) “mp

From the Egs. (23) and (49),

a-Wp-A,-(1+y)

(WD - Wmin) . (QID - 5)

I.=1Ip— .
a-WD~(1+y)
or,
_ Win (alp — B)
Q:ID—( i)

a-(1+4y)

3. RESULTS OF THE NUMERICAL SIMULATION OF SYSTEM

(49)

(50)

(S

In the simulation used the clear sky model described in Duffie and Beckman (2013) and data presented in Desai et al.

(2014).

From the data of Tab. 1 and equations deduced in the previous sections can obtain the value of I shown in Fig. 3.

Table 1. Data for simulation (Desai et al., 2014)

Optical efficiency, 7, 0.6

Loss coefficient, i1, 02 W/m?K
Dry output fraction, 0.5

Turbine inlet temperature, 75 250,4°C
Inlet pressure turbine, Ps 40 bar

Inlet pressure in the collector, P; 45 bar

Loss fraction of the turbine, y 0.2
Coefficient of the equation Willans, b | 686 k.J/kg
Ambient temperature, T 30°C

Place: Natal (LFR field)
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Figure 3. The duration curve of effective DNI for LFR field

The developed algorithm follows the following sequence:
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1. Calculate the amount of AT from known states before and after the collector. The temperature variation is the
subtraction between the mean temperature in the collector and the ambient temperature;

2. We adopt a value of Ip and is replaced in Eq. (51) in which the other parameters are known. Thus is found the
value I.;

3. Using the values plotted in Fig. 3 takes the value of f(I,.) and replaced in the Eq. (45) to find the value of f(Ip);
4. From the curve of Fig. 3 takes the value of Ip;
5. Returns to the step 2 to converge the value of Ip.

In Tab. 2 the results of these iterations are presented.

Table 2. Results of iterations

Parameters | Iteration 1 | Iteration 2 | Iteration 3 | Iteration 4
Ic 278.9 297.1 298.2 298.3
fle) 2855 2796 2793 2792
Ip 700 747.2 750.2 750.4
fp) 658.9 645.3 644.5 644.4

After the fourth iteration is observed that the DNI value that optimizes the LFR field in Natal/Brazil is 750.4 W /m?.
In addition, the model allows to compute the minimum required value IND function for the CLF the minimum conditions
for the case study which corresponds to the value of 298.3 W/m?.

4. CONCLUSIONS

This work is developed the mathematical model to calculate the optimal amount of DNI. From the values obtained by
iterations is possible to make a sizing of the collector field that meets the climatic conditions where the system it shall be
installed. Also, using the implemented methodology is possible to design various system configurations that use the CSP
technology.

Although the analysis has been focused on the CSP technology facing RFL the methodology can also be used for the
technologies CPC and CT.

It should be noted that the model implemented in this work is theoretical. However the developed model does not
lose relevance due to good approximation that this model has with reality (Duffie and Beckman (2013) and Desai et al.
(2014)).
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