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Abstract

Fresnel collectors are an effective way to concentrate sunlight: through a set of mirrors, called

heliostats, which track the sun, it’s possible to keep the concentrated light focused on a receiver.

However, their modeling is not trivial. There are several types of losses associated with optical systems,

such as shadow, blocking and end losses, amounts that are not easily measured. In order to solve the

problem it is usal to resort to numerical simulations, thus using the capabilities of current software in

the performance of a computer program simulating the real behavior of systems. In this paper we will

discuss the steps that were necessary for establishing one such program, various results which could

be extrapolated and comparison of the latter with the results published by other research groups. A

systematic comparison between all models as a form of consolidation was also done. We will also see

how these results can be used in the design and in the testing of new approaches, like in the portuguese

patent CLFR Etendue-matched, and compare performance predictions for it with other performances

from existing technologies.
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1 Introduction

A possibility of electricity production by thermal

means, is via using a solar power station. This does

not differ substantially from a traditional thermal

power station, so that instead of using coal or natu-

ral gas as fuel, we use solar radiation which has the

advantage that it is a clean, safe and inexhaustible

(in our timescale) source. The general principles

of operation of the solar plant are equivalent to a

common thermal plant: the solar energy collected
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is used to heat water to the state of saturated or

superheated steam which will then be introduced

into the well-known Rankine cycle, where this will

go through a set of turbines (one or more) convert-

ing then the mechanical work of rotation into elec-

tricity using a generator. The remaining vapor is,

in the simplest model, condensed and subsequently

pumped to the heat source for reheating again to

the superheated state thus restarting the whole cy-

cle. In more complex models, some of the steam

passing through the turbine can be removed into

heat exchangers (open and/or closed) used to heat

the circulating liquid (typically water) thereby re-

ducing the energy needed for heating thus increas-

ing the efficiency of cycle.

Fig. 1: Rankine cycle schematic.

In this sense what distinguishes a thermal

power plant is how heat energy is produced and/or

exploited. In the case of Concentrated solar

power (CSP) there are currently four generic mod-

els for the concentration of sunlight: the central

tower, parabolic trough, Compact/Linear Fresnel

and Dish/Stirling.

Fig. 2: Schematic diagrams of the four types of

CSP systems.

As usual there are several advantages and dis-

advantages associated with the technologies re-

ferred. Compact/Linear Fresnel (CLFR/LFR for

convenience) has a performance/cost relationship

very attractive and therefore has the chance of be-

coming one of the most popular in the future. The

operation is based on the principle of Fresnel where

a parabola can be approximated by a set of ele-

mentary line segments reproducing the same opti-

cal behavior. Hence, the heliostats are now a set of

plane or slightly curved mirrors (which increase the

concentration in the receiver for a given direction,

typically the perpendicular), regulated by a sun-

tracking mechanism always reflecting radiation to

the linear receiver, which allows substantial reduc-

tion of the cost of implementation. Moreover, this

model implies less absorber per m2, which trans-

lates into less thermal losses.
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Fig. 3: Linear Fresnel Reflector (LFR).

However, modeling this technology to achieve

the best possible efficiency - optical and thermal

- is not trivial since there are several parameters

like the height of the receiver, the distance be-

tween heliostats, shadow effects, blocking effects

and end losses that are not easily determined as

a set of equations that reflect the behavior of the

system (this method was followed in an early phase

of our work but without conclusive results). This

implies the use of numerical modeling, recreating

the real optics with a high precision. It can then

be tested under several conditions in order to yield

the system’s performance, in terms of thermal en-

ergy produced, acceptance angle, IAM (Incidence

angle modifier), CAP (Concentration-Acceptance

product), etc. In the next sections we will discuss

the steps that were required to prepare the simu-

lator and the comparison of its performance with

the results published by other groups as a way of

validating the model.

2 A numerical model for a sys-

temic analysis of concentrated

solar power plants

For the modeling tool developed in this work the

choice of software to be used fell on the well-known

programs: Mathematica, TracePro, Rhinoceros

and PClima.

Mathematica it is now perhaps the most pop-

ular program for engineering and mathematics,

implementing a computer algebra system very ef-

ficient and usefully. This serves primarily for the

parameterization of optics to be implemented and

for the calculation of the parameters mentioned

above. Should also be noted that its popularity has

led to the existence of an extensive documentation

that solves the usual programming problems.

TracePro is a specific program focusing on op-

tics. This allows for ray tracing on a set of sur-

faces and determine the incident, absorbed and

lost fluxes and such information can be used to

calculate the optical efficiency, acceptance angle

among other parameters. The program allows us

to export the results that may later be subject to

review and be used by other programs.

Rhinoceros is a CAD program. Although its

use has been sporadic this has proved quite useful

at times when it is requested, since the program

allows the direct import of .pdf files containing

3



these optics and makes measurements on it. This

allowed us to analyze more clearly various opti-

cal systems and know specific data that, in gen-

eral, specialty references do not reveal information

treated as confidential.

PClima is a climatic data generator for Portu-

gal developed by INETI-Portugal[5],[6],[7]. Inte-

grating a comprehensive database that provides cli-

mate data, particularly the components of global,

direct and diffuse solar radiation under various

conditions, and the results can also be exported.

The usefulness of the program is obvious: without

a database, the calculation of the solar radiation

collected is impossible.

With the programs defined, our first objective

was, of course, designing the optics. The examples

shown here refer to the LFR FRESDEMO model

(with a CEC secondary concentrator[1]) - which

we treat as a reference for the model since we have

more technical details[2],[?] - but the reasoning of

the implementation is perfectly applicable to any

other model. Starting with the heliostats, these are

slightly curved (so as to reduce some optical losses)

and, therefore, their design can be performed using

the following parameterization:

c = cc+RHV (x) (1)

Where cc is the circular center of heliostat, RH

is the curvature radius and V (x) a variable set

of points for the evolution of the corresponding

curve. Given cc and RH , using a simple cycle we

can perform equation 1 for each heliostat and get

the desired result. The secondary CEC type optics

was designed using the usual methods learned from

non-imaging optics[3]. Given the half-acceptance

angle, θ, and the radius of the corresponding cir-

cular receiver and its glass cover (to prevent con-

vection losses) we get:

v1 v2

Ct

T

T1 T2

T3

I1

S1 S2

T3S

SM

X

Θ

Fig. 4: A CEC designed in Mathematica. The

blue circle represents the circular receiver and the

red circle the glass cover.

Now if we combine these two last results, the

first output can be performed as shown in figure

5..

E1 E2
-10 000 -5000 5000 10 000 x

2000

4000

6000

8000

z

Fig. 5: First output for LFR FRESDEMO.

Finally, it remains to develop a TracePro file

.scm so that we can export the information on the

developed optics and impose on these physical at-

tributes. This exchange of parameters is not trivial
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since sending the outputs returned by Mathemat-

ica are not enough for the simple reason that Trace-

Pro does not know how to interpret them correctly.

Instead, it is necessary to send for the file a set of

points resulting from parameterizations made and

indicate how TracePro must �unite� them. This is

particularly difficult task because it involves know-

ing how TracePro correctly interpreted the infor-

mation provided, i.e., for each specific instruction

create an appropriate function. The question is fa-

cilitated by the fact that, as previously mentioned,

TracePro allows the access to his own source code

so we may know how the program recognizes cor-

rectly the instructions given to it; but, still, the

link between two programs was complex as is usual

in programming. Attributing physical properties

to system’s components (using the properties list

from TracePro and/or creating new properties) the

file is now ready to be sent and the result is a new

file, .oml type, in which it’s possible to see the full

optic developed.

Fig. 6: Overview for LFR FRESDEMO TracePro

model.

And some details about CEC:

Fig. 7: Details about CEC in TracePro model.

With the optic designed it’s now possible to use

TracePro’s ray-tracing capabilities to achieve opti-

cal efficiency, IAM and acceptance angle. Let’s see

how in the next section.

2.1 The geometrical projection method

As mencioned TracePro gives us, for every ray-

tracing, incident, absorbed and lost fluxes for every

optical component. Therefore, recording the inci-

dent flux on heliostat field, ψH , and the absorbed

flux on collector, ψcol we can say that the optical

efficiency, ηopt, is given by:

ηopt =
ψcol

ψH
(2)

However, this method involves adding the con-

tributions of each heliostat from the primary

which, in significant numbers, can decrease the pro-

gram’s fluidity. On the other hand, this does not

take into account the cosine losses, cos θz, where θz

is the zenith angle[4]. Thus, the developed method

combines these two components in a single calcula-

tion: projecting the heliostats field onto perpendic-

ular plane to the direction of sunlight it is possible

to determine the incident flux (as if it were a single
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heliostat that is the sum of the n heliostats) and,

moreover, defined the solar plane that illuminates

the whole field we can extract the cosine losses.

Fig. 8: The geometric projection method.

Figure 8 represents an example of the geomet-

ric projection method. Starting with the heliostat

plane defined by [G1, G2, G3, G4] we project this

onto perpendicular plane of sunlight direction and

get the projected plane [SG1, SG2, SG3, SG4]. If

we now define the minimum solar plane that ilu-

minates the whole heliostat field, [SP1, SP2, SP3,

SP4], and project it onto the horizontal plane we

get [SQ1, SQ2, SQ3, SQ4]. Finally, we can see that

the area of [G1, G2, G3, G4] is less than the area

of [SQ1, SQ2, SQ3, SQ4] which means that the

heliostat field does not receive the entire (direct)

incident radiation for θz 6= 0. For θz = 0 (per-

pendicular direction), [G1, G2, G3, G4] is equal to

[SQ1, SQ2, SQ3, SQ4] and that’s the reason why

this kind of technology is designed for a maximum

optical performance at this particular direction.

Developing a cycle for the different sunlight di-

rections, θz and γs (azimuth angle), using the ray-

tracing from TracePro (figure 9), we take the ηopt

for those directions and, therefore, we can interpo-

late the latter in order to get the this result for any

particular case (figure 10).

Fig. 9: Ray-tracing LFR FRESDEMO at

perpendicular direction.

Fig. 10: Interpolation results of ηopt for LFR

FRESDEMO.

3 Testing the model: Compari-

son with other simulations an

results

The model explained can now be applied in a com-

parison with published results in order to study the

performance of our simulator. It began by analyz-

ing the results for LFR FRESDEMO IAM curves[3]

with two different diameters, 7cm and 14cm, for

the receivers. Figure 11 show the results obtained.
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(a) - LFR FRESDEMO 7cm.
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(b) - LFR FRESDEMO 14cm.

Fig. 11: IAM curves for the two LFR

FRESDEMO collectors. (Ref.) refers to the

reference curves.

This is a very important result, because a cor-

retly IAM implies coherent results for ηopt which

are only possible if our optic design, ray-tracing

and calculations cycle is correct. Therefore, we can

conclude that our method is, at least, solid and can

be used for other tests, such as the acceptance an-

gle as shown in figure 12.

(a) - LFR FRESDEMO 7cm.

(b) - LFR FRESDEMO 14cm.

Fig. 12: Acceptance angle (o) for the two LFR

FRESDEMO collectors.

This represents another coherent result, since

the latter one has a larger receiver which makes it

more ”tolerant” to non-optimal conditions in its

behavior.

Another interesting analysis was done for the

LFR AUSRA (Liddel collector) with a comparison

between the thermal energy collected in kWh/m2.

Those values were available from [8] on a monthly

basis as shown in figure 13.

2 4 6 8 10 12
Month

20

40

60

80

100

120

140

kWh

m2

LFR Simulator

LFR AUSRA

Fig. 13: Comparison between LFR AUSRA and

LFR Simulator for thermal energy collected in

kWh/m2.

There is some discrepancy between calculated

and communicated values, but the global difference

is only 5% (933 kWh/m2 for LFR AUSRA and

884 kWh/m2 for LFR Simulator). And if we take
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into account that the technical information about

the parameters (optical performance) used for the

optics of the AUSRA collector was really sparse,

as well as about which solar data was really used,

the current results are quite good showing that our

simulator is a valuable tool.

4 An innovative collector: CLFR

Etendue-matched

From the observation that Fresnel concentrators

fall short of the theoretical maximum concentra-

tion, an innovative solar collector was developed:

the CLFR Etendue-matched[9]. For a conventional

LFR, even in the ideal case in which we have an

infinite number of heliostats on the Fresnel reflec-

tor forming a continuum, the etendue UP of the

light they reflect towards the receiver is given by

[4] UP = 2×2h sin θK with K = ln(tan(π/4+ϕ/2))

where 2θ is the angular aperture of the incoming

light, h is the height from the heliostat field to the

receiver and ϕ is the rim angle of the concentra-

tor. For the optimum rim angle 40.4 o we have η

= 0.91 which means that 9 % of the light is lost

by shading and blocking effects. This as, there-

fore, an ideal efficiency of 91 % and attains about

45 % of the theoritical maximum of concentration

and, therefore, there is a considerable room of im-

provement. [10]. Now we can apply these concepts

to a CLFR model. Figure 14 shows the etendue

balance at a point P of a Fresnel reflector for two

receivers. The etendue of the incoming light in the

vertical direction is given by dU0 = 2dl cos(α) sin θ.

The etendue of the light reflected to receiver R1 is

dU1 = 2dl cos(φ1 − α) sin θ ans that if the light re-

flected towards R2 is dU2 = 2dl cos(φ2 + α) sin θ.

Conservation of etendue can then be written as

dU0 = dU1 + dU2 = cosα.

Fig. 14: Etendue balance at a point P of a

Fresnel reflector for two receivers.

If a starting point is given, this process allows

for the calculation of an etendue-conserving curve

as figure 15 shows.

Fig. 15: Etendue conserving curve C1 obtained

for a starting point P1.

In order to compare the performance of this op-

tic with the other technologies, a TracePro model

was developed [11] and tested by the author. Fig-

ure 16 shows one of them and some details about

the TERC secondary concentrator applied[12].
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(a) - Overview

(b) - TERC secondary concentrator.

Fig. 16: TracePro model for CLFR

Etendue-matched.

5 Comparison between numeri-

cal outputs and final conclu-

sions

The overall results of the simulations are shown in

table 1 and a more detailed analysis can be seen in

the thesis associated with this paper[13].

Compact

Factor

CAP Energy

collected per

floor area

(kWh/m2)

LFR AUSRA 0.73 0.08 565

LFR

FRESDEMO

7cm

0.71 0.34 583

LFR

FRESDEMO

14cm

0.71 0.41 587

CLFR

Etendue-matched

0.90 0.64 649

Table 1: Brief comparison between the different

Fresnel technologies1 2.

These results show that CLFR Etendue-

matched is the system that values better the floor

area implemented, a result that follows from its

high compact factor associated with the etendue-

conserving curve. Also important is the CAP

value, much higher than the other technologies,

which represents a new step towards the theoreti-

cal limit C sin θ ≤ 1 (for a receiver immersed in air

ou vacuum, i.e., refractive index n = 1). However,

for a complete and fair comparison, optical calcu-

lations must be complemented by thermal calcula-

tions - which weren’t done in the present work - in

a similar way like was done for Mathematica and

TracePro. This is quite important since more en-

1Compact factor is the quotient between mirror area and floor area.
2The energy collected was determinated only from optics calculations.
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ergy can be delivered at higher temperatures repre-

senting higher efficiency for the associated Rankine

cycle and, therefore, higher electrical output. But

still, new advances in optical designs - specially

for CLFR Etendue-matched - can still be achieved

and add a substancial improvement. This work

leaves a door open for further analysis, prefiguring

CLFR Etendue-matched as a new and important

step in Fresnel collectors. In short, what CLFR

with etendue-matched primary and secondary op-

tics allows is the same or more energy delivered

at higher temperatures thus enhancing the overall

solar energy conversion into electricity.
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