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Optics for Solar Concentration

— Basics of geometrical optics
— Recap: Monte Carlo method
— Nonimaging optical systems
— CPC as one basic nonimaging concentrator
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Some history

« Archimedes constructed “death ray”, using a giant mirror, or set of
mirrors, to set fire to Roman ships attacking his home city of
Syracuse in 212 B.C.

- - - - - -

http://www.unmuseum.org/burn
ing mirror.htm

« MIT students tried to reproduce:

http://web.mit.edu/2.009/www/experiments/deathray/10
ArchimedesResult.html
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http://www.unmuseum.org/burning_mirror.htm
http://web.mit.edu/2.009/www/experiments/deathray/10_ArchimedesResult.html

Some history

« Truncated Cone Reflector
— Developed in 1878, called axicon
— Boils water to drive steam power cycle

— Seen as an improvement over point focus concentrators such as
parabolic dishes

Fig. 1.2 The first large solar collector of the axicon type was exhibited by August Mouchot in
1878.

Fig. 1.1  August Mouchot’s multiple-tube sun-heat absorber of 1878.

Source: “Applied Solar Energy: An Introduction”, Meineland Meinel, Addition Wesley 1977

- 4.Solaroptics
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Some history

« Ericsson Solar Hot Air Engine
— Developed in 1883 by John Ericsson
— Called Ericsson Cycle
— Parabolic trough design, also line focus

B2 R POy i A § 2
-’.«;’.5'.".‘—{:;,:,;‘!&%5’-3;-;2 ey

Fig. 1.4 Solar-powered hot-air engine tested by Ericsson nearly 90 years ago. Fig. 1.5  Ericsson’s solar collector of 1883 used 2 parabolic cylinder to focus on the absorb|
tube mounted above the mirror.

Source: “Applied Solar Energy: An Introduction”, Meineland Meinel, Addition Wesley 1977

- 4.Solaroptics
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Intro

« We want to increase the power density of the solar radiation: focus
the image of the sun with an image-forming system (like a lens or
mirror) and the result is an increased power density

« Design an image-forming optical system of very large numerical
aperture, i.e. small aperture ratio or f-number

 Has led to a class of concentrator with large aberration, if used as
Image-forming system — field of nonimaging optics

« What is the theoretical maximum concentration?

« Is it achievable in practice?

m
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Basics

m

- 4.Solaroptics

Concentration ratio: A

C==
AI

0

Class of concentrators in which the beam is compressed only in one
dimension: 2D concentrators, linear concentrator

2D concentrators do not need to be guided to follow the sun
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Basics of geometrical optics

« Concept of geometrical optics:

— Basic tool to design almost any optical system

— Use intuitive idea of ray of light, i.e. path along which light energy
travels, with interactions at surfaces

— Reflection on smoot surface:

 Incident and reflected ray make equal angle with surface
normal

« Ray and surface normal lie in one plane

— Refraction at surface governed by generalized Snell’s law

m
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Basics of geometrical optics

« Concept of geometrical optics:
— Ray tracing can be used to design concentrators

— In geometrical optics:
« Power density of surface is density of ray intersections
 Total power of surface is sum of rays on surface

Exit aperture

Entry operture —— / "

>[ %
( — r Mrays

/ Concentrator »
/’ﬂ .J

r|1
|1
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Basics of geometrical optics

m

Reflection at surface:

r' = r-Z(ﬁf')ﬁ Incident ray

Normal

Reflecting surface

Reflected ray

Ray tracing procedure for reflection:
— Find point of incidence

— Find normal of surface

— Find direction of reflection

Haussener — Solar Energy | October, 2025



Basics of geometrical optics

« Refraction at surface (for simple case of non-absorbing media):

(r7) :

n'sinl’=nsin |
Incident ray

NT'<XN=nrxn

Refracted ro
or: y

Nr'=nr+| nr-n—nr-n |n

J

(n7)

Surface
n'cosl’'—ncosl

« Ray tracing procedure for reflection:
— Find point of incidence
— Find normal of surface
— Find direction of refraction

« If n’<n, I’>1, I.e. total reflection

m
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Basics of geometrical optics

* Image forming optical systems:
— Focal length and focal point:

— We get focal image if rays come from an object with finite size at
great distance

ideally:

_ (2a)’
(216)°
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Basics of geometrical optics

* Image forming optical systems:
— Aberrations in image-forming optical systems indicate that
maximum concentration cannot be infinity

 Lens has finite thickness (rays further out will focus closer to
lens, so called spherical aberration)

» Object points away from axis do not form image (off axis
aberrations)

» Refractive index is dependent on wavelength (so called
chromatic aberrations)

nol
! concentrator

,‘O""""—'"’_"' SN

Flux \
\'| Concentrator
N with aberrations

m
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Basics of geometrical optics

* Image forming optical systems:
— Maximum concentration ratio

=
>% '

/

n'sin 6” n
nsin@ nsin@

C _ 2 _

max,2D ’

a

2 ) - PN 2 , 2
a n'sin @ 1
a nsin @ nsin @
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Recap: Monte Carlo method

=PrL
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Frequency, probability density, cumulative distribution
functions

m

Frequency function: f(x)

- : . f(x
Probability density function: g(x)=— . (%)
Probability that X belongs dp(x <X <X+ dx) — g(x)dx

to dx around x:

Cumulative distribution _ T N
function: F(x)=P(X <x)= X*_.[ g(x )dx
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Frequency, probability density, cumulative distribution

m

functions
Random number from the uniform R
distribution (0,1): \
F(x) =R
x=F*(R)

For a large number m of random numbers R, R,, ..., R
x, =F*(R,)
X, =F*(R,)

. “F'(R,)

— X1, Xy, ..., X, SaAtISTy g(x) and hence f(x)

- 4.Solaroptics
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Monte Carlo method for thermal radiation

m

| 4.solaroptics

Radiative energy/power = Sum of discrete amounts of energy/power
bundles

Each bundle consists of a group of photons and is launched with the
same amount of energy/power

Each bundle has an associated direction and wavelength

Radiative flux = Number of bundles crossing a control surface area per
unit area

Radiative exchange — bundle paths are followed
Monte-Carlo:

1) Define generic random bundle

2) Follow its path and history

3) Repeat (2) for large number of randomly generated bundles

Haussener — Solar Energy | October, 2025



Monte Carlo method for thermal radiation

Assumptions:

1) Radiative variables are independent of each other.

2) Radiative variables are independent of position on the emitting
surface element — isothermal surface element with uniform
properties.

X, —> A

X, >0 f(k,@,\p) = f(h)f(@)f(\p)
X3 2> V|

m
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Relations for surface emission

Radiative power emitted from a surface element dA:
dQ, (T,A,$)=E, (T,A,$)dQdrdA
=g, (T,k,@,w)E'bk (T,k, 6,\|1)Sin9d9d\|1 dAdA
=¢, (T,A,0,y)l,, (T,A)cosBsin0dO dydi dA

Frequency function for surface emission:
dQ, (T.A.6,y)
drdo dy
=¢, (T.A0,y)l, (T.A)cosBsinOdA

f (T AB,y) =

Probability density function for surface emission:
g, (T.2.0,y)l, (T,A)cos6sin6

ge(x’e’w): o 21 7/2
I f f g, (T.A,0,y)l, (T,A)cos6sin6dodydi

A=0 =0 =0
g, (T.A6,9)l, (T.A)cos6sin®
- 8(T)GT4

m
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Relations for surface emission

Probability of emission into dAdydo:
dP, (k SA<A+dA0<0<0+dO,y <Y <y+ d\v) =0, (k,@,w)dkd@d\p

Cumulative distribution functions:

A 2n /2
Variable A — R, =F,, (%)= | [ J fge(N,G,w)ded\pjdk*a r=F1(R,)

A'=0\ y=06=0

0 2n ©
Variable 8 — R, =F,,(0)= I( J Jge(x,e*,w)dxdwjde* —>0=F;(R,)

9 =0\ y=0A=0

v /2 oo
Variabley — R, =F, (v)= | (J Ige(x,e,w*)dkdejdw* —>y=F_(R,)

v =0\ 6=02=0

m
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Relations for surface emission

o 2n w2 ) * | *
Variable A ] ( [ Te (TA0y)l, (TA7) cosesmeded\pjdx
_2=0\ y=006=0

R. =

A 4
For emission e(T)oT

independent of
azimuthal angle y

For emission (2 . . . .
from diffuse - X{o(ﬁoe_foex(T,k ,G,W) by (T,k )cosesmeded\y]dk
non-gray surface: P 8(T)GT4

For emission from diffuse-gray surface:

A 2n w2
J [ J T (TAL0,9) (T2 cosesinededwjdx*
A"=0\ y=06=0

R = S(T)oT?
4 Solaroptics

m
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Relations for surface emission

0 21T o
Variable 6 ] ( I T (TA0,y)l, (T.2) dicoso’sine’ d\p]de*
6'=0\ y=021=0
Ro = : 8(T)GT4
For emission
independent of
azimuthal angle y
For emission from T . . e ) g
aray surface, and 3 ZRG*IOL]O?,%(T,X,O W)l (T.A") di.coso’ sino jde
independent of 0~ 8(.I.)G.I.Ll

azimuthal angle y

For emission from diffuse-gray surface:

0
2 | & (T)cosO sind'do’
R —_0=0

’ e(T)

m
1
|
-
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Relations for surface emission

m

Variable y
] /2 o . . .
T T Te (Tney) 1, (T.4) cos@sin@d@dkjdw
R _v-0 0=0 A=0
Y 8(T)GT4
For emission
from diffuse

non-gray surface:
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Relations for surface emission

Point of emission from a rectangular surface element:

I. b_‘Zg(T)csT“dx*dy

X =a, y=b;

Variable x RX=FX(X)= 2, b,
J fs(T)oT“dxdy

s X=ay y=b,
J
a vy
[ [ &(T)oT*dxdy’
b, Variable Yy Ry — Fy (y) _ X2212y*;21
Y | [ &(T)oT*dxdy
bl N X=a, y=Db;
a, dx a, |

Uniform emission

m

- 4.Solaroptics
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Relations for surface absorption/reflection

R, <a » bundle absorbed
R, = random(0,1)<
R, >a

> bundlereﬂﬁed

Reflection
P Equivalent
R, > > » diffuse reflection Sk » diffuse emission
ps + pd
R, < P > specular reflection >0, =0, —-2(0G,-7)A

m
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Surface description
# P(x,Y,2)

. n
if\ r Equation of emitted ray:
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ‘0
| "\ (P P ) x U 0

S(x,y,z) =0

Tangential unit vectors:

Normal unit vector:
t,-n=t,-n+t, -n +t,-n, =0

Las.n oS - asnj
+—j+—Kk

|
Ao VS _ X ¥ %) _niinjenk A
VS 2 2 2 ]k
@ +§ + @ f iy f
- oy p= ,=Axt = n, n,
2 th tLy tlz

U= U|+u1+uI2 u. +U, X .
-\*u =Sino - (cosw t +Sln\|l-t2)
PFL _ Haussener — Solar Energy | October, 2025
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Computing radiative exchange

Net heat flux from a surface:

a(r) =e(r)E, (f)—a(KH(r) =J(r)—H(r)

a(r)=e(r)oT*(r)- %!\S(r VoT*(r ')dXdAﬁdAdA

0

dX, .4 = generalized radiation exchange factor between
surface elements dA' and dA
= fraction of the total energy emitted by dA' that is absorbed by
dA, either directly or after any number and type of reflections

m

- 4.Solaroptics
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Computing radiative exchange

Qi = Iql dAi

=goT'A - chT AX.

J

~goT A -> QN

i [ i ray’ “a,j—i
=1

J
4 .
~ 8iGTi Ai o QrayZNa,j—i

~eGT A, — Q

ray a,

e,

1=12,...

coTA
Nej 4 J !
| Qray
Zs GT A
Qray =
I\Irays
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Computing radiative exchange

Example:

Compute net radiative fluxes leaving parallel coaxial gray and
diffuse disks 1 and 2.

S,(x,y,2)=z-h=0 ’

X*+y?<r?

N

Surroundings - T, =0K,g, =1
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Computing radiative exchange

‘—> Select P @S,

Repeat

N, , times Select u;

Equation of ray from S,
(P-P)xu,=0

'

Solve ray NS, =P,

'

Q.., =power of abundle

N = # of bundles

N =

el

N . =

e2

Diffuse
reflection
from S,

A.ecT!

A,ecT,

'

Q ray

Q ray

Diffuse
reflection
from S,

Select P, @S, 4—‘
; Repeat

Select u, N, , times

Equation of ray from S,
(P-P,)xu,=0

/

Solve raynS; =P,

/

s
' No
P, eSS, —_—
; Yes
No ?
R<a,
‘ Yes
N, =N,,+1 —

After N, + N, , rays

. '
Ql = (Ne,l - Na,l)Qray
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Nonimaging optical systems

=PrL
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Nonimaging optical systems

o 2nd-law limit;

SUN

R, =6.955x108 m

Scun-carth= 1.4960x101 m

R S ;
- . sun max concentration
SIN 60, =

N C — sun—earth _ 1
S

s 12
sun—earth Rsun SIn ‘93

m
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Nonimaging optical systems

« Limits — Example image forming mirror systems:

Concave Focusing
Mirror A

D/2

D=2rsin¢ C = (DId)* = (1/4) sin® 29/ sin’ 6,
< (1/4)1/ sin® 6,< (1/4) C

max
d=2rsin6/cos ¢
D/d = sin ¢ cos ¢ /sin 6

=sin2¢/2sin 0

m
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Solar parabolic dish __—71 4

=16 =465 mrad

S N 16
N
N qQ = 210
NN (1+cosd,,,)cosd,;,
N
N b= 2.1
(Drim S N (1+COSCDrim)
N\
N P S B a
> » AN T
f g @ T
7 ’ A
7/
//
y Flux
7
7/
7
7,
7
Vs 4
c _ sin®®,, - 0% Py, ————— . .
mean sinZ0 0 a
sin2d,; 0=4.65mrad |_, C,..,~ 11,562
Coeak = —gz Drim = 45 Coa ~ 23,124

-
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ldentification

of focal plane

Concentration [-]

I

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

|dentification of focal plane

2200

29.05.2020
28.05.2020
®  Peak

O Mean (target) | |

2000

1800

1600 - L X%
1200 x

1000
800

600

-
B
Qo
(==
®
L IIIIIIIIIIIIIIIIX.IIIII'
x

400

200

20
Position z [em]

Characteristics:
— Peak concentration 1765

Focal plane (z =10 cm)

O

— 1600
0.1 1400
1200

0.05

1000

y [m]

800

&00
-0.05

400

0.1 200

0.1 -0.05 0

x [m]

0.05 0.1

— Intercepted power on target: 29.6 kW @ DNI=1000 W/m?

— Optical efficiency:
Topt =

Qtarget

A\iish ) Ebn

=17%
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Linear concentrator

. As for dish:

=PrL
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CPC — Compound parabolic concentrator

NN

2D - CPC 3D - CPC
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AXis of
Parabola ™.

)-cotd

out

L = (rin

Y

=r/r = 1/sin ®

2D-CPC In" " out

r 2fr 2 =1/sin*®

3D-CPC m t

O
|

m

Haussener — Solar Energy | October, 2025



Truncated CPC

* Average number of reflections:

—
oD
1

.ﬂ
(=]
|

=
W
I

1 1 1 1 1
6 7 8 9101

Concentration

1

1 1

11213 14 15

o

Average number of reflections (within acceptance angle 0)

=
—
N>
WM
-
U=

=PrL
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CPC and solar dish

/*

0=16"=4.65 mrad

o 21
" (1+cos®_ ).cosd

L = (rin+ )/tanq)rim

rOU'[

C =r/r = 1/sin ®

2D-CPC in” " out
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2D-CPC (trough) for various receivers

n

Cap.cpc = linffou = 1/SIN @

n

:rout
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Equations of CPC

f rr:2fsin(q>—CD)__r
1-coso out

3

T L 2f cos(¢p — D)

L = (r,,+r,,,) COtd \ 1-cos¢

where :

l r . =r sin®

> I

f=r  (1+sin®)

2®3¢sg+®

m
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Example

m

® = 45°

lout = 1 CM

lin = Fou/SIN® = 1.4141

L = (r;,+ry,) cot ® = 2.4141

C= (rinlrout)2 = 2

zfem] 25

(e]

0.5

2.0

1.5

1.0+

0.0+

r [cm]

2 2.5
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Equations of the 2-D CPC + involute

/Y\ X = r[sin@ — M(6)cos ]

y =r[—cos &— M(6)sin ]

0 for Os@s£+9a
M(@)=)7z12+6, + 6—cos(0-6,) 7 ° 3
a_ & for — +0,<0<— — 0,
| 1+sn(6- 6,) 2 2

0, CPC's half acceptance angle and is taken equal to the rim angle of
the primary parabolic concentrator.

r radius tubular receiver.
- 4.Solaroptics

m
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Example of 2-D CPC + invol

y 6.0

5.0 |
4.0 |
3.0 |
2.0 |
1.0 |
0.0 |

-1.0

-2.0

r=1

cm

D =45°

y

A

'''''

......

FTTTELA BT PI

r

Y -

.....
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Refractive CPC

n,sinb, = n,sino,

e1,max = 900 — e2,max
C,pcpe = N/SIND
C.p.cpe = N?/SINGD

m

- 4.Solaroptics

= sin'*(n,/n,)
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Application to solar

m

Requirements and considerations:
— Cost and ease of manufacturing

— Extend and guidance needed to follow the sun

— Durability and maintenance

— Required working temperature of absorber
— Contamination and durability

— Concentration level

— Uniformity

— Receiver temperature
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