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ABSTRACT 

In order to sustain growth in the economy and support the industry, a constant increase in energy 

production is needed. To achieve this in a sustainable manner, renewable such as CSP are the 

way to go. However, by their nature, renewable are stochastic in their production levels which 

is not ideal for the constant power demand on the electrical grid. 

One way to solve this problem is to introduce energy storage. In CSP plants, this is covered by 

tanks of molten salt that store heat during the day so that it can be used at night, or during cloudy 

times. However, this energy can only be used at the CSP plant. A better way of achieving a 

storage system is power to X, and solar fuels. This means that solar energy is used to produce a 

substance (such as hydrogen or synthetic gas) that can serve as a fuel. It would thus be 

transportable and compatible with existing infrastructure which would allow for an easier 

transition to renewables.  

The objective of this capstone is therefor to present how power to X can be coupled to existing 

power plant in Morocco such as the NOORo3 solar tower, and attempt to achieve better 

efficiencies, by building on top of those designs. To do so, first the Multi Aperture Design 

(MAD) proposed by Schmitz was modeled along with a new design called beam to tower (BTT) 

that attempts to improve upon it. This was achieved by deigning the field in SolarPilot, 

generating tower geometry and aiming in MATLAB, and finally running a ray trace simulation 

in SolTrace.  

The results we obtain showed slightly higher efficiency for the MAD tower than what was 

proposed by Schmitz, which is probably due to the fact SolTrace does not take into account 

attenuation. The model for BTT also showed slightly higher efficiency than the model for MAD, 

thereby proving BTT is a promising design.  
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Introduction 
As expressed earlier in the report, the purpose of this capstone is to introduce how Power to X 

can be achieved with solar towers. Namely, we will be looking how it can be achieved using a 

multi-aperture design tower and some of its limitation. We will then attempt to modify the 

design in order to make it more efficient. 

To do so we will go through the following steps. First, we will go through the STEEPLE 

analysis to show why this capstone subject was chosen. We will then go through a literature 

review that will introduce the concepts related to CSP and power to X. This literature review 

will serve as basis for our design, discussion and analysis. We will then introduce the methods 

used to develop these designs, namely the softwires for modelling and simulation. Following 

that, we will look at how we can model both the MAD tower and the proposed improved 

version. Finally, we will conclude with a discussion of the results and analysis, as well as 

potential future research. 
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1 STEEPLE Analysis 
1.1 Societal 

By using solar fuels, this will allow the people working at energy companies to keep their work, 

since their skill will still be relevant. This is thanks to synthetic gas being one of the solar fuels 

that can be produced. 

1.2 Technological 

By building on top of the existing CSP technology, it ensures that the technology existing 

Morocco as well as the solar towers currently being built in Midelt can evolve and stay relevant 

over time. 

1.3 Economical 

From an economical point of view, this approach allows the investments in CSP which were 

very large to stay relevant and productive for a longer time, thereby lengthening the gains 

period. 

1.4 Environmental 

By design, CSP and other renewable energy technologies serve to reduce pollution and 

greenhouse gases, as well as to fight climate change. 

1.5 Political 

In terms of politics, this will push Morocco towards a more sufficient energy supply position, 

therefore making it more independent from other energy actors, and less prawn to the 

fluctuation in the commodities market. 

1.6 Legal 

Legally speaking, a company trying to implement this solution can go either of two ways. 

One way would be to produce the receiver parts that would be sold to the Moroccan Agency 

for Sustainable Energy since they operate the power plants. 

The other way would to in the future once the power plant will be fully depreciated, the lease 

could be envisioned at a reasonable price. The company could then retrofit the tower with its 

own equipment. 
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1.7 Ethical 

On an ethical basis, there are some concerns for birds since they can be harmed by the high 

intensity radiation. However, setting up patrols of people and drones, that would catch the birds 

in nets and release them elsewhere is plausible, similar to what is done at airports. 
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2 Literature Review 
2.1 Concentrated Solar Power and Solar Towers 

2.1.1 Types of CSP systems 

All CSP systems consist of a concentrator/reflector and a receiver/absorber. As the names 

imply, the concentrator concentrates the light onto the receiver where the radiation is transferred 

to heat transfer fluid. There are four well known configurations of CSP systems, each with a 

unique geometry and reflector and receiver motion. They can be classified into either point 

focus or line focus systems. Point focus systems consist of dish and tower systems. Linear focus 

systems consist of Fresnel and trough systems. 

In linear focus systems, light is focused onto a single absorber tube. In parabolic troughs a 

parabolic cylinder concentrates the light onto a focal line. The troughs track the sun as it moves 

from east to west. The absorber moves along with the reflector in order for it to constantly stay 

in the focal line of the parabola.  An example of parabolic troughs can be seen in Figure 2.1.1. 

 
Figure 2.1.1: Illustration of parabolic trough [1] 

Similar to trough Fresnel concentrators also focus the radiation onto a linear tube. However, 

unlike troughs where the absorber moves with the reflector, in Fresnel the absorber is stationary. 

To mitigate the misalignment that would occur if only one parabolic reflector was used per 

absorber, several small flat mirrors are used to reflect the light onto the absorber.  Furthermore, 

unlike the troughs where the parabola pointed directly to the sun, here each element points to a 

median aim point between a normalized vector that points to the sun and the position of the 

absorber. An example of Fresnel concentrators can be seen in Figure 2.1.2. 
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Figure 2.1.2: Illustration of Fresnel concentrators[1] 

The next type is the dish concentrator. It is the simplest out of all four systems. It consists of 

paraboloid that coventrates light onto an absorber directly in front of it and that moves along 

with its. Unlike other systems where the heat is transferred elsewhere by the means of a heat 

transfer fluid, the dish often has a Stirling engine as its absorber. This has the disadvantage of 

not allowing for heat storage. However, it does cut down on pluming losses. Furthermore, the 

geometry of dishes allows for very high concentration compared to linear focus systems which 

have medium concentration. On the other hand, unit power is much lower in comparison. When 

it comes to tracking, just like troughs it is pointed directly at the sun except that this time it 

rotated about two axes. Figure 2.1.3 shows an example of a dish inhalation. 

 
Figure 2.1.3: Illustration of Solar Dish[1] 

The final system configuration is the tower. Though its concentration is lower than dishes it is 

much higher than that of line focus systems and offers the same power as the latter. It also 
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benefits from having a stationary absorber the heat from which can be stored in thermal storage. 

The concentrator in the case of the tower is a mirror(heliostat) field. Simply put it’s a field of 

flat mirrors that often spans kilometers away from the tower. The heliostats in the filed behave 

in similar fashion to the facets in the Fresnel systems in that they are not pointed directly at sun 

but rather at the median point between the normalized vector that points to the sun ant the 

normalized vector that points to the tower from the position of the heliostat. The heliostat field 

come in several variations and has several parameters and efficiency properties that will be 

discussed later. Figure 2.1.4 shows a tower system. 

 
Figure 2.1.4: Illustration of a Solar Tower[1] 

2.2 Solar Towers 

The solar towers in use today serve to generate energy. The process involved in generating this 

energy can be split into four parts according to energy form involved. The first step involves 

radiation energy from the sun which is concentrated by the solar field and transferred to the 

tower. The second part starts at the tower where energy is transformed from radiation to sensible 

heat. The third step is the conversion of heat to kinetic energy. The fourth and final and final 

part is the conversion of shaft power to electricity. For our purposes, the main focus is the first 

three parts.  

2.2.1 Solar Fields 

2.2.1.1 Efficiencies in a solar field 

The solar fields are the most important part of a solar tower system. They also represent by far 

the largest investment [2, p. 15]. This is why it must be ensured that they operate efficiently. To 

do so we must first understand the losses involved in a heliostat field.  

• The first loss that can occur is shading loss. It basically means that radiation coming 

from the sun was intercepted by another object, be it the tower or another heliostat 
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• The second loss is cosine loss. It is related to the normal vector to the surface of the 

heliostat not being parallel with the sun rays, as it has to be tilted in order to reflect the 

radiation onto the tower. This means that less of the heliostat surface is exposed to the 

sun. In the northern hemisphere this loss averaged yearly is highest in heliostats south 

of the tower and is lowest in heliostat closest and north of the tower. The opposite is 

true in the southern hemisphere as well as when the elevation of the sun passes the 

latitude of the tower (i.e. close to noon during the peak days of summer). Figure 2.2.1 

illustrates how this loss is distributed in the fields.  

 
Figure 2.2.1: Yearly Average Cosine Losses Distribution over the Solar Field relative to tower[3] 

• The third type of loss is absorption. It refers to the amount of specular radiation reflected 

(not diffused). On average a new heliostat has a reflectivity of 95-96%. However, it can 

be diminished due to soiling. Thus, regular cleanings must be scheduled. 

• Fourth is blocking. This refers to the radiation blocked by a heliostat in front of the 

heliostat of which the efficiency is being considered. 

• Fifth is attenuation, which is the energy absorbed by the atmosphere as the radiation is 

making its way to the tower.  

• Finally, we have image intercept efficiency. This efficiency refers to how much of the 

heliostat image has been intercepted by the tower.  

Figure 2.2.2 summarizes all the losses related to heliostat fields.  
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Figure 2.2.2: Types of losses in a heliostat field[4, p. 32] 

2.2.1.2 Types of solar fields 

Solar fields can be classified into two main types: Surround fields and South facing (in the 

northern hemisphere) fields. The difference in layout between surround and south facing fields 

can be seen in Figure 2.2.3. 

 
Figure 2.2.3: Surround and South facing field layouts[4, p. 35] 

Surround layouts are used with external facing receivers with absorbers in all directions. In 

contrast, south facing layouts are used with smaller plants with cavity receivers. The most 

prominent reason to opt for a cavity receiver rather than an outward facing receiver is to limit 

heat losses. The outside facing receiver is exposed to colder outside temperature while the 

cavity receiver benefits from an encloser. The encloser also helps keep thermal radiation from 

the receiver inside. However, the enclosure means the radiation needs to fit through a narrow 

aperture which causes more image intercept losses. Figure 2.2.4 shows both types of receivers. 

a 
Tower 

Figure 2.2-2 Typical North Field Con- 
figuration 

Performance. The performance of 
the heliostat field is defined in terms of 
the optical efficiency, which is equal to 
the ratio of the net power intercepted by 
the receiver to the product of the direct 
insolation times the total mirror area. 
The optical efficiency includes the cosine 
effect, shadowing, blocking, mirror re- 
flectivity, atmospheric transmission, and 
receiver spillage. Several optical loss fac- 
tors are illustrated in Figure 2.2-3. The 
net efficiency for producing electricity 
includes receiver efficiency and thermal- 
to-electric conversion efficiency. 

Atmospheric 
attenuation 

Y-- 
\IF \ 

Heliostat A /i 
' 

Shadowing 
loss 

/ / / I  8 

loss cze I 
Reflectivity 

Figure 2.2-3 Collector Field Optical 
Loss Processes 

The amount of insolation reflected 
by the heliostat is proportional to the 
amount of sunlight intercepted. The 
reflected power is proportional to the 
cosine of the angle (cosine effect) be- 
tween the heliostat mirror normal and 
the incident sun rays; the ratio of the 
projected mirror area that is perpendic- 
ular to the sun's rays to the total area 
of the heliostat determines the magni- 
tude of the cosine effect. The heliostat 
is oriented so that the incident sunlight 
is reflected onto the receiver. If the sun 
is due south and low in the sky, as it is 
in the winter, then the heliostats due 
north of the tower will be almost per- 
pendicular to the sun's rays and, there- 
fore, have almost the maximum cosine 
efficiency of 1.0. At the same time, he- 
liostats due south of the tower will have 
a low cosine efficiency. Since the greatest 
fraction of the annual insolation occurs 
when the sun is in the southern sky, the 
annual average cosine will be greatest in 
the northern part of the heliostat field. 
Thus, in the northern hemisphere, he- 
liostat fields are usually biased toward 
the north of the tower. (For the same 
reasons, heliostat fields located in the 
southern hemisphere will be biased south 
of the tower.) 

Not all the sunlight that clears the 
heliostats reaches the vicinity of the re- 
ceiver. Some of the energy is scattered 
and absorbed by the atmosphere; this ef- 
fect is referred to as the attenuation loss. 
A good visibility day will have a small 
percentage of energy loss per kilometer. 
The losses increase when water vapor 
or aerosol content in the atmosphere is 
high. 

The size of the image formed by a 
heliostat depends on mirror focusing and 
canting and on the size of the heliostat, 
the size of the sun (because rays from 
the center and edge of the sun striking 

2.2-2 

[ T Y  Heliostat 
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\ I 1 TH 
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= tower height 

Figure 2.2-5 Contours of North and Surround Heliostat Field Configurations 

TH 

The dependence of the annual per- 
formance on the heliostat’s position rel- 
ative to the tower is illustrated by rep- 
resentative optimum north and surround 
field designs in Figure 2.2-5. The ob- 
served shapes result from two effects. 
First, at a given radial distance, perfor- 
mance increases as the heliostat moves 
from south to north of the tower because 
the cosine effect is much better in the 
north part of the field. Second, the per- 
formance decreases in any direction as 
the radial distance of the heliostat in- 
creases. This decrease is caused by an 
increase in atmospheric attenuation and 
spillage losses. 

minimize blocking, is greatest at the 
inner boundary and decreases with in- 
creasing radial distance from the tower. 
The average ratio of mirror area to land 
area is typically 0.20 to 0.25. The shape 
of the heliostat field remains relatively 
constant over a wide range of power 
levels. 

The density of heliostats, chosen to 

2.2-5 

HELIOSTAT DESCRIPTION 

The heliostat is the main element 
of the collector subsystem. A dictio- 
nary definition of a heliostat is “a mirror 
mounted on an axis moved by clockwork, 
by which a sunbeam is steadily reflected 
to one spot”. The heliostat itself is the 
least dependent central receiver system 
component on overall system consider- 
ations; that is, unique heliostat designs 
are not required for each type of receiver 
heat transport fluid, receiver configura- 
tion, or end use application of thermal 
energy. This independence permits de- 
sign emphasis to be placed on mass pro- 
duction as a means of reducing the unit 
cost of the heliostat, recognizing that 
the collector system represents a major 
portion of the overall system cost. 

There are three main types of he- 
liostats characterized by the type of mir- 
ror module and/or structural arrange- 
ment. Glass/metal heliostats have sil- 
vered glass as the reflecting surface and 
a relatively stiff structure to support the 
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Figure 2.2.4: Types of receivers[4, p. 54] 

Solar fields can also be further divided according to the arrangement of heliostats within the 

field. Several arrangements exist, though the most prominent are radially staggered and 

cornfield. In cornfield, heliostats are laid out one after the other with two times their diagonal 

between them. In cornfield, only half of that distance is used radially. However, the heliostats 

are not placed directly behind one another, instead they are shifted every next row. This can be 

seen more clearly in Figure 2.2.5. 

 
Figure 2.2.5: Cornfield (top), and Radially Staggered (bottom) Layouts[5] 

Reflection - the light energy from 
the heliostat field scattered from the 
receiver surface and escaping from 
the receiver. High absorptivity paint 
is used on the absorber surfaces to 
minimize reflective loss. Reflection 
loss is generally five percent or less 
with a freshly-painted absorber sur- 
face, but may increase during ser- 
vice as a result of degradation of the 
coating. 
Convection - the thermal energy 
lost in heating the air adjacent to 
the receiver. It is a combination of 
free (thermally driven) and forced 
(wind driven) convection, with the 
free convection component usually 
larger. 
Estimation of the convective losses 
from central receivers has been the 
subject of analytical and experimen- 
tal research in the ~ r 0 g r a m . l ~ ~  
Radiation - the thermal energy lost 
by infrared and visible light emission 
due to the high temperature of the 
receiver. Both the radiative and con- 
vective losses are a function of the 
temperature of the receiver and its 
configuration (cavity or external). 
Typical combined radiation and con- 
vection losses are in the range of five 
to fifteen percent of the peak inci- 
dent energy at the receiver. 
Conduction - the thermal energy 
lost through the insulating surfaces 
and structural members. This loss 
is less than one percent for a well 
insulated receiver. 
Minimizing the energy losses of a 

receiver is important. Receiver design 
optimization should be done on the basis 
of minimizing the cost per unit energy 
delivered by the total system; thus the 
optimization reflects the cost and perfor- 
mance of all components of the system. 

In Chapter 4 a more detailed discussion 
is given of the system optimization pro- 
cess and the principal receiver subsystem 
trade-offs that affect it. 

CONFIGURATION 

Two general receiver configurations 
occur: external and cavity. Prototypical 
designs for external and cavity receivers 
are illustrated in Figure 2.3-2. 

M External type 
Cavity type 

Figure 2.3-2 Cavity and External Re- 
ceiver Configurations 

External receivers have heat absorb- 
ing surfaces that are either flat, often 
called a billboard, or convex toward the 
heliostat field. For a large plant, an ex- 
ternal receiver is typically a multipanel 
polyhedron that approximates a cylin- 
der, with a surround heliostat field. The 
height to diameter ratio of a cylindri- 
cal receiver is generally in the range of 
1:l  to 2:l .  Smaller plants with external 
receivers typically use a north field con- 
figuration with a billboard or a partial 
cylinder receiver (omitting most of the 
south-facing panels). 

2.3-2 

508 F. W. LIPPS and L. L. VANT-HULL 

whe re  DM is  the  he lios ta t width. D,  a nd Dr a re  the  
he lios ta t s pa cings  in a n a s s ume d north -s ou th  cornfie ld. In 
this  a pproa ch, we  ca n not a fford the  CP U-time  re quire d 
to a ve ra ge  ove r a  whole  ye a r be ca us e  we  re quire  121 
s a mple s  o f (px, p,.) cove ring  the ir e ntire  ra nge  (s e e [2]). 
For R C E LL we  cons ide r s ta gge rs  a s  we ll a s  cornfie lds  
a nd we  a re  pre pa re d to de a l with a rbitra ry orie nta tions  of 
the  ce ll (s e e  Fig. 2). For the  curre nt 100 MWe  s tudy, we  
a re  only inte re s te d in north -s ou th  or ra dia l orie nta tions . 
Howe ve r,  in R C E LL we  ge t a n a ve ra ge  ove r the  whole  
ye a r a t the  e xpe ns e  of re s tric ting our output s a mple  to a  
fra ction of the  ra nge  of the  pa ra me te rs . In this  ca s e , the  
pa ra me te rs  a re  

x = Dx /DM = I / p x  

a nd 

y =Dv / DM  = 1 /pr.  

Typica lly, we  will output g,- a nd o the r qua ntitie s  a s  4 × 4 
ma trice s . 

In re a lity, g,. a nd, he nce , A,. de pe nd on the  he lios ta t 
loca tion coordina te s  for a ll of the  he lios ta ts  in ce ll c ; 
howe ve r by a s s uming a  ce ll mode l, we  ha ve  re duce d the  
numbe r o f inde pe nde nt pa ra me te rs  to 2Ns  whe re  Nu is  
the  re le va nt numbe r of ne ighbors  s urrounding the  
re pre s e nta tive  he lios ta t. For the  100MWe  s tudy, we  
furthe r re s tric t the  numbe r of inde pe nde nt pa ra me te rs  by 

. /i 
• \ 

• " 

• "/ ~ '~ x  " 
@ • • ~ e  

Fig. 2. The  uppe r ha lf shows a  cornfie ld ne ighborhood and the  
lower ha lf shows a  s ta gge r ne ighborhood. The  heavy a rrow 
points  to the  tower for radia l cases  and it points  north for N-S  
cases . The (x, y) labe ls  indica te  the  independent variables  of the  

geometry. 
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Fig. 3. Contours  of Percent Loss  on Annua l Bas is . This  is  a  
LOSS print. Dis tance  be tween dots  is  ha lf of a  he lios ta t width. 
Loss  leve ls  of 1-6 percent a re  s hown. Displacement of the  

inte rfe ring he lios ta t is  measured from the  cross . 

limiting the  a rra nge me nts  of ne ighbors  to the  four 
options : 

(l) Ra dia l Orie nte d  Cornfie lds , 
(2) Ra dia l Orie nte d  S ta gge rs , 
(3) North -S ou th  Orie nte d Cornfie lds , a nd 
(4) North -S ou th  Orie nte d  S ta gge rs  (s e e  Fig. 2). 

For e a ch  of the s e  options  the re  a re  two inde pe nde nt 
pa ra me te rs  x,. a nd yc which contro l the  s pa cing be twe e n  
ne ighbors  in the  two inde pe nde nt dire ctions  fo r the  c th  
ce ll. Cons e que ntly, the  a re a  o f gla s s  in the  c th  ce ll is  
g ive n by 

whe re  

A,- = A d o  

f ,  = A H(y ¢ x c y ¢ DM 2) ' 

is  the  ground cove ra ge  fa c tor a nd AL is  the  a re a  o f the  
ce ll its e lf. An  is  the  a re a  o f the  he lios ta t, a nd ycx,,ycDM 2 
is  the  a re a  of la nd re quire d  by e a ch he lios ta t. 

f 1/2 for s ta gge re d ce lls  a nd 
Y" = '[ 1 fo r cornfie ld ce lls . 

A "s ta nda rd  uniform ce ll" a rra y is  de fine d by AL = D~. 2 
with 

D~ = HT /2 .  

Howe ve r,  us ing our curre nt mode l we  find a  ne e d of 
la rge r ce lls , which a re  de fine d by 

D¢ = H r/ V 2  

a nd a re  ca lle d "La rge  Ce lls ." In ge ne ra l, 

[,. = a d x , .y , . ,  
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In general, radially staggered fields are more efficient [5]. Cornfield layouts are mostly used in 

smaller plants with south facing fields. They are also predominant in research solar towers. 

2.2.2 The Thermal Cycle in Solar Towers 

Once the heat reaches the receiver, CSP plants operate like any other thermal plant. A heat 

transfer fluid, often a synthetic oil, flows through the receiver and transports the heat to a boiler. 

Water is passed through the boiler to generate steam. Steam can then be used to drive a turbine, 

coupled to an electric generator.  

Note however, that depending on the operation mode the heat transfer fluid may be also or 

solely used to heat molten salts stored in insulated tanks. These molten salts serve as energy 

storage and can be used to generated electricity at night. Figure 2.2.6 shows a schematic of the 

different components of the thermodynamic cycle in solar tower plant. 

 
Figure 2.2.6: Schematic of Solar Tower Plant[4, p. 21] 

2.3 Power to X: Solar Fuels 

Power to X is the commercial name of processes used to convert renewable energy (electricity, 

heat…) into some kind of substance, often hydrogen or synthetic gas. This has many benefits: 

For one it compensates for the volatile and stochastic nature of renewable power. Second, it is 

much cheaper that using batteries. Third, it can utilize existing infrastructure and distribution 

networks. When producing these substances using concentrated solar power, or even 

photovoltaics for that matter, they are called solar fuels. 

2.3.1 Thermolysis 

Thermolysis is the process by which water is split in hydrogen and oxygen simply due to heat, 

as described by Equation 2.3.1.  

 
Equation 2.3.1: Direct Thermolysis of Water equation[6]. 

TECHNOLOGY DESCRIPTION 

GENERAL DESCRIPTION OF 
CENTRAL RECEIVER CONCEPT 

In a solar central receiver, solar radi- 
ation is concentrated on a tower-mounted 
heat exchanger (receiver) by the use of 
mirrors called heliostats. The basic con- 
cept is illustrated on the Chapter 1 in- 
terleaf; a portion of that figure highlight- 
ing the major subsystems is repeated as 
Figure 2.1-1. 

Computer controlled heliostats track 
the sun and reflect the sunlight to the 
receiver. The complete group of he- 
liostats is called a collector field. The 
field may surround the tower or the 
field may be located on one side of the 
tower. (In the northern hemisphere, the 
field lies north of the tower while in the 
southern hemisphere, the field lies south 
of the tower.) 

In the receiver, the collected solar 
radiation is converted to heat in a re- 
ceiver fluid such as water/steam, liquid 
sodium, or molten nitrate salt flowing 
through small receiver tubes. If wa- 
ter/steam is the receiver fluid, the steam 
may be sent directly to the turbine gen- 
erator. If one of the other receiver fluids 
is used, the energy in the fluid must be 
transferred to water/steam by means 
of heat exchangers before being used to 
generate electricity in the turbine gener- 
ator. 

An important aspect of cefitral re- 
ceiver systems is the ability to store 
excess thermal energy efficiently. The 
storage of energy during daylight hours 
allows operation of the turbine during 
non-solar periods. The marginal cost of 
collecting and storing this energy is less 
than the cost of increasing turbine size 

Master 
control 

Collector field 

Figure 2.1-1 Schematic Illustration of a Solar Central Receiver System 

2.1-1 

Hydrogen could be produced by thermochemical water-splitting, a chemical process that effects the multi-
step decomposition of water. Water and heat are the inputs, and hydrogen and oxygen are the only outputs.
The other chemicals and reagents are recycled in a closed cycle. Heat can be produced by nuclear means, using
an advanced high-temperature nuclear reactor as the energy source (4th generation of nuclear reactors).
However, the process would be much more environmentally acceptable if the energy source was concentrated
solar energy. Since hydrogen produced by thermochemical water splitting does not contain contaminants, it
could be used directly in fuel cells.

In addition to reforming and thermochemical water-splitting, electrolysis produces pure hydrogen. But this
latter method suffers from thermodynamic inefficiencies. The efficiency of electrolysis is currently about 70%
and the efficiency of heat conversion to electricity is usually 33% (with current technology nuclear heat). Thus,
the current combined efficiency does not exceed 20–25%. The projected efficiency for the electrolytic path is
36% (80%! 45%). The efficiency of most investigated thermochemical cycles exceeds this value since overall
efficiencies of 40–50% are expected without the intermediate production of electricity, which appears more
promising.

Finally, the production of hydrogen from solar thermal energy is a solution for long-term storage and
transport of this renewable resource.

Thermochemical water-splitting consists of the conversion of water into hydrogen and oxygen by a series of
endothermic and exothermic chemical reactions. Endothermic reactions can be driven by solar thermal energy.
A few cycles have been studied for solar hydrogen production. They are mainly the two-step cycles based on
metallic oxides [3], such as ZnO/Zn, Fe3O4/FeO, and the associated cycles (involving ferrites). The generic
two-step process makes use of metal oxides as a redox pair MOox/MOred according to the following reactions:

Activation step: MOox+thermal energy-MOred+
1
2O2,

Hydrogen generation step: MOred+H2O-MOox+H2.

The required temperature for the direct thermolysis of water, i.e. H2O-H2+
1
2O2 (DH1 " 284 kJ/mol H2) is

greater than 2800K to obtain a significant hydrogen conversion yield. At this temperature, the decomposition
yield of water is about 10% [4] (DG " 0 at about 4700K). In addition, the products must be quenched to
prevent hydrogen and oxygen from recombining during cooling. The use of a Water-Splitting
Thermochemical Cycle (WSTC) enables to operate at much lower temperatures with the same global
reaction of water decomposition. In addition, separation of hydrogen and oxygen is obtained since they are
produced in separate reactions.

The interest in thermochemical water splitting boomed in the late 1970s and early 1980s with the oil crisis
[5–7]. Then, researches have slowed down worldwide (last review published in 1989 [7]), and most of the
continuing work has been carried out in Japan where dependence upon foreign energy sources continued to be
of national concern. Although several hundred cycles have been proposed, a substantial research to
demonstrate technical feasibility and potential for high efficiency has been executed on only a few.

In previous studies, the thermochemical processes evaluation and screening were generally conducted in the
frame of the coupling with an advanced high-temperature nuclear reactor HTGR (e.g. helium gas cooled
reactor) as the primary energy source [5–7]. Thus, the maximum cycle temperature level was the deemed
optimum for an advanced high-temperature nuclear reactor, i.e. about 850 1C. Hence, the range selected for
the optimum maximum temperature in process was 750–850 1C [8]. Processes involving higher temperatures
were rejected.

Two cycles for generation of H2 fuels using nuclear power were selected by General Atomics [8] for final
consideration. They were the Adiabatic UT-3 cycle and the iodine-sulphur (I-S) cycle. The UT-3 cycle was
proposed at the University of Tokyo [9,10] and selected by JAERI for further development. The predicted
efficiency of the Adiabatic UT-3 process varies between 35% and 50% depending upon the efficiency of
membrane separators, which are under development, and whether electricity is co-generated along with the
hydrogen. A 10% overall efficiency increase is projected if co-generation is employed.

The I-S cycle [11] remains the cycle with the highest reported efficiency (52% which is a calculated
theoretical value) based on an integrated flow-sheet with suggested process improvements that could increase
the efficiency and lower the capital cost [12]. Co-generation could also be possible for higher total efficiency.

ARTICLE IN PRESS
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To achieve this, temperatures greater than 2800K are required, not to mention that right after 

the reaction takes place, fast cooling is required in order to prevent recombination[6]. For both 

of the previous reasons it is almost impossible to achieve thermolysis at a large scale. 

2.3.2 Thermochemical Cycles 

Thermochemical cycle is the production of solar fuels through a cycle of reduction and 

oxidation reactions, at least one of which is endothermic. Several cycles exist such as the iodine 

cycle, sulfur cycle, and many others. However, the most prominent and proven is the metal 

oxide cycle for producing hydrogen. As the name suggests it makes use of metal oxides, often 

zinc oxide or ferrite. The cycle starts with the metal oxide being exposed to high heat load that 

strips it of its oxygen (reduction of the metal oxide). Water is then added to the reduced metal 

oxide to which it loses its oxygen, leaving only hydrogen (oxidation of the metal oxide). 

Equation 2.3.2 give the general form of equations of the reaction involved in this process.  

 
Equation 2.3.2: General equation for metal oxide production[7] 

Equation 2.3.3 shows the reactions involved in the zinc oxide cycle as an example, while Figure 

2.3.1shows material flow through a zinc oxide reactor. 

 

 

Equation 2.3.3: Zinc oxide hydrogen production equations[6] 

 

Figure 2.3.1: Material flow in metal oxide reactor[7] 

2.3.3 Electrochemical Cycles 

There are three main types of electrolysis cells: Alkaline, proton exchange membrane, and solid 

oxide cells. This section will detail the pros and cons of each one, and their functioning 

mechanism. 
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Abstract

This paper presents a process analysis of ZnO/Zn, Fe3O4/FeO and Fe2O3/Fe3O4 thermochemical cycles as potential high e!ciency,
large scale and environmentally attractive routes to produce hydrogen by concentrated solar energy. Mass and energy balances allowed
estimation of the e!ciency of solar thermal energy to hydrogen conversion for current process data, accounting for chemical conversion
limitations. Then, the process was optimized by taking into account possible improvements in chemical conversion and heat recoveries.
Coupling of the thermochemical process with a solar tower plant providing concentrated solar energy was considered to scale up the
system. An economic assessment gave a hydrogen production cost of 7.98$ kg!1 and 14.75$ kg!1 of H2 for, respectively a 55 MWth

and 11 MWth solar tower plant operating 40 years.
! 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Water splitting thermochemical cycles driven by solar
energy could potentially lead to a sustainable mass produc-
tion of hydrogen [1]. Hydrogen is a promising energy car-
rier that could replace oil in the transportation sector or
domestic energy supply. Indeed, fuel cells e!ciently con-
vert hydrogen into electricity. Thus, hydrogen energy
may help solve the problem of greenhouse gas emissions
causing global warming and stress on the fossil fuel supply
and price, provided it is produced by clean processes
involving renewable energy.

Thermochemical cycles consist of the multi-step thermal
dissociation of water into hydrogen and oxygen. Chemical
intermediates (oxides, sulphates, halogens. . .) are involved
in exothermic reaction(s), generating hydrogen by water

splitting (Eq. (1)), and in endothermic reaction(s), releasing
oxygen (Eq. (2)).

MOred "H2O!MOox "H2 T < 1300 K #1$
MOox !MOred " 1=2 O2 T > 1300 K #2$

A database including over 280 cycles was developed and
screened to select the most suitable for coupling with
concentrated solar thermal energy [2]. Chiefly, 2 and 3 step
metal oxide cycles are the most attractive for high e!ciency
hydrogen production. High temperatures, which can be
provided by concentrated solar energy, are generally
required for the endothermic reaction.

Laboratory scale experimental devices have been devel-
oped to test the chemical reactions and to determine their
conversion and kinetics [3]. In previous studies, a few short
thermochemical cycles coupled with solar energy have been
thoroughly studied, and most of the research focused on
the ZnO/Zn cycle [4,5], the Mn2O3/MnO three step cycle
[6,7] and the ferrite cycles [8–10]. These small scale experi-
ments provided accurate data concerning experimental

0196-8904/$ - see front matter ! 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enconman.2007.12.011
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Table 1
Selection of potential solar-driven WSTC

No ID Name of the cycle List of elements Number of
chemical steps

Maximum
temperature (1C)

Reactions

6 ZnO/Zn [20] Zn 2 2000 ZnO! Zn! 1
2O2 (2000 1C)

Zn+H2O-ZnO+H2 (1100 1C)

7 Fe3O4/FeO [25] Fe 2 2200 Fe3O4 ! 3FeO! 1
2O2 (2200 1C)

3FeO+H2O-Fe3O4+H2 (400 1C)

194 In2O3/In2O [42] In 2 2200 In2O3-In2O+O2 (2200 1C)
In2O+2H2O-In2O3+2H2 (800 1C)

194 SnO2/Sn [42] Sn 2 2650 SnO2-Sn+O2 (2650 1C)
Sn+2H2O-SnO2+2H2 (600 1C)

83 MnO/MnSO4 [42,50] Mn, S 2 1100 MnSO4 !MnO! SO2 ! 1
2O2 (1100 1C)

MnO+H2O+SO2-MnSO4+H2 (250 1C)

84 FeO/FeSO4 [50] Fe, S 2 1100 FeSO4 ! FeO! SO2 ! 1
2O2 (1100 1C)

FeO+H2O+SO2-FeSO4+H2 (250 1C)

86 CoO/CoSO4 [50] Co, S 2 1100 CoSO4 ! CoO! SO2 ! 1
2O2 (1100 1C)

CoO+H2O+SO2-CoSO4+H2 (200 1C)

200 Fe3O4/FeCl2 [51] Fe, Cl 2 1500 Fe3O4 ! 6HCl! 3FeCl2 ! 3H2O! 1
2O2 (1500 1C)

3FeCl2+4H2O-Fe3O4+6HCl+H2 (700 1C)

14 FeSO4 Julich [7] Fe, S 3 1800 3FeO(s)+H2O-Fe3O4(s)+H2 (200 1C)
Fe3O4"s# ! FeSO4 ! 3Fe2O3"s# ! 3SO2"g# ! 1

2O2 (800 1C)
3Fe2O3(s)+3SO2-3FeSO4+3FeO(s) (1800 1C)

85 FeSO4_4 [50] Fe, S 3 2300 3FeO(s)+H2O-Fe3O4(s)+H2 (200 1C)
Fe3O4"s# ! 3SO3"g#! 3FeSO4 ! 1

2O2 (300 1C)
FeSO4-FeO+SO3 (2300 1C)

109 C7 IGT [42] Fe, S 3 1000 Fe2O3(s)+2SO2(g)+H2O-2FeSO4(s)+H2 (125 1C)
2FeSO4(s)-Fe2O3(s)+SO2(g)+SO3(g) (700 1C)
SO3"g#! SO2"g# ! 1

2O2"g# (1000 1C)

21 Shell Process [7] Cu, S 3 1750 6Cu(s)+3H2O-3Cu2O(s)+3H2 (500 1C)
Cu2O"s# ! 2SO2 ! 3

2O2 ! 2CuSO4 (300 1C)
2Cu2O(s)+2CuSO4-6Cu+2SO2+3O2 (1750 1C)

87 CuSO4 [52] Cu, S 3 1500 Cu2O(s)+H2O(g)-Cu(s)+Cu(OH)2 (1500 1C)
Cu(OH)2+SO2(g)-CuSO4+H2 (100 1C)
CuSO4 ! Cu"s#! Cu2O"s# ! SO2 ! 1

2O2 (1500 1C)
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Hydrolysis of zinc (Eq. (6)) is not complete due to the
formation of a layer of ZnO at the surface of the particles,
which blocks the di!usion of steam into the core of the par-
ticles and stops the reaction.

Zn!s" #H2O!g"! ZnO#H2 !6"

The highest conversion rate was obtained when zinc was
vaporized at 1023 K, condensed as nanoparticles and then
hydrolyzed [14]. With such a process, a complete hydrolysis
can be assumed.

A mass balance was performed taking into account
experimental chemical conversions, and the results are pre-
sented on the process scheme (Fig. 1). The symbol n is used
to indicate the chemical conversion of each step.

The real streams containing unproductive compounds
(for example: ZnO in stream 3 before hydrolysis) require
higher amounts of energy for their heating than in the the-
oretical case (Eq. (3)) assuming complete reactions. In the
solar reactor, 1.64 mole/s of ZnO are heated at 2000 K to
be reduced into Zn, and a fraction of the Zn is reoxidized
in the quenching step. The energy requirements and
releases for the ZnO/Zn cycle are listed in Table 1 for

two recombination rates. The real energy e"ciency of the
thermochemical cycle can be determined from the new
energy inputs calculated by accounting for partial chemical
conversions (Eq. (7)).

2.1.2. Iron oxide cycles
Unlike the ZnO/Zn cycle, iron oxide cycles are ‘‘non

volatile” cycles because the reduced oxide remains in a con-
densed state. A continuous flow of inert gas is injected
through the reactor to sweep the oxygen evolved by the
reaction (Eq. (8)). Thus, the chemical equilibrium is
displaced toward FeO formation until complete reduction.
Complete hematite (Fe2O3) reduction into magnetite
(Fe3O4) (Eq. (9)) was demonstrated for the same reason
[19].

Fe3O4 ! 3FeO# 1=2 O2!g" T $ 1900 K !8"
3Fe2O3 ! 2Fe3O4 # 1=2 O2!g" T $ 1600 K !9"

Thus, the recombination reaction is the main di!erence
with the ZnO/Zn cycle, and it is not favoured in the case
of iron oxide systems because O2 is swept out of the reac-
tor. For instance, separation of products can be achieved

Solar Reactor
T = 2000K 
!  = 100% 

Hydrolyser
T = 1023K 
!  = 100% 

Quenching  
!  = 61% 

Zn : 1.64 mol.s -1

O2  : 0.82 mol.s -1 O2  : 0.5 mol.s -1

Zn : 1 mol.s -1

ZnO : 0.64 mol.s -1

H2 O : 1 mol.s -1

ZnO : 1.64 mol.s -1

H2  : 1 mol.s -1

1
3

5

2

6

4

Fig. 1. Mass balance with streams composition in the ZnO/Zn process.

Table 1
Energy balance for the production of 1 moles of hydrogen by ZnO/Zn cycle

Step Temperature Energy (kJ mol%1H2)

nrecombination = 0.39 nrecombination = 0.2

Heating of stream 1 298 K–>2000 K 147.39 112.34
Endothermic reaction 2000 K 747.84 570
Exothermic recombination 2000 K %291.84 %114
Cooling of stream 3 and 4 2000 K–>298 K %252.89 %217.84
Heating of stream 3 298 K–>1023 K 167.89 154.23
Heating of stream 5 298 K–>1023 K 71 71
Exothermic reaction 1023 K %224.82 %224.82
Cooling of stream 1 1023 K–>298 K %57.44 %43.78
Cooling of stream 6 1023 K–>298 K %21.3 %21.3

=285.83a =285.83a

Process e"ciency (%) 25.2 31.5
a High heating value of hydrogen.

gcycle
real $

F H2
&HHVH2

F 1 & DHT 0!T endo
1 # F 1 & DH endo # F 3 & DH T 0!T exo

3 # F 5 & DH T 0!T exo
5

!7"
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Figure 2.3.2: Electrolysis Cell Types[8] 

2.3.3.1 Alkaline Electrolysis Cell 

The alkaline electrolysis cell is by far the oldest. Water goes into the cathode where it splits into 

H+ and OH-. OH- is attracted to the anode where it donates one electron which is moved by an 

electric current to the cathode. The hydrogen ions receive the electron at the cathode and form 

H2. The electrodes are often nickel based and the electrolyte is potassium hydroxide. It has the 

longest lifetime, but the lowest power density. [8] 

2.3.3.2 PEM Electrolysis Cell 

In a proton exchange membrane cell, the water enters at the anode. A membrane made of nafion 

allows only the protons to pass to the cathode where they are reduced and form hydrogen gas. 

The electrodes are made of platinum and ruthenium (IV) oxide which makes them very 

expensive. However, they are a lot denser than alkaline cells. [8] 

2.3.3.3 Solid Oxide Electrolysis Cell 

In solid oxide cells O2- ions are allowed to pass from the cathode to the anode through an ion 

exchange membrane made of Yttria stabilized Zirconia. Often, the cathodes are also made of 

the same material. The lifetime is relatively short since they operate at high temperatures, and 

their price is still relatively high due to them still being in the development phase. [8] 

All three cells can be paired to a CSP plant. However, alkaline and PEM can only use the energy 

from a CSP plant after it has been converted to electricity. On the other hand, since the solid 

oxide cell can operate at high temperature, it can directly accept heat from a solar tower. 

2.4 Power to X and Solar Towers 

Power storage is not something new to solar towers. In fact, one the biggest reasons Morocco 

opted for concentrated solar power rather than photovoltaics is the option to store energy in 

molten salts. 
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However, storing energy in molten salts can’t quite be considered power to X, since that energy 

can only be used locally at the plan. In contrast, Power to X aims to generate fuels that can be 

transported and used anywhere. Thus, solar fuels such as hydrogen come in. 

2.4.1 Current state of Solar Fuels 

Solar fuels are produced from concentrated solar power using thermochemical reactors. These 

reactors often operate at very high temperatures (above 1000ºC). As can be seen in Equation 

2.3.3,  for Zinc-Oxide reactors the reduction step occurs at 2000ºC. To achieve these 

temperatures efficiently, a high concentration is required. This concentration can be calculated 

in two ways:  

• The geometric concentration, which is the ratio of the reflector are to the receiver area.  

• The actual concentration, which is the ratio of the flux at the receiver to the flux at the 

reflector, where the flux at the reflector is almost always the DNI (direct normal 

irradiance). 

Of the two methods, the second one is most accurate and the first one should only be used for 

approximation. 

 
Figure 2.4.1: Thermal efficiency of concentrated solar power systems at different temperatures[6] 

From Figure 2.4.1 we can see that a concentration of at least 5000 would be required for the 

zinc oxide reaction. However, the concentration of radiation in solar towers is around 1000[9, 
and it depends on the concentration ratio. The maximal theoretical receiver efficiency, i.e. the fraction of
incoming solar energy that could be used to drive the chemical reaction, is about 80% (Fig. 4).

Concerning the potential of solar process implementation at industrial scale [64], the higher the exergy
efficiency, the lower the solar heliostat field area for a given amount of H2 produced. The cost of the SCS
(heliostat+concentrator) was estimated to be about 45% of the global cost of the chemical plant [20]. In order
to reduce the necessary solar collection area, and thus the investments linked to the SCS, the exergy efficiency
of the solar process must be optimized.

5.2. Exergy analysis of thermochemical cycles

For each elementary endothermic reaction, the exergy input was calculated as follows:

Dex!T i" #
X

Reactants

_ni hi!298 K" $ T0si!298 K"
! "

$
X

Products

_ni!hi!T i" $ T0si!T i"" (5)

assuming that the reactants are fed at 298K and the products are obtained at the inversion temperature (Ti for
which DG # 0). Thus, the reactant heating was taken into account in the calculations, and the reaction
temperature was the equilibrium temperature (Ti) since the optimal reaction temperature could not be known
precisely before experimentations. Thus, the chemical irreversiblities were not considered.

Then, the thermal irreversibilities due to re-radiation losses in the solar step were taken into account. The
global exergy balance of the solar step can be written as (at steady state)

Qsolar 1$
T0

T source

# $
% Dex!T react" $ Exd # 0, (6)

where ys # (1$T0/Tsource) is defined as the Carnot factor.
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p. 368]. This is why up until now only dish based systems or solar furnaces have been used for 

testing solar fuels production since they can reach a concentration upward of 5000[10]. Figure 

2.4.2 shows a diagram for a solar furnace. 

 
Figure 2.4.2: Diagram of a Solar Furnace[11] 

However, the problem with these setups is that their power is very limited. In the case of dishes, 

only one dish can be used by each reactor, and thus it is limited by the size of the dish. For solar 

furnaces, since their mounting points are at ground level only one row of heliostats can be 

installed, compared to the very large number of rows that can be found in a solar tower. 

Recently, solar reflector towers have made an attempt to solve this problem. The concept behind 

them is that instead of having the receiver at the tower, instead there is a reflector 

(Hyperboloidal or Ellipsoidal) that concentrates the ray toward the receiver at the bottom of the 

tower. Figure 2.4.3 show a diagram of a solar tower. 

J Ballestrı́n et al

Figure 1. Spectral irradiance from a black body at 850 !C and solar
spectral irradiance with AM2, both normalized to a solar constant of
1353 W m"2. Reflectance of a typical mirror used to concentrate
solar radiation. Absorptance of the two coatings (Zynolyte® and
colloidal graphite) used to paint heat flux sensors.

better option because the centre of the foil gets so hot that the
Zynolyte® would burn off.

The current procedure for calibrating these sensors at
Vatell is based on a dual-cavity black body, which is basically
an electrically heated double-ended cylindrical graphite tube
with a centre partition that allows its internal temperature
to be measured with an NIST-traceable pyrometer while
the reference transducer is being calibrated. When the
selected temperature of 850 !C has stabilized, the transducer
is quickly inserted into the cavity opposite the pyrometer. The
Stefan–Boltzman law supplies the resulting irradiance value
of about 90 kW m"2 on the front face of the sensor, assuming
hemispherical irradiation. Calibration of the reference heat-
flux sensor is performed with this single-point technique.
This calibration is transferred to the commercial sensors by
comparison in a calibration furnace with a graphite plate that
radiates evenly and symmetrically when an electrical current
passes through it. The calibration constant obtained with this
method translates voltage to irradiance on the front face of the
sensor. The manufacturer states that the accuracy of gauges
calibrated in this way is within ±3% with a repeatability of
±1% [6].

These heat flux sensors have been used since 1953 [5]
in different fields such as plasma diagnostics and combustion
research, which have to deal with dissimilar spectral radiances,
and, therefore, compatibility with solar radiation is not given,
as the spectral absorptance of these two coatings (Zynolyte®

and colloidal graphite) is not constant over the whole
electromagnetic spectral range (figure 1). Unfortunately, at
850 !C, the spectral radiance of a black body is significantly
different from the solar spectral distribution and a systematic
error arises due to the difference in power absorbed by the
coatings under these two dissimilar electromagnetic spectral
distributions [6, 7]. Figure 1 shows the spectral irradiance
from a black body at 850 !C and solar spectral irradiance with
air mass ratio 2 (AM2), both normalized to a solar constant
of 1353 W m"2, the reflectance of a typical mirror used to
concentrate solar radiation and the absorptance of the two
coatings (Zynolyte® and colloidal graphite) used on heat flux
sensors. The systematic error from measuring solar irradiance

Figure 2. Solar furnace diagram.

with these gauges has been estimated from all this information
in a previous paper [6]. If the sensor coating is Zynolyte®, the
sensor overestimates the solar irradiance by 3.6%. However,
if the coating is colloidal graphite, the overestimation of solar
irradiance is 27.9% [6].

3. Thermal balance calibration in a solar furnace

The validity of the thermal balance technique for calibrating
heat flux sensors was presented in a previous paper [8], which
reported the calorimetric method applied in the laboratory.
The main limitation was that the maximum irradiance level
was about 100 kW m"2. This constraint has been overcome
by working in the Plataforma Solar de Almerı́a (PSA) solar
furnace.

3.1. PSA solar furnace

Solar furnaces reach one of the highest concentration levels
obtainable with a solar concentrating system, having attained
concentrations of over 10 000#. A solar furnace essentially
consists of a flat solar-tracking heliostat, a parabolic collector
mirror, an attenuator or shutter and the test zone located in
the concentrator focus (figure 2). The flat collecting mirror,
or heliostat, reflects the parallel horizontal solar beams onto
the parabolic dish, which in turn reflects them onto its focus
where the test area is set up. The amount of incident light is
regulated by the shutter located between the concentrator and
the heliostat. Below the focus there is a test table movable in
three directions (East–West, North–South, up and down) that
places the test samples in the focus with high precision.

The PSA solar furnace currently has one 140 m2 heliostat.
The reflective surface of the heliostat is made up of 32 non-
concentrating flat facets with 90% reflectivity that continually
track the solar disc and reflect its parallel horizontal beams onto
the concentrator. The concentrator dish is the main component
of the solar furnace (figure 2). It concentrates the incident
light from the heliostat, multiplying the irradiance in the focal
zone. Its optical properties especially affect the irradiance

496 Metrologia, 43 (2006) 495–500
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Figure 2.4.3: Diagram of a Solar Reflector Tower[12] 

However, they remain plagued by ray aberration[13]. This means the height of the tower can’t 

be too high otherwise the rays will diverge which leads to low flux and concentration. 

Therefore, the number of heliostats is also limited, since, as is depicted in Figure 2.2.1, having 

heliostat too far from the tower relative to its height will lead to high cosine losses. 

2.4.2 Compound Parabolic Concentrator 

The most effective way to solve this problem is to use a compound parabolic concentrator 

(CPC). A CPC is a non-imaging concentrator that is place at the entrance aperture of the reactor. 

It consists of a revolved tilted parabola. Figure 2.4.4 shows the geometry of a CPC. 

 
Figure 2.4.4: Geometry of a Compound Parabolic Concentrator[14] 

When these CPC are used, they magnify the flux density. However, they have the drawback 

that they have a specific acceptance angle. Meaning they can only accept rays incident on them 
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if it is to be a 3D system, so the reflecting surface is obtained by 
rotating the parabola about the concentrator axis (not about the axis 
of the parabola). 

The symmetry determines the overall length. In the diagram the two 
rays are the extreme rays of the beam at 0i5 so the length of the 
concentrator must be such as to just pass both these rays. These 
considerations determine the shape of the CPC completely in terms 
of the diameter of the exit aperture 2a' and the maximum input angle 
0j. It is a matter of simple coordinate geometry (Appendix D) to show 
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Fig. 4.3 Construction of the CPC profile from the edge-ray principle. 
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at a certain angle relative to the normal to the aperture surface. The higher the desired 

concentration for the CPC, the tighter the acceptance angle. This relationship is expressed by 

Equation 2.4.1, where C is the concentration and 𝜃 is the acceptance angle from the normal to 

the aperture surface. 

𝐶 = 	
1

sin	(𝜃!) 

Equation 2.4.1: Concentration ratio for 3D CPC[14] 

2.4.3 Multi-Aperture Design Tower 

The multi-aperture design is an attempt by Schmitz to reconciliate the solar tower and 

thermochemical reactors. Since the use of reactors implied using CPCs, a receiver would not be 

accessible by a surround field, as can be seen in Figure 2.4.5. 

 
Figure 2.4.5: Acceptance Region for a CPC Mounted on a Solar Tower[15] 

Before the multi-aperture design, the only plausible way to achieve this was to use a south 

facing field. However, what Schmitz suggested was to have a hexagonal tower, and each face 

of the tower having its own cluster of reactors and CPCs [15], as can be seen in Figure 2.4.6. 
the CPC. Radiation from the heliostats outside this area
is rejected partly or completely, making much of the
ground area near the tower useless for power produc-
tion. To reach a certain power level in spite of this, high
towers are required with corresponding heliostat fields,
which extend far in the northern direction. This, how-
ever, leads to optical losses in the collector field, as
blocking, atmospheric attenuation and spillage are in-
creased. If the area closer to the tower is to be used,
additional receiver clusters have to be installed (Fig. 4),
which are oriented somewhat to the East and West—or
even to the South. This idea has been applied for systems
without CPCs in the 1980s (Becker and Böhmer, 1989;
Pitman and Vant-Hull, 1986). Segal and Epstein (1999)

did consider CPCs, but focused on thermal rather than
economic e!ciencies. Only two power levels were con-
sidered.

The system e!ciency of concentrating solar systems
is composed of the collector e!ciency and the conver-
sion e!ciency.

gsystem ! gcollector " gconversion #3$

Combined cycle processes with their high thermal-to-
electric conversion e!ciency are the main motivation for
the analysis of receivers with secondary concentrators,
but they are not the only application: Also some impor-
tant chemical applications call for similar receiver speci-
fications, i.e., where a pressurized fluid is to be exposed
directly to concentrated solar radiation. In order not to
limit the scope of this paper to electricity production
only the energy collection part of the system is analyzed.

2. Simulation tool

2.1. Requirements

For this study the simulation tool needs to reproduce
all relevant loss mechanisms in CRS, to find out which
configuration gives the highest annual yield:

• Cosine loss—quotient of total mirror area and its
projected area, as seen from the sun;

• Shading—part of the reflective area that is shadowed
by other heliostats or the tower;

• Reflectivity—quotient of reflected energy and energy
impinging on the reflective surface;

Fig. 4. Illustration of clusters of receivers and their corre-
sponding secondary concentrators. Here four of the six
apertures of a MAD configuration can be seen.

Fig. 3. Influence of acceptance angle on transmission factor (Welford and Winston, 1989) (a) and heliostat field (Segal and Epstein,
1999) (b).
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Figure 2.4.6: Multi Aperture Design Tower[15] 

This gives it access to a much larger field and therefore much more power. However, it still 

imposes some restrictions on the placement of heliostats. As can be seen in figure, some 

areas are left blank since they are in the blind spot of the CPCs.  

 
Figure 2.4.7: Subfields in the Multi-Aperture Design[15] 

This creates six different smaller fields (petals) with each providing a certain power fraction of 

the haul amount used in the tower. 
Table 2.4.1: Power fraction of each subfield in the MAD tower[15] 
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considering the smallest possible concentration,
resulting from the ratio of the total area covered by
the cluster in the tightest packing of the pressure ves-
sels, to the sum of the window aperture areas. This
leads to a minimal concentration of about 4 and thus
to an acceptance angle of about h = 30!. Further con-
centration would yield a lower CPC-transmission fac-
tor and a smaller acceptance angle. The following
data was assumed: reflectivity 90%, geometric con-
centration of 4.24, the costs are included in the recei-
ver costs.

All cost functions are based on the year 2004.
In order to gain some insight into the influence of

the geographic latitude two cases were considered:
20!N and 40!N. They represent the southernmost and
the northernmost latitude of likely commercial sites
on the northern hemisphere. Interpreting the results,
it has to be kept in mind, that the more southern site
has a higher annual DNI (2716 kW h/m2 instead of
2542 kW h/m2).

To analyze the influence of multiple aperture designs
(MAD), a single North-oriented heliostat field (single
aperture design, SAD) was compared with one split into
six sub-fields, each associated with one aperture. The
apertures were defined to face North (0!), ±60!, ±120!,
and South (180!).

The power fractions at design point (June 21st, noon)
of the sub-fields were assumed (by referencing an opti-
mized surround field around a cylindrical receiver) to
be distributed according to Fig. 6.

Then a genetic algorithm optimizer varied three
heliostat distribution parameters, tower height, size

and tilt angle of the receiver. This leads to some system
configurations that are unable to deliver su!cient
power. These sets of parameters will be penalized during
the optimization. The genetic algorithm is blind to what
leads to the failure, but in avoiding the unsuccessful
combination in the further course of optimization it is
able to ‘‘learn’’.

As a reference for the 20!N-case, a surround field,
concentrating the sunlight onto a cylindrical receiver
(without secondary concentrator), was analyzed, assu-
ming equal cost parameters except for the receiver cost.
The power level is given by the amount of power inter-
cepted—but not absorbed—by the cylindrical receiver.
A utility study (Hillesland and Weber, 1990) showed a
similar performance at slightly higher costs for systems
with cavity receivers. For that reason only the cylindri-
cal receiver is analyzed as a reference.

3. Results

When aiming at the commercialization of solar
power plants, it is very important to know the optimal
power level. Thus, the power reaching the receiver (from
the CPC exit) at design point (June 21st, noon) is varied
between 10 and 400 MWCPC.

Fig. 7a and b illustrates how far the SAD heliostat
field associated extends North at a medium and a high
power level. The further away a heliostat is located from
the receiver, the more the losses due to atmospheric
attenuation and spillage increase. Therefore, the SAD
systems have optimal tower heights that are about
30% higher than for the MAD systems, to allow for a
tighter packing of the heliostats without increasing
blocking e"ects.

The last row of heliostats in the SAD configuration
has a low e!ciency. The heliostats in the southerly field
of MAD layout, su"er higher cosine losses, but are in
most cases superior overall.

At 20!N the e!ciencies can be gathered from Table 1.
It can be seen, that the worst heliostat of a 50-MWCPC

plant installed in the southern field is 12% more cost-
e"ective than one of the last row in the SAD field. For
the 400-MWCPC plant at the same latitude the worst
heliostat installed in the southern field is 57% more
cost-e"ective than one added to the northern field.

At 40!N the cosine e!ciency in the North increases
and decreases in the South. The overall e!ciency of
the worst MAD heliostat of the 50-MWCPC plant is
equal to the e!ciency of the worst heliostat associated
with the SAD system, but the 400-MWCPC plant
again has an advantage of 41% for the MAD heliostats
(Table 2).

SAD and MAD (and at 20!N the surround field)
were compared for a wide range of power levels—from
10 to 800 MWCPC. Fig. 8 shows relative concentration

Fig. 6. Power fractions [%] from sub-fields of MAD at latitudes
20! and 40!.
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data was assumed: reflectivity 90%, geometric con-
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ming equal cost parameters except for the receiver cost.
The power level is given by the amount of power inter-
cepted—but not absorbed—by the cylindrical receiver.
A utility study (Hillesland and Weber, 1990) showed a
similar performance at slightly higher costs for systems
with cavity receivers. For that reason only the cylindri-
cal receiver is analyzed as a reference.

3. Results

When aiming at the commercialization of solar
power plants, it is very important to know the optimal
power level. Thus, the power reaching the receiver (from
the CPC exit) at design point (June 21st, noon) is varied
between 10 and 400 MWCPC.

Fig. 7a and b illustrates how far the SAD heliostat
field associated extends North at a medium and a high
power level. The further away a heliostat is located from
the receiver, the more the losses due to atmospheric
attenuation and spillage increase. Therefore, the SAD
systems have optimal tower heights that are about
30% higher than for the MAD systems, to allow for a
tighter packing of the heliostats without increasing
blocking e"ects.

The last row of heliostats in the SAD configuration
has a low e!ciency. The heliostats in the southerly field
of MAD layout, su"er higher cosine losses, but are in
most cases superior overall.

At 20!N the e!ciencies can be gathered from Table 1.
It can be seen, that the worst heliostat of a 50-MWCPC

plant installed in the southern field is 12% more cost-
e"ective than one of the last row in the SAD field. For
the 400-MWCPC plant at the same latitude the worst
heliostat installed in the southern field is 57% more
cost-e"ective than one added to the northern field.

At 40!N the cosine e!ciency in the North increases
and decreases in the South. The overall e!ciency of
the worst MAD heliostat of the 50-MWCPC plant is
equal to the e!ciency of the worst heliostat associated
with the SAD system, but the 400-MWCPC plant
again has an advantage of 41% for the MAD heliostats
(Table 2).

SAD and MAD (and at 20!N the surround field)
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10 to 800 MWCPC. Fig. 8 shows relative concentration
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From his simulations, Schmitz found that the multi aperture design provides higher efficiency 

at higher power levels compared to a south facing field (referred to as single axis field or SAD 

in the paper). However, when compared to the benchmark of regular surround fields (i.e. 

fields with cylindrical receivers and no CPCs) it still had lower efficiency[15], as can be seen 

in Figure 2.4.8.  

 
Figure 2.4.8: Efficiencies of Different Field Designs at Different Power Levels[15]  

For this capstone, the purpose is to reproduce the multi aperture design and measure its 

efficiency. Afterwards, a method for using a regular surround field with CPCs and 

thermochemical reactors will be investigated, upon completion of which the efficiencies of the 

two designs will compared in order to determining whether this new design is viable for the 

industrial scale production of solar fuels using solar towers. 

Table 2
Yearly average e!ciencies for 40!N, 50-MWCPC and 400-MWCPC plant

E!ciencies 50 MWCPC 400 MWCPC

Last row,
SAD

Southernmost
heliostat MAD

Factor Last row,
SAD

Southernmost
heliostat MAD

Factor

Cosine 85% 68% 0.80 84% 63% 0.75
Shading & Blocking 88% 93% 1.06 85% 90% 1.06
Atmospheric Transmission 88% 96% 1.09 62% 91% 1.47
Intercept 66% 74% 1.12 62% 77% 1.24
Secondary Concentrator 91% 89% 0.98 91% 90% 0.99

Total (including reflectivity) 35% 35% 1.00 22% 31% 1.41
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3 Methods 
In this section of the report we will discuss the methods used for both modelling and simulating 

the MAD tower, and the Beam to Tower enhanced design. The steps for modelling these fields 

are as follows: 

• First, a heliostat field is generated using SolarPilot, a software developed by ENREL to 

design assess, industrial, power generating solar tower designs. However, it cannot 

model solar thermal reactors. 

• The solar tower and the reactors were modeled using MATLAB. 

• Finally, the performance of the design is assessed using SolTrace, a ray tracing software, 

also developed by NREL that is much more versatile in terms of setups but requires 

more preparation. 

3.1 Designing a field in Solar Pilot 

3.1.1 Power Rating Specification 

The modeling process start by designing the field in solar pilot. To do so, the same procedure 

use by Schmitz was followed. The steps are as follows: 

• Definition of the constraints related to the reactor (i.e.: power and acceptance region) 

• Followed by an optimization algorithm to define the other variables (i.e. tower height, 

field size, tilt angles). In this case the optimization algorithm is DELSOL which is 

already built into SolarPilot. 

An attempt was made to model all subfields and reactor clusters at once, however SolarPilot 

was not able to provide a field. Therefore, instead each section of the field was modelled 

separately. 

To do so, first the power required from each section was calculated using the power fractions 

found in Table 2.4.1 for the 20º latitude. Theses power fractions were then applied to 400MW 

of power, to have a similar rating to the one presented by Schmitz, and therefore be able to 

compare results. Table 3.1.1shows the minimum power required from each section of the field.  
Table 3.1.1:Power required from each field section 

 fraction Power (MW) 
Total 1 400 
N 21% 84 
NE-NW 18% 72 
SE-SW 15% 60 
S 13% 52 
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The power rating is then specifies in solar pilot, as can be seen in Table 3.1.1. Note however, 

that the rest of the parameters such as tower hight and field radius were left to the optimization 

algorithm to decide. 

 

  

Figure 3.1.1: Layout Setup in Solar Pilot 

3.1.2 Specifying Receiver constraints 

In this section, the properties of the receiver must be specified. To start with, the receiver type 

must be changes from cylindrical to flat plate. Since the acceptance region is the cross-section 

of a cone, the acceptance angles shape must be set to elliptical.  

The next step is to define the acceptance angles. For the REFOS receiver used by Schmitz they 

are 30º in both axes. However, that angle is the acceptance angle from the normal to the aperture 

surface. In contrast SolarPilot requires the acceptance angle from side to side of the receiver, 

therefore the specified angle is 60º.  

Since the receiver faces directly outward from the tower, the azimuthal orientation of the 

receiver is set to 0º, 60º,120º, and so on for each receiver model. The vertical tilt of the receiver 

with respect to the horizontal plane (orientation elevation) is set by the optimization algorithm. 

Once the acceptance constraints are specified, the position of the receiver must be set since it is 

not at the center of the tower, instead it is on the outer facet. Since we know the facet radius is 

9m, we can determine the position from the center of the tower to be 16m, using the following 

equation: 
𝑟" = 𝑙# × tan(30) ; 
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Table 3.1.2 summarizes the parameter for all clusters. 

Finally, since we are only working on the optical aspect of the tower for now, thermal losses 

are not considered. These inputs are show in Figure 3.1.2. 
Table 3.1.2: Parameters for each subfield receiver cluster 

 fraction 
power rating 
(MW) 

power 
(winter) MW 

Elevation 
(º) Azimuth(º) X(m) Y(m) 

Total 1 400 431.1 N/A N/A 0 0 

N 21% 84 96.8 -24.68 0 0 16 

NE 18% 72 76.9 -30 60 -4.8769699 -15.238608 

SE 15% 60 65 -20.1661 120 9.28977895 13.0268955 

S 13% 52 50.5 -20.6128 180 -12.818442 -9.5753611 

SW 15% 60 65 -20.1661 240 15.1271225 5.21250089 

NW 18% 72 76.9 -30 300 -15.996093 -0.3535459 

 

 

Figure 3.1.2: Receiver Parameters in Solar Pilot 

 

3.1.3 Generating the field and optimizing it 

Once all the parameters are entered, the field can be generated as is seen in Figure 3.1.3. 
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Figure 3.1.3: Field layout in SolarPilot 

The optimization algorithm can then be run to determine the optimal point for the 

aforementioned variables as can be seen in Figure 3.1.4. 

 
Figure 3.1.4: Optimization algorithm run 

The final step is to make sure the field provides it required power fraction during the worst 

conditions (i.e. at winter solstice), as seen in Figure 3.1.5. 
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Figure 3.1.5: Performance of the Field Section 

 

3.2 Tower Modelling in MATLAB 

Since SolarPilot cannot simulate nontraditional receivers such as CPCs and thermochemical 

reactors, we must use the more versatile SolTrace. However, before we do so we will need to 

do some preparations to transfer the field from SolarPilot to SolTrace, and to generate the 

geometry of the tower. 

3.2.1 SolTrace Requirements 

In order to run a simulation on SolTrace, several elements are needed. Most notably the 

geometry. This includes the position, aimpoint (orientation), aperture, and surface (curvature), 

of each element. 

3.2.2 Generating the CPC geometry 

The first part is to find the geometry of the CPC. To do so, Equation 3.2.1 must be solved in 

MATLAB. 

 
Equation 3.2.1: CPC implicit surface equation[14] 

62 4 Nonimaging Concentrators 

performance is caused by geometrical aberrations in the classical sense. 
In a CPC, on the other hand, different rays have different numbers 
of reflections before they emerge (or not) at the exit aperture. It is 
the effect of the reflections in turning back the rays that produces 
nonideal performance. Thus there is an essential difference between 
a lens with large aberrations and a CPC or other nonimaging concen-
trator. A CPC is a system of rotational symmetry and it would be 
possible to consider all rays having just, say, three reflections and 
discuss the aberrations (no doubt very large) of the image formation 
by these rays. But there seems no sense in which rays with different 
numbers of reflections could be said to form an image. It is for this 
reason that we continue to draw the distinction between image-forming 
and nonimaging concentrators. 

4.4 Properties of the Compound Parabolic Concentrator 

In this section we shall give in some detail the properties of the 
basic CPC of which the design was developed in the last section. We 
shall show how ray tracing can be done, give the results of ray tracing 
in the form of transmission-angle curves, state certain general proper-
ties of these curves, and show the patterns of rays in the entry aperture 
that get turned back. This detailed examination will help in elucidating 
the mode of action of CPCs and their derivatives, to be described in 
later chapters. 

4.4.1 The Equation of the CPC 

By rotation of axes and translation of origin we can write down the 
equation of the meridian section of a CPC. In terms of the diameter 
2a' of the exit aperture and the acceptance angle 0max this equation is 

(rcos0m a x + zsin0m a x)2 

+2a'(l + sin 0 m a x ) 2 r -2a ' cos 0max(2 + sin 0max)z (4.6) 

- a ' 2 ( l + sin0max)(3 + sin0max) = O 

where the coordinates are as in Fig. 4.10. Recalling that the CPC is a 
surface of revolution about the z axis, we see that in three dimensions, 
with r2 = x2 + y2, Eq. (4.6) represents a fourth-degree surface. 
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where 𝜃 is the acceptance angle 30º, and 𝑎′ is the exit aperture radius of 0.3m. The equation is 

solved for the region 𝑟 ∈ [0, 𝑎′	] and 𝑧 ∈ [0, 𝐿]. Where 𝐿 is the length of the CPC and can be 

found using Equation 3.2.2. 

 
Equation 3.2.2: Length of the CPC 

Once the equation is solved, the curve of the CPC is obtained, as can be seen in  Figure 3.2.1:. 

 

 Figure 3.2.1: CPC curve solution 

Now that the CPC curve is found we need to convert it into a spline file that SolTrace can read. 

This basically means we need to take points from the curve at equal intervals and find the slope 

at the start and end of the curve.  

3.2.3 Generating Receiver Clusters 

Now that the surface of the CPC was found, we need to find the position and aim point of each 

CPC. To do so we will start by find the position of each one within the CPC cluster. To achieve 

this, we will treat as a layer structure and find each layer separately, as can be seen in Figure 

3.2.2 

4.3 The Compound Parabolic Concentrator 57 

that the focal length of the parabola is 

/= f l ' ( l+ s ine i ) (4.1) 

the overall length is 

L = a\\ + sin 0j) cos θ,/ύη2 θ{ (4.2) 

and the diameter of the entry aperture is 

a = a'/sin0i (4.3) 

Also, from Eqs. (4.2) and (4.3) or directly from the figure, 

L = (a + a')cot0j (4.4) 

Figure 4.4 shows scale drawings of typical CPCs with a range of 
collecting angles. It is shown in Appendix D that the concentrator 
wall has zero slope at the entry aperture, as drawn. 

Fig. 4.4 Some CPCs with different collecting angles. The drawings are to scale with 
the exit apertures all equal in diameter. 
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Figure 3.2.2: Layered Construction of the Receiver Cluster 

Once that is done, we basically have 1/6th of the cluster. The positions can then simply be rotated 

using the matrix in Equation 3.2.3. The result can be seen in Figure 3.2.3 

;cos	(60) −sin	(60)
sin	(60) cos	(60) @ 

Equation 3.2.3: 2D rotation Matrix 

     

Figure 3.2.3: Generating the receiver cluster 

The reactors are then put in the 3D space by using Equation 3.2.4. 

𝑃𝑜𝑠$ = [𝑥, 𝑦 × cos(𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) , 𝑦 × sin(𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛)] 
Equation 3.2.4: Position of Reactors in 3D Space at the Origin of the Scene 

They are then put in their position in the tower using Equation 3.2.5. 

𝑃𝑜𝑠 = 	𝑃𝑜𝑠$ + [0, 𝑇% , 𝑇&] 
Equation 3.2.5: Moving Reactors from Origin to Tower Top 
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Where 𝑇% is the tower height and 𝑇& is the tower radius. 

The aim points can be found simply by adding a unitary vector normal to the aperture to the 

position vector using Equation 3.2.6. 

𝐴𝑖𝑚 = 	𝑃𝑜𝑠 + [0, − sin(𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛) , cos(𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛)] 
Equation 3.2.6: Aim Point for Reactors 

3.2.4 Preparing the field 

Once all the fields are generated, they are exported to a text file that is then imported to a 

MATLAB script.  They can then be combined to form the field for the multi aperture design as 

can be seen in Figure 3.2.4. 

 

 
Figure 3.2.4: Positions of all Subfields in MATLAB 

 

The aimpoints are then generated such the aimpoint of every heliostat is in the middle of the 

unitary vector pointing to sun and the unitary vector pointing to the tower. 

3.2.5 Modelling Beam to Tower 

Modelling the beam to tower design is very similar to the Mad tower. The only difference is 

that instead of having many clusters, only one clusters is used pointing directly upward with a 

flat reflector on top of them. To find the new position of the receiver we use Equation 3.2.7. 
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𝑃' =	𝑓'	 − 2 × (𝑓'	 − 𝑅𝑒𝑓'	) 
Equation 3.2.7: Reflector Position 

Where 𝑓'	is the optical height of the tower and 𝑅𝑒𝑓'	is the z component of the position of the 

new reflector.  

Since the field is a regular surround field it is generated in one go in solar pilot and processed 

in MATLAB before being exported to SolTrace. 

With this complete, all the necessary data is ready to run the SolTrace simulation, the results of 

which are stated in the following section. 
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4 Results 
Both the beam to tower and the multi-aperture design were successfully simulated. This section 

will discuss some results 

4.1 Multi-Aperture Design Simulation 

As can be seen, multiple receiver clusters are used. Each of them faces one side of the field as 

can be seen in Figure 4.1.1 and Figure 4.1.2. 

 

 

 

 
Figure 4.1.1: Image of Ray trace Result of the MAD Model at the Tower With and Without Ray Plot 

Furthermore, each section of the field is aimed solely at its corresponding receiver cluster. 
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Figure 4.1.2: Ray Trace Result of the MAD Model With and Without Ray Plot 

4.2 Beam to Tower Simulation 

When it come to the beam to tower design, as can be seen bellow, the field is a completely 

regular surround field as can be seen in Figure 4.2.1. 
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Figure 4.2.1: Solar Field of the BTT Model 

Unlike the MAD field where the radiation goes directly to the receiver, in beam to tower design 

the heliostats point toward a reflector on top of the receivers, which then reflects the rays toward 

the single cluster as can be seen in Figure 4.2.2. 

 

Figure 4.2.2: Ray Trace Result of the BTT Model with Rays Converging onto a Single Cluster 
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Figure 4.2.3: Flux at the Exit of Each CPC in a Cluster 

4.3 Efficiencies 

From Figure 2.4.8 we can see the obtain efficiency of the MAD tower at 20º latitude is 48%, at 

400MW. The efficiency for the model of the same MAD setup in using the model developed 

for this capstone was obtained using Equation 4.3.1. 

𝜂 = 	
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛	𝑎𝑡	𝑡ℎ𝑒	𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟(𝑊)
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛	𝑖𝑛	𝑡ℎ𝑒	𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑊)	 =

𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡𝑠 × 𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎 × 𝐷𝑁𝐼
𝑃𝑜𝑤𝑒𝑟	𝑎𝑡	𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  

Equation 4.3.1: Optical Efficiency of Heliostat Field 

It was found to be 56%, which is 15% difference. This is probably due at least in part to the fact 

that SolTrace does not take into account attenuation. As for the efficiency of the beam to tower 

setup it was found using the same formula to be around 71%. These results are summarized in 

Figure 4.3.1. 
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Figure 4.3.1: Optical Efficiencies of Different Designs 

Similar results were obtained when evaluating the performance at different times of the year. 

These results are summarized  

 
Figure 4.3.2: Efficiencies at Different Times of The Year 

We can also notice that power produced is very similar for the two designs. BTT does produce 

slightly less power at the winter solstice, however MAD is less efficient. This can be seen in 

Figure 4.3.3. 
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Figure 4.3.3: Power Production at Different Times of The Year  
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5 Conclusion 
To conclude, this capstone was successful in achieving its primary goal of simulating the multi-

aperture design within close fidelity. However, further testing and longer simulation runs at 

different times of the year are needed to determine the yearly efficiency. The gap in between 

Schmitz’ model and the model in this capstone must be closed by taking into account 

attenuation. The secondary goal of improving on the MAD tower was also attained, and it seem 

that overall the beam to tower design seems to be promising, but further simulations are also 

required. 

In the future, an analysis of the productivity flow and loses inside the reactor would be essential 

to the completion of this study, in addition to a financial analysis.  
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