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Introduction 

Sun can be seen as a Nuclear Fusion Reactor (NFR), the corresponding energy being delivered into 
the surrounding as matter and magnetic radiation. 
The behavior of the thermal machines is based on thermodynamic cycles that take benefits from the 
cycle maximum temperature achieved by the working fluid (WF). Thus, the concentration of the solar 
radiation (energy) is a must to get the technologically possible power from the solar radiation 
impinging a square meter of reflecting surface. 
One of the CSPs that have been studied and developed for terrestrial applications is based on a 
parabolic dish (Figure 1a) that allows to reach high temperatures concentrating the radiation in a 
focus. 
The Stirling engine, based on volumetric mechanisms, has been the most important candidate to 
pursue the energy conversion from radiation to heat and electricity. In this way the Dish/Stirling (Figure 
1b) has been deeply investigated and it has achieved good thermodynamic performance in 
comparison with other CSP Systems. 
Since the OMSoP Project is aimed at the development of an alternative thermodynamic engine based 
on turbomachines working according to Brayton Cycle, this report gives the State of the Art of the 
Dish/Stirling CSP technology, the main achievements and the critical issues. 
 
 
 

  
 

Figure 1- a) Schematic view of a Parabolic Dish System;  
b) Example of Dish/Stir l ing System (SES/SOLO Prototype)  

 
 

a b 
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Scientific and Technical Background 

The Sun surface temperature is estimated to be around 6000 to 10000 K, the related radiation energy 
flux being about 63 MW/m

2
. The energy flux that arrives out of the Earth atmosphere is about 1300 

W/m
2
, the distance from the Sun being 1.5Å10

11
 m. The Sun diameter is about 1.39Å10

9
 m, thus the 

Sun surface heat flux is about 4.6Å10
4
 times than that out of the Earth atmosphere (Figure 2). 

To achieve high temperature by the solar radiation means that it must be concentrated. A theoretical 
study [1] shows the relationship between achievable temperatures and concentration factors. 
 

 
 

Figure 2 ï Sun-Earth geometry. Assuming a Sun spherical surface of radius Rs,Esc is  
the Solar Constant observed at distance DES between Earth and Sun [1]. 

 
For a given concentrator surface, there are various physical phenomena that bound the power of a 
solar energy fed engine. One of the most relevant  is connected with the re-irradiation from the energy 
receiver. 
A black body reaches the maximum temperature re-irradiating all the received energy, thus no energy 
can be used to feed an engine.  
Other losses are related to: 

1. Concentrating systems can utilize only direct irradiation; 
2. Optical losses (i.e. imperfect reflection, reflector absorption) 
3. Atmospheric losses (e.g. beam attenuation by haze or dust under large focal lengths); 
4. Spillage losses (e.g. imperfect tracking and beam aiming under windy conditions); 
5. The inability of the reflecting surface to concentrate over a small area (receiver opening) all 

the intercepted radiation; 
6. Thermal re-radiation, conductive and convective losses at receiver/absorber device; 

Moreover inoperability due to the irradiance that stays below a certain threshold needed for operation 
has to be taken into consideration. 
Figure 3 represents a typical Sankey diagram for a CSP Sun Energy Capturing System. 
Thermal machines to convert heat into work take benefits from the high temperatures of the WF heat 
injection and from the low temperatures of the WF heat rejection. Also the internal sources of entropy 
connected with irreversibilities play an important role. 
The above can be easily summarized  [2,3] by: 

1. The Carnot Number Ű=Tmax/Tmin that is the ratio between the maximum WF temperature (Tmax) 
and the minimum WF temperature (Tmin); 

2. The Thermal Sources Concentration Index ɝ=ɝn/ɝp 
ɝp being the positive thermal source concentration index that takes into account the 
WF heat weighted averaged temperature of the positive heat sources that warm up 
the WF. It is the ratio between Tmax  and such a positive heat source average 
temperature (Th) (i.e. ɝp = Tmax /Th) 
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ɝn being the negative thermal source concentration index that is the ratio between 
Tmin and the WF heat weighted averaged temperature of the negative heat sources 
(Tc) that cool the WF  (i.e. ɝn =Tmin/Tc). 

3. The Cycle Reversibility Factor ů=DSn/DSp  

DSp and DSn being the entropy variations corresponding to the positive addition of 
heat into the cycle WF and to the negative rejection of the heat from the cycle WF. 
Such an index, being higher than one takes the cycle irreversibility  into account. 

The cycle efficiency can be expressed as  

– ρ
„

†‚
 

 
ɇ takes the engine technological bounds into account and it is typical of any kind of engine. In 
particular, for the Stirling engines Ű can be up to 3-3.5. 
The Concentration Factors ɝp and ɝn are improved by the internal  heat recuperation and become 1 
for  iso-temperature both  positive WF heat injection and negative WF heat rejection. 
 

 
Figure 3 ï Simplif ied Sankey Diagram for the Dish/Receiver System 
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Figure 4 ï Temperature-Entropy generic direct cycle representation  
 
In [4] an amply description of the Stirling engine technologies and their applications to solar-powered 
systems are given.  
The engine operation in shown in Figure 5. It consists in: 

¶ an isothermal compression process (1-2): the WF is in the cold space. The power piston, 
which is approaching the Top Dead Center (TDC), compresses the working fluid from 1 to 2 at 
constant temperature; 

¶ a constant-volume heating process (2ï3): the displacer moves from TDC to the Bottom Dead 
Center (BDC). There is a WF transfer from the cold space to the hot space, while the power 
piston remains stationary at the TDC. The displacer pushes the WF into the hot space, 
passing through a regenerator which has stored heat. Heat given up by the regenerator raises 
the WF temperature and pressure at constant volume. Heat stored in the regenerator is given 
to the WF. 

¶ an isothermal expansion process (3ï4): after the displacer has pushed all the WF into the hot 
space, it is then kept at rest at its BDC. The WF is in the hot space and expands at constant 
temperature. The power piston is pushed from TDC to BDC by the increased pressure giving 
a mechanical power to a shaft.  

¶ a constant-volume cooling process (4ï1):the power piston remains stationary and it is ready to 
travel back to TDC under flywheel momentum and the sucking action of the partial vacuum 
created by the falling pressure. The displacer moves from BDC to TDC and transfers the to 
the cold space, where the pressure decreases and a partial vacuum is created, through the 
regenerator, decreasing the WF temperature and pressure at constant volume. Heat is 
transferred from the WF to the regenerator. 

As shown in Figure 6 and reported in [4], ñthree different configurations (alpha, beta, and gamma) are 
commonly used. Each configuration has the same thermodynamic cycle but different mechanical 
design characteristicsò. 

¶ In the alpha-configuration the displacer is not used. Two pistons (hot and cold pistons) are 
used on either side of the heater, regenerator, and cooler. These pistons move uniformly in 
the same direction to provide WF constant-volume heating or cooling processes. When all the 
WF has been transferred into one cylinder, one piston is fixed and the other piston moves to 
expand or compress the WF. The expansion work is done by the hot piston while the 
compression work is done by the cold piston. 

¶ In the beta-configuration, displacer and power piston are in the same cylinder. The displacer 
moves the WF between the hot and the cold space of the cylinder through heater, 
regenerator, and cooler. The power piston, located at the cold space of the cylinder, 
compresses the WF when this one is in the cold space and expands the WF when this one is 
moved into the hot space. 

¶ The gamma-configuration uses separated cylinders for the displacer and the power piston, 
with the power cylinder connected to the displacer cylinder. The displacer moves the WF 
between the hot space and the cold space of the displacer cylinder through the heater, 
regenerator, and cooler. In this configuration, the power piston both compresses and expands 
the WF. The gamma-configuration with double-acting piston arrangement has theoretically the 
highest possible mechanical efficiency.  

 



Page 7 of 29 
 

 
Figure 5 ï Stir l ing engine operation [4] 

 
 

 
Figure 6 ï Mechanical configuratios for Stirl ing engines [4] 
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In [4] there is also a review of the main formulas for the calculation of the indicated work, power and 
efficiency of the engine. The growth in interest for the Stirling engine is connected with the 
development of new materials and the application of WFs like helium and hydrogen which have a low 
viscosity. It allows the reduction of pumping losses 
According to such characteristics, Stirling engine is a good candidate for CSP Systems based on 
Dishes and it competes with the Brayton cycle based engines that are the subject of the OMSoP 
Project. 
Various developments have been performed and the present Deliverable reports the State of the Art of 
Dish/Stirling CSP Systems. 
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Bibliographical Review 

The major literature that has been analyzed to extract the information is listed in the last chapter and 
the main papers are summarized in the following. 
The main components of a Dish/Stirling engine Systems are: 

1. The solar concentrator (Dish) with the sun-tracking system; 
2. The solar receiver; 
3. The Stirling engine with the electric generator/alternator. 

Solar Concentrator (Dish) 
In [5,6] a complete description of such components is given. The solar concentrator is generally a 
point-focus dish with a parabolic or a quasi-parabolic shape, but there are examples of point-focus 
concentration systems based on flat mirrors overlapped radiation [7,8]. 
In Figure 7 some configurations developed for the Dish are shown. 

  

 

 
Figure 7 ï a)McDonnell Douglas Corporation Concentrator (1984) [6]; b)EnviroDish 

(2006)[9] c) DOE Faceted Stechde-Membrane Dish, 1992 [6]  d) Heliofocus 
concentrator prototype 2013 [8] e)Dish-Stir ling Prototype, Gardenshow in Pforzheim 

(1989/1991) [27] 

a b 

c 

d e 



Page 10 of 29 
 

In [6] concentrators are divided into three main categories: 
1. Glass-Faceted Concentrators: they use spherically curved, individually alignable glass mirror 

facets mounted on parabolic-shape structures. An example is given in Figure 6a. This desigh 
guarantees high concentration ratios but it has not been implemented for Dish/Stirling Farms 
Projects because it is heavy, expensive and requires accurate alighment of a large number of 
mirrors. In Figure 8 an example of curved glasses mirror is given; 

2. Full-Surface Paraboloid Concentrators: the entire surface forms a paraboloid. Two 
proptotypes have been developed in the past for Dish/Stirling applications, but tests showed a 
low optical efficiency (about 60%); 

3. Stetched-Membrane Concentrators: Membranes are made of thin metal or plastic sheeting 
with a reflective coating. Such membranes are stretched over both sides of a metal ring. 
Various designs have been developed. In the Single Faceted-Stretched Membrane Dishs the 
surface shape approximation to a paraboloid is given by initially forming the membrane and 
using the pressure difference between  front and back to support the shape and maintain its 
shape. For Multiple Faceted-Stretched Membrane Dishs the same technique is used to obtain 
parts of the reflector. The main advantage of these solution is the reduction of costs 
maintaining good performance. Examples are shown in Figue 6 b and e. 

 

  

 
Figure 8 - Segmented Dishs (Curved Glasses) [27] 

 
Moreover, in order to have a good radiation concentration, a two-axes tracking system is necessary. In 
[6] a description of the two ways used to implement this is given. 

1. Azimuth-elevation tracking: the Dish rotates in a plane parallel to the earth (azimuth) an in 
another plane perpendicular to it (elevation). Thi gives the collector up/down and right/left 
rotations; 

2. Polar tracking method: the collector rotates about an axis parallel to the earthôs axis of 
rotation, while the other rotational axis (declination axis) is perpendicular to the polar axis. 

In Figure 9 examples of the two tracking systems are shown. 
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Figure 9 - a)Azimuth elevation Tacking System- Distal II Almeria 1996 b) Polar Tracking 

System- Distal I Almeria 1992 

 
Solar Receiver 
The receiver has to absorb the reflected and concentrated solar radiation and has to transfer the heat 
to a WF. In [6] there is a description of the concepts applied in the design of receivers for Dish/Stirling 
Engine Systems.  
Such components have a cavity with a small opening  through which the concentrated sunlight enters. 
The receiver aperture geometry has to limit radiation and convection losses. To transfer the absorbed 
radiation to the WF various methods can be adopted. In particular, directly illuminated tube receivers  
use small tubes through which  the WF flows are placed directly in the concentrated solar flux region. 
Tubes form the absorber surface. Otherwise other receiver use a liquid-metal intermediate heat-
transfer fluid. The liquid metal  is vaporized on the absorber surface and condenses on tubes carrying 
the WF (Reflux Receiver). In Figure 10 the two concepts are illustrated. 
In Figure 11 details of modern solar receivers for Solar Stirling engines are shown. 
 
Stirling Engines 
Stirling engines used for Dish Solar Systems are derived from aerospace applications. In 70s and 80s 
various concepts have been developed and proposed for terrestrial purposes. In [10] a review of such 
designs is given and some technologies are illustrated in Figures 12,13 and 14. Solar Stirling engines 
generally operate at a maximum temperature of 650-800°C according to material thermal limits, with 
an engine conversion efficiency of around 30-40%. 
Usually helium and hydrogen are used as WF: helium has fewer material compatibility problems that 
hydrogen and it is safer but on the thermodynamic point of view, hydrogen allows a higher engine 
efficiency value. 
Dish/Stirling Systems are equipped with two kind of engines: 

1. Kinematic engines; 
2. Free-piston engines. 

a 

b 
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Figure 10 ï a) Directly i l luminated Tube Receiver b) Reflux heat -pipe Receiver 

 

  
Figure 11 - Details of modern solar receivers for Solar Stirl ing engines  

 
In a kinematic engines the power piston is mechanically connected to a rotating output shaft (Figures 
15 and 17). As shown in Figure 16 for the STM 4-piston engine, some prototypes have been designed 
also in a hybrid configuration (they are equipped with a combustor) [11,18]. 
The free-piston engine is based on another concept. It is not mechanically connected to an output 
shaft, but bounces alternately between the space containing the WF and a spring that usually contains 
a gas. Dynamics of the spring/mass systems determines piston frequency. A magnet is attached to the 
power piston and electric power is generated as it moves past stationary coils. In Figure 18 a scheme 
of the INFINIA free-piston engine is shown [12]. 
In [6] are reported design and performance specifications for the main components of Dish/Stirling 
Systems prototype developed and tested before 1994. The table is shown in Figure 19.  
In the next chapter information collected for prototype and  commercial modules are illustrated. 
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Figure 12 - 25 kWe Space Power Demonstrator Engine  

 
 

 
Figure 13- MITôs preliminary Dish-Stir l ing engine 
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Figure 14 ï Conceptualized Free-Piston Stir l ing engine conversion system  

 
 

 
Figure 15 ï Scheme of a kinematic engine and its main components  
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Figure 16 - 4-Piston hybrid kinematic Solar Stirl ing engine  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 17- SES kinematic Solar Stir l ing engine.  It is a 4 cylinder, each with a 95cc 

displacement engine (4-95 engine) that evolved from the Philips engines of the 1960's  
 

 
 
 
 


