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Abstract A high potential of thermosolar power gener-
ation systems is the use of thermal storage and/or hybrid-
ization to overcome dependability of solar resource
availability. The incorporation of these technologies can be
of special interest for isolated units intended for distributed
generation systems. Among the thermosolar systems, dish—
Stirling technology is the one with more possibilities to be
used as a system to feed power independently, i.e., due to
the modularity of the units that range between 3 and
25 kWe, depending on the supplier. Thus, the present
analysis is focused on studying integration of both
hybridization and thermal storage in an isolated unit of
10 kWe dish-Stirling. In particular, hybridization will
enable a more continuous operation of the system.
Hybridization is analyzed both for a conventional fuel,
such as natural gas, and for a renewable energy source,
biogas. Analysis of performance of the dish-Stirling sys-
tem enables to determine the interest of introducing the
complementary technologies referred above. Regarding the
specific case evaluated in this paper, analyzed data show
that hybridization has an advantage that depends on the
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nature of fuel used, being of 20 % for natural gas and
112 % for biogas in relation to output power of solar-only
operation. Thermal energy storage system shows no sig-
nificant benefits when implemented to a variable power
system.

Keywords Dish-Stirling system - Hybridization -
Thermal energy storage - Productivity improvement - CSP

Abbreviation
DNI Direct normal irradiation

Introduction

High concentration solar thermal technologies use con-
centrated solar power to convert the radiation into
mechanical energy through a thermodynamic cycle, and
then converting it to electricity. Most known technologies
are parabolic trough and central receiver. Dish—Stirling
systems are the third thermosolar system, which is in first
phase of industrialization. These systems use mirrors dis-
posed on a parabolic surface to focus solar radiator onto a
receiver. This receiver transfers the energy to a Stirling
engine. Main advantages of dish—Stirling systems are
modularity, with units varying from 3 to 25 kWe, and high
efficiency. In fact, it has shown the greatest energy con-
version coefficient among all the solar technologies,
29.4 % [1, 2], and therefore, this technology owns a big
potential in relation to other sources of green electricity.
What is more, its modularity allows to operate individually
(remote locations), or to be associated with several dish—
Stirling systems to operate in small groups and be con-
nected to the electrical grid (village power). The main
components of a dish-Stirling system (Fig. 1) are:
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Fig. 1 Dish-Stirling system

concentrator shell, receiver, Stirling engine, tracking sys-
tem, cooling system, and structural framework.

One of the drawbacks of the use of this technology is
that it depends on solar source availability, i.e., why the
incorporation of both thermal storage and hybridization
could overcome this issue, since it provides the possibility
to have more operating hours and flexibility. There is a
variety of projects in relation to definition of components
that should be used for hybridization, mainly the receiver
to be capable to cope with solar and auxiliary energy [3].
However, also the evaluation of how these two techniques
can be applied must be analyzed to evaluate the operational
advantage. It can help to drive further developments.

Methods

For this analysis, specific software developed by Zaragoza
University has been used, named DNIcal [1, 4, 5]. This
software takes the direct normal irradiation (DNI) during a
period of time and by implementation of the dish—Stirling
model, the result is given in terms of electricity produced.
The model of the system corresponds to the 10 kW SBP
system [6]. Model of the system consists of definition of
efficiencies of the different components [7]. These effi-
ciencies are taken both from experimental [8] and model-
lization previous studies [9]. In relation to previous
references, the main advantage of this software is that it
includes the possibility to add both thermal storage and
hybridization to the dish-Stirling system [10]. Thus, in
addition to the analysis of the system, it includes an analysis
of energy received, considering periods where auxiliary
energy can be implemented. It takes into account the
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periods where direct irradiation is under nominal perfor-
mance value of the system, such as first and last hours of the
day, together with phenomena such as clouding that imply a
temporary decrease in the solar energy received. As for
thermal storage application, it considers also periods where
solar irradiation is above the nominal value, to calculate
excess energy that can be used in transient periods. The
energy that can be provided by the auxiliary systems is also
included in modellization. As for hybridization, it must be
included the maximum percentage that is allowed to be
covered by this system (based on national regulation [11]).
Regarding thermal storage, the capacity of the system must
be defined. For this issue, the limitation in weight of this
system must be considered, given the fact that the system
would be mounted on moving structure of the system.

Basically, the model can be summarized in the follow-
ing steps. Solar energy radiation is collected by the para-
bolic dish that transfers it to the concentrator, then this
element concentrates the solar power on the receiver that
has losses associated to interception and reflectivity. The
inlet power for the engine from the receiver must take into
account thermal losses. Finally, electric power that is
obtained from the Stirling engine is determined by the
efficiency of the engine itself.

Inlet data for the software concerning the system defi-
nition are listed below:

e Nominal irradiance value for the system.

e Decrease of irradiance and duration to consider a
transient period.

e Maximum percentage of electricity demand that can be
covered by hybridization.

e System efficiency operating with combustion.

e Cost of kWh for the fuel used for hybridization.

e Maximum amount of energy for the thermal storage
system.

The inlet data for meteorological characterization
determine the supplied energy to the facility. These data
are associated to a specific geographic location during a
period of time. The values of direct solar energy are col-
lected with a temporary frequency that enables to define the
radiation curve along the day. The meteorological data are
defined in a yearly basis. Thus, the analysis can be made by
day, month and year. In the case of analysis, the data for
several years have been taken to calculate the results for an
average year, giving the results in a yearly basis.

The parameters for analysis correspond to the response
of the system for electricity generation. These parameters
are related to technical and economical feasibility of the
different alternatives analyzed. The comparison will enable
to determine if hybridization or thermal storage presents an
advantage for the operation of the system. The parameters
are the following:
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e Output power. The software enables to calculate output
power during a selected period of time with given
meteorological data.

e Equivalent operation hours, calculated on the basis of
nominal operation.

e Capacity of the facility. It is calculated as the calculated
output power during a period of time in relation to the
nominal operation with the system operating the whole
day.

Results and discussion

The operation just with solar energy is the reference to
determine the gain of using the systems of hybridization
and thermal storage. The software enables to select two
different operation modes: constant power and variable
power. The first one occurs when the system is active only
when the solar radiation attains the nominal value. The
second one occurs when the system adapts its operation to
the radiation received. If both modes are considered for a
mean year at the location of Sevilla, the following values
are obtained for power output: 4,675 kWh for constant
power and 16,407 kWh for variable power. This significant
difference points out the need of defining a system that
enables to operate with variable power. Thus, the following
analysis will be based on the assumption of a system with
variable power.

As for variable power, it is also interesting to evaluate
the difference on output power per month. The electricity
produced from April to September represents the 65 % of
the total output. By month, the month of July presents the
highest value of output with 2,265 kWh in relation to
December, with the lowest value, i.e., 562 kWh.

In general, the application of hybridization provides
flexibility, adaptation to meteorological transient period
and improvement of the power management. What is more,
it enables to improve investment recovery and operation
time. As the Stirling engine is an external combustion
engine, it can be supplied with different energy sources.
The application of hybridization can mean the use of these
alternative energy sources combined or alternatively with
solar operation. The hybridization with fossil fuels means
by adding a combustion system to the facility is a feasible
alternative due to the availability of this type of fuels. It is
especially interesting if it is considered that areas where
this technology could have a higher potential of imple-
mentation (for example, North Africa or Medium Orient)
can be also producers of fossil fuels. In particular, for this
study natural gas has been considered. Figure 2 shows an
example for a representative day for potential use of
hybridization and thermal storage.
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Fig. 2 Application of hybridization and thermal storage to solar-only
operation

The hybridization can be limited by national regulations.
The limit depends on the nature of the fuel used for the
hybridization. In the case of Spain, the RD661/2007 [11]
establishes a limit of 12 % of the annual electricity gen-
erated for fossil fuels, with the exception of natural gas that
increases up to 15 %. The limitation in Spain has been
imposed trying to be representative of the potential of the
facility also in other regions that establish similar limits for
hybridization [12, 13].

The application of hybridization with natural gas will be
made mainly in first hours of the day, when demand is
higher. The modellization of the hybridized system with
natural gas results in an annual production of 19,804 kWh.

The hybridization with fossil fuels means the combi-
nation of a renewable source, i.e., the solar one, with a non
renewable source. As an alternative to that, it is also pos-
sible to use biogas as fuel for energy supply through
combustion. Thus, it represents a lower environmental
impact. In addition to that, it is especially interesting for
isolated units where the supply of natural gas can be not
feasible. The limitation imposed by Spanish regulation [11]
is significantly higher than for natural gas. The limit is
established in 50 % of supply with biogas hybridization in
relation to annual electricity generation. That is, 50 % of
the total output of the hybridized facility can be provided
by the biogas combustion. The annual production calcu-
lated with the application of the software results in a value
of 34,779 kWh.

Other parameters that are used for evaluation of
hybridization gain are [14]:

e Equivalent operating hours. As previously indicated,
the increase in equivalent operating hours is limited by
power facility regulation in relation to hybridization. In
relation to operation with only solar resource, the
hybridization with natural gas results in a gain of 20 %
of electricity production. In the case of biogas, this
increase goes up to 112 %. It must be explained that an
increase higher than 100 % associated to the maximum
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Fig. 3 Maximum energy supply for a thermal storage system

rate of hybridization of 50 % is possible because the
facility changes operation point varying overall effi-
ciency, i.e., application of hybridization means not only
a gain by adding an additional energy source supply,
but also because the facility works in a more efficient
condition. Translation of this increase into equivalent
operation hours results in estimation of 6.0 h for
application of natural gas and 10.5 h for biogas in
comparison with the average use of 4.9 h with the
facility operating just with solar resource.

e Capacity factor. This parameter is taken as the simu-
lated output electricity compared with the ideal output
if it could be operated the entire day at full-load
capacity (in the case that no restrictions would be
applied for hybridization). Capacity factor for the
natural gas hybrid system is 23 %, and for the biogas
hybrid system 40 %, compared with solar-only opera-
tion value of 19 %.

Thermal storage can be also used as auxiliary energy to
provide more continuous operation of the facility. The
energy is stored during the period where the solar radia-
tion value exceeds the nominal value of the system, in
such a way that this energy is released in the periods
where the energy can be needed, such as transients. It is
assumed a limit in storage capacity of 50 Wh/m? [15] and
that all energy stored will be used during the daily
operation. Of course, the thermal storage system will not
be able to ensure full continuous operation along the day,
due to its intrinsic storage capacity. The energy provided
by the thermal storage system will be normally provided
during the last hours of the day or in the periods where
solar radiation falls due to cloudy weather. In the dish—
Stirling system analyzed, with a nominal value of radia-
tion of 800 W/m?, working on a variable power basis, the
potential of recuperated energy through thermal storage is
very low. Figure 3 illustrates an example for a typical day
with the periods of excess of energy and application of
recuperation. In relation to the value of 16,407 kWh of
output power, it just adds 10 kWh during an average year.
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It is considered that the thermal storage system could be
interesting only for the following cases: system working
at constant power or a system with nominal power lower
than 10 kW. However, the benefits of implementing such
a system must be balanced with costs associated to its
use.

Conclusions

The application of developed software has enabled to
evaluate the implementation of two different auxiliary
energy supply systems: thermal storage and hybridization.
In principal, the two systems can be used to increase the
electricity output for the dish-Stirling technology. The
software inputs are parameters for definition of the dish—
Stirling facility and solar irradiance data for a specific
location. Analysis of solar-only operation shows the
advantage of variable power facilities that take profit of
the incident radiation even if it does not attain nominal
value of the system.

Hybridization shows a clear benefit regarding opera-
tional parameters of the system. The fuel used for this
hybridization determines the limits associated to a specific
national regulation, and therefore the gains. This regulation
establishes a higher limit in case of renewable source, i.e.,
biogas, than for conventional fuels, such as natural gas. The
output power increases in 112 % for biogas and 20 % for
natural gas in relation to solar-only operation. The gain in
operating hours in relation to 4.9 h for variable power
system with solar energy is 10.5 for biogas and 6.0 for
natural gas. Also capacity factor increases from 19 to 40 %
for biogas and 23 % for natural gas.

As for thermal storage, it shows no clear benefit when
variable power system is used.
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