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Abstract 

This paper describes the influence of the solar múltiple on the annual performance of parabolic trough solar thermal power plants 
with direct steam generation (DSG). The reference system selected is a 50 MWe DSG power plant, with thermal storage and auxiliary 
natural gas-fired boiler. It is considered that both systems are necessary for an optimum coupling to the electricity grid. Although thermal 
storage is an opening issue for DSG technology, it gives an additional degree of freedom for plant performance optimization. Fossil 
hybridization is also a key element if a reliable electricity production must be guaranteed for a defined time span. Once the yearly param-
eters of the solar power plant are calculated, the economic analysis is performed, assessing the efíect of the solar múltiple in the levelized 
cost of electricity, as well as in the annual natural gas consumption. 
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1. Introduction 

Current parabolic trough solar thermal power plants 
connected to the electricity grid are based on oil as heat 
transfer fluid in the collectors. The main disadvantage of 
this technology is the máximum power block inlet tempera-
ture, which is limited to the oil upper workmg temperature 
in order to guarantee this fluid thermal stability. Although 
there are some alternatives, like the use of molten salts in the 
parabolic trough collector, none of them have been scaled 
to a commercial size. Besides that, all these options, called 
heat transfer fluid (HTF) technologies, require a heat-
recovery steam generator (HRSG) between the solar field 
and the power block, which introduces additional heat 
losses and pressure drops in the global eíficiency. 

Direct steam generation is considered a very promising 
option to increase the eíficiency of parabolic trough sys
tems, not only because there is no need of a heat exchanger 
between the solar field and the power block (Montes et al., 
2008), but also owing to the higher temperatures that can 
be attained in the collector receivers. This last reason is 
especially important at present, when new commercial 
absorber tubes, for workmg at higher temperatures, have 
been developed (Benz et al., 2008). 

At present, there are two projects to develop pre-com-
mercial demonstration plants based on DSG technology, 
they all to be implemented in the southern of Spain. Net 
electrical power of these plants wül be 3 MWe (Zarza 
et al., 2008) and 5 MWe (Eck et al., 2008), respectively. 
The analysis presented in this paper is referred to a 
50 MWe net DSG power plant. It has been selected this 
power because it is a relevant size for commercial projects. 

Solar múltiple has been chosen as the design parameter 
for the sensitivity analysis of annual plant performance and 
economic assessment. Annual performance is based on the 



daily operation of the plant during type-days chosen from 
every month of the year. Yearly electricity production is 
the same for all the configurations considered, because a 
scheduled load operation strategy has been adopted. Para-
bolic trough solar thermal plants can opérate in this mode 
if fossil back-up and storage system are used. Once the 
annual performance parameters has been obtained, the lev-
elized cost of electricity can be calculated, as a function of 
the solar múltiple, because this parameter determines the 
collector field área and, as a consequence, the thermal stor
age size and the annual fuel consumption. 

2. DSG solar power plant design 

2.1. Solar field 

According to the nominal power of the plant, an T 
shaped layout for the solar field has been adopted (Kelly 
and Kearney, 2006). In this configuration, the solar field 
is divided into two header-pair sections, with the power 
block placed at the centre of the field. A cold header pipe 
runs from the power block through the centre of each sec-
tion. Cold fluid is distributed from the cold header pipe to 
the collector loops of each side of the pipe, going through a 
series of collectors arranged in a row, reversing direction, 
and then coming back to the hot header pipe through the 
remaining collectors. Fig. 1 shows the configuration 
explained in this paragraph. 

As it will be said in next sections, the solar field size basi-
cally depends on the solar múltiple adopted for the power 
plant. Besides that, solar field arrangement must keep the 
following symmetry criterion: the number of collector 
loops must be always a múltiple of four, in order to have 
a well-balanced pressure map in the field. For example, 
for a solar múltiple equal to 1 (SM = 1), the number of col-
lector loops is 36 whereas if the solar múltiple is 2 
(SM = 2), the number of collector loops is 76. The solar 

Fig. 1. Collector field layout considered for the DSG solar power plant. 

múltiple determines the pressure drop and heat loss in 
header pipes, since both parameters depend on the solar 
field size and connections length. For a collector loop, out-
let superheating steam temperature and pressure will be 
higher as the solar múltiple increases because losses in 
header pipes increase and the power block inlet conditions 
remain constant. 

The study presented in this paragraph has been focused 
on the thermal performance of a typical loop, referred to 
the case of solar múltiple equal to 1 (SM = 1) and nominal 
conditions. When using water/steam, the optimum mass 
flow per loop should be in the range of 1-2 kg/s, in order 
to have reasonable valúes of pressure drop in every loop 
(Zarza et al., 2006). In this case, the superheated steam pro-
duced at every loop is 1.459 kg/s. The recirculation operat-
ing mode has been adopted, so there is a water/steam 
separator between the end of the boiling section and the 
inlet of the superheating steam section. The recirculation 
rate, defined as the ratio of mass flow in the recirculation 
line and the steam mass flow, has been set to 0.3 at 
design-point conditions. This valué of recirculation rate is 
equivalent to a steam quality of 0.77. Preheating and boil
ing section are long enough to evapórate feed water mass 
flow (1.897 kg/s at nominal conditions), from inlet condi
tions to saturated steam with the quality previously set. 
In the same way, the length of the superheated section will 
be the necessary to supply steam at 500 °C and 90 bar at 
the turbine inlet. In order to account pressure drop and 
heat loss at the piping system, the steam pressure and tem
perature at the loop outlet will be higher than those 
required at the turbine inlet; for a solar múltiple of one, 
these steam thermal conditions are 96 bar and 515 °C. 
Water/steam properties along the loop depend on the solar 
múltiple adopted in each case. Nevertheless, collector loop 
configuration is the same for all the solar múltiples consid
ered, as it can be seen in Table 1. 

The power block and the solar múltiple determines the 
steam mass flow that must be supplied by the solar field 
at nominal conditions, as well as the thermal properties 
of the feed water and the steam at the inlet/outlet of the 
solar field. For this specific case, total steam mass flow 
required is 52.53 kg/s, at 500 °C and 90 bar. This mass flow 
is divided into 36 loops (for SM = 1), so the steam pro-
duced in very row is 1.459 kg/s. Thermal conditions of 
the water at the inlet of the solar field are 245 °C and 
107 bar. 

Optical and geometrical parameters used in the perfor
mance model are those corresponding to the ET-100 para-
bolic trough collector. Optical properties for the selective 
coating were carefully determined (Zarza, 2007). These val
úes are shown in Table 2. At this point, it is important to 
say that optimized absorber tubes, for working at 525 °C, 
have been considered. It is also expected that optical 
behaviour of the selective coating will be improved in the 
future, with lower emissivity valúes at higher temperatures, 
so thermal efficiencies will be still better that ones presented 
in this work. 



Table 1 
Solar field configuration for a 50 MWe DSG power plant as a function of the solar múltiple. 

Solar Field 

Collectors Orientation 

Parabolic trough collector design 

Number of collector loops 

N-S 

EuroTrough ET-100 

SM = 1 

SM = 1.1 

SM = 1.2 

SM = 1.3 

SM = 1.4 

SM = 1.5 

SM = 1.6 

SM = 1.7 

SM = 1.8 

SM = 1.9 

SM = 2 

36 

40 

44 

48 

52 

56 

60 

64 

68 

72 

76 

Configuration of one loop (Valid for all the solar múltiples considered) 

Number of collectors in series per 
loop 

Number of modules* per collector 

(* Length of every module: 12.27 m) 

10 collectors in total: 

> Preheating + boiling section: 7 collectors 
> Superheating section: 3 collectors 

> Preheating + boiling section (687.12 m): 
8 modules per collector 

> Superheating section (306.75 m): 
- Collector 1: 9 modules per collector 
- Collectors 2-3: 8 modules per collector 

Table 2 
Absorber tube optical parameters for the ET-100 parabolic trough 
collector. 

Optical parameters of the ET-100 
íntercept factor 
Mirror reflectivity 
Glass transmisivity 
Solar absortivity 
Peak optical efficiency 
Thermal emissivity 

collector 
0.92 
0.92 
0.945 
0.94 
0.75 
0.04795 + 0.0002331*r (°C) 

The solar field design-point adopted is solar noon on 
June 21 st. Location coordinates are 37° 03'N and 2° 23' 
W (Almería, Spain). For this site, at this time, direct solar 
irradiance is 900 W/m2, air temperature is 25 °C and inci-
dence angle of solar radiation is 13.41°. 

2.2. Power block 

The power block considered is a regenerative 50 MWe 
Rankine cycle. According to the size of the cycle, it is advis-

able to have four extraction points from the steam turbine, 
that is, the feed water will be preheated in two low pressure 
closed feed water heaters, a degasifier, and a high pressure 
closed feed water heater. The extraction points are 
arranged so that the enthalpy of feed water increases in 
each water heater roughly by the same magnitude (Kos-
tyuk and Frolov, 1988). Common parameters for the 
power block considered are showed in Table 3. 

It has been said in the introduction that one of the main 
features of the DSG technology is the actual possibility of 
increasing the superheated steam temperature up to 500 °C, 
or even more in the future. This higher operation tempera-
ture results in two advantages for the power block. The 
main advantage is higher efficiencies as turbine inlet tem
perature increases. Another interesting consequence is the 
possibility of omitting a non-necessary steam reheating, 
which would not mean an efficiency increase. Steam reheat
ing would be only necessary at lower turbine inlet temper-
atures, in order to avoid a great wetness fraction of steam 
at the turbine exhaust, which means a penalty in the tur-
bine life-time, owing to the erosión of last steam turbine 
blades by water droplets. Besides that, the steam reheating 



Table 3 
Design-point parameters for the 50 MWe Rankine power cycle. 

Turbine 
Isentropic efficiency 0.9 
Electro-mechanical efficiency 0.98 

Condenser pump 
Isentropic efficiency 0.75 
Electro-mechanical efficiency 0.98 

Injection pump 
Isentropic efficiency 0.75 
Electro-mechanical efficiency 0.98 

Low pressure closed feedwater heater 
Terminal temperature difference (°C) 1.5 
Drain Cooling Approach (°C) 5.5 
Pressure loss in the tube side (bar) 0.5 
Pressure loss in the shell side (bar) 0.05 

High pressure surface type heater 
Terminal temperature difference (°C) 1.5 
Drain cooling approach (°C) 5.5 
Pressure loss in the tube side (bar) 0.5 
Pressure loss in the shell side (bar) 0.05 

Condenser 
Condenser pressure (bar) 0.07 

integration would carry on several technological complica-
tions for this particular case; it is clear that the option of 
reheating directly in the solar field implies a complex con-
figuration with high steam pressure drop; the alternative of 
using an auxiliary fired boiler means an additional natural 
gas consumption. 

Wet cooling is assumed in the condénsate system. For 
the reason, the condensation pressure is extremely low, 
0.07 bar, favourable valué to increase the power cycle effi
ciency. Figs. 2 and 3 shows a simplified scheme and the 
Mollier diagram for the Rankine cycle considered. 

2.3. Support systems for the solar field-power block-
electricity grid coupling: Thermal storage and auxiliary fired 
boiler 

In order to guarantee steady conditions at the power 
cycle inlet and solar power plant output management, 
two key systems has been considered in the DSG based 
plant, a thermal storage and a natural gas-fired boiler. 

For oil based plants, the most suitable storage system is 
an indirect two-tank, molten salt system (Price et al., 2002), 
with an oil/molten salt heat exchanger between the collec-
tors field and the thermal storage. In case of using water/ 
steam as heat transfer fluid in the solar field, this option 
does not fit, owing to the pinch point generated between 
streams in the heat exchanger. 

It has been demonstrated that one effective option for 
the storage system consists of three storage sections for pre-
heating, evaporation and superheating. For water preheat-
ing and steam superheating ranges, sensible heat storage is 
the best option while latent heat storage is advantageous 
for evaporation section (Birnbaum et al., 2008). A thermal 
storage for direct steam generation technology, with two 
storage modules - a phase change material module for 
the evaporation section, and a concrete module for the 
superheating section - , is being demonstrated, at the south-
ern of Spain, within the ITES project (Eck et al., 2008). 
Nevertheless, for the analysis presented in this work, it 
has been only considered the thermal behaviour of a theo-
retical thermal storage system, with a charging/discharge 
utilization factors and a global efficiency of 0.95 (Winter 
et al., 1990). 

For a proper coupling between the solar field and the 
power block, and the power block with the electricity grid, 
it is necessary an auxiliary fossil-fired boiler, besides the 
thermal storage. There are several reasons to take into 
account both systems and not only one of them. If only 
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Fig. 2. Simplified scheme of the power block for the 50 MWe DSG solar power plant. 
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Fig. 3. Mollier diagram for the 50 MWe Rankine cycle considered. 
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Fig. 4. Natural gas-boiler efficiency as a function of the feedwater load. 

an auxiliary fossil-fired boiler is considered, the number of 
operation hours at nominal conditions will decrease. If 
only thermal storage is considered, there will be non-inso-
lation intervals in which the Rankine cycle would have to 
work at part load conditions, owing to the storage system 
inertia. It is expected that the auxiliary boiler considered, a 
natural gas-fired boiler, can face up to these insolation fluc-
tuations, smoothing out insolation changes for steadying 
cycle operation. Nominal thermal power in the natural 
gas-boiler has been set to 120.4 MWth. Actually, this 
parameter is a design parameter to be optimized because 
the boiler inversión depends on its nominal power. Never-

theless, it has been considered a constant valué for all the 
cases, because the natural gas consumption cost is much 
greater than the boiler inversión cost. Fig. 4 shows the boi
ler efficiency during part load conditions (Ganapathy, 
1994). Efficiency is almost constant in a wide boiler opera
tion range. When load decreases below 25%, efficiency 
sharply decreases. 

3. Collector field size and performance as a function of the 
solar múltiple 

It has been said in the previous section that, once the 
solar múltiple and the thermal parameters of the power 
cycle have been set, the steam mass flow and the thermal 
power produced in the solar field are fixed. When solar 
múltiple increases, the solar thermal power at nominal con
ditions also becomes greater. This increasing power is sup-
plied adding parallel loops in the solar field, in such a way 
that the solar field design always meets the following sym-
metry requirement: the number of collector loops must be a 
múltiple of four. In practice, each solar múltiple tenth 
means four more loops added in the solar field, as it was 
showed in Table 1. All the new loops added are exactly 
the same to the previous ones, that is, dimensions of every 
section (diameters, length) and optical properties remain 
constant. 

Fig. 5 shows the thermal power produced in the solar 
field for different direct normal irradiation valúes. Thermal 
power approximately follows a linear variation, so a linear 
regression has been calculated, in order to characterize the 
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Fig. 5. Solar thermal power as a function of the direct normal irradiation, 
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Fig. 6. Solar field efficiency at design-point, as a function of the direct 
normal irradiation, for different solar múltiples. 

Table 4 
Thermal power 
múltiples. 

produced in the DSG solar field for different solar 

Thermal power for different solar múltiples 

Solar múltiple Thermal power 

SM = 1 
SM = 1.1 
SM = 1.2 
SM = 1.3 
SM = 1.4 
SM = 1.5 
SM = 1.6 
SM = 1.7 
SM = 1.8 
SM = 1.9 
SM = 2 

Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 
Thermal 

power (MWth) = 0.1542*DNI(W/m2) 
power (MWth) = 0.1708*DNI(W/m2) 
power (MWth) = 0.1876*DNI(W/m2) 
power (MWth) = 0.2047*DNI(W/m2) 
power (MWth) = 0.222*DNI(W/m2) -
power (MWth) = 0.2395*DNI(W/m2) -
power (MWth) = 0.2571*DNI(W/m2) -
power (MWth) = 0.275*DNI(W/m2) -
power (MWth) = 0.293 l*DNI(W/m2) -
power (MWth) = 0.3113*DNI(W/m2) -
power (MWth) = 0.3298*DNI(W/m2) -

- 15.97 
- 18.442 
-21.201 
- 24.255 
- 27.588 
-31.211 
- 35.086 
39.261 
-43.707 
- 48.403 
- 53.427 

solar field part load behaviour. Linear functions are shown 
in Table 4. 

As the solar múltiple increases, the header pipes length 
becomes greater, as well as the pressure drop and heat loss 
associated to the piping system. As a consequence, the 
steam outlet temperature from a collector loop must be 
slightly greater and, because the superheating section 
length remains constant, the steam mass flow at the outlet 
of the collector loop must be slightly lower. These changes 
in the working conditions cause the collector loop and the 
overall solar field efíiciencies to decrease, as it can be seen 
in Fig. 6. This effect is more pronounced at partial load 
conditions (for beam solar irradiance valúes below 
900 W/m2) because the steam mass flow produced is smal-
ler but the heat loss surface in the piping system is the same 
(Figs. 7-10). 
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Fig. 7. Operational strategy for a clear day, winter (January 22nd). 
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4. Electricity grid coupling and annual performance Table 6 

For all the solar múltiples considered, the yearly electric
ity production has been calculated. The annual plant per
formance has been simulated on the basis of a reference 
meteorological year at Plataforma Solar de Almería 
(PSA) site. Variability of beam solar radiation is presented 
in five-minutes interval data, so next calculations are based 
on this working time interval. 

In order to simplify calculations, two type-days (a clear 
day and a cloudy day) have been chosen from every month. 
Days selected from reference year are listed in Table 5. 

Annual results have been carried out taking into 
account the monthly percentage of clear, cloudy and over-
cast days in Almería site, for year 2007. This information 
has been provided by the Spanish Meteorological Institute 
(Agencia Estatal de Meteorología, 2007) and it is shown in 
Table 6. 

For an operation strategy, both the daily solar plant 
operation period and the daily electricity production period 
must be taken into account. The operation hours refers to 
the time span in which the parabolic trough collectors are 
focused and, as a result, there is a useful heat gain from 
the solar field. For the case considered, the solar collectors 
produce thermal power for direct normal irradiation valúes 
above 300 W/m2. The production hours refers to the period 
in which the solar power plant is delivering electricity to the 
grid. The length of this interval is a key decisión from the 
plant owner partners. For the 50 MWe plant considered, 

Table 5 
Typical days selected from a reference year in Almería, Spain (Source: 
Plataforma Solar de Almería, 2008. http://www.psa.es/). 

Monthly percentage of clear, cloudy and overcast days in Almería, Spain 
(Source: Agencia Estatal de Meteorología 2007, http://www.aemet.es/). 

Days from a typical 

Date 

January 4th 
January 22nd 
February 17th 
February 27th 
March 7th 
March l l th 
April lOth 
April 25th 
May lOth 
May 17th 
June 16th 
June 19th 
July 21 st 
July 31st 
August 26th 
August 30th 
September 13th 
September 28th 
October 17th 
October 29th 
November l l th 
November 26th 
December 4th 
December lOth 

meteorological year 

Type of day 

Cloudy day, winter 
Clear day, winter 
Clear day, winter 
Cloudy day, winter 
Cloudy day, winter 
Clear day, winter 
Clear day, spring 
Cloudy day, spring 
Cloudy day, spring 
Clear day, spring 
Cloudy day, spring 
Clear day, spring 
Clear day, summer 
Cloudy day, summer 
Clear day, summer 
Cloudy day, summer 
Clear day, summer 
Cloudy day, autumn 
Cloudy day, autumn 
Clear day, autumn 
Cloudy day, autumn 
Clear day, autumn 
Clear day, autumn 
Cloudy day, autumn 

Number of day 

4 
22 
48 
58 
66 
70 
100 
115 
130 
137 
167 
170 
202 
212 
238 
242 
256 
271 
290 
302 
315 
330 
338 
344 

Monthly percentage of clear, 
Almería) 

Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Clear 

9 
3 
7 
3 
9 

12 
23 
13 
9 
4 
9 
9 

days 

cloudy and overcast 

Cloudy days 

19 
23 
20 
20 
20 
17 
8 

18 
19 
24 
20 
21 

days (2007 data, 

Overcast days 

3 
2 
4 
7 
2 
1 
0 
0 
2 
3 
1 
1 

it has been chosen a ten hours long production period, with 
different limits in winter schedule (from 11:00 a.m. to 21:00 
p.m., local time), and summer schedule (from 12:00 a.m. to 
22:00 p.m., local time). Limits have been set in that way 
because, according to the Spanish electricity feed-in law, 
these hours are considered an on-peak demand period 
and the electricity price is affected by a tariff-based 
incentive. 

The operation strategy adopted determines the way in 
which this electricity is produced. For the particular case 
presented in this work, this strategy is different for a clear 
or a cloudy day. For both cases, before the power plant 
is coupled to the grid, the solar thermal power produced 
is stored in the system specifically designed to that purpose. 
While the plant is coupled to the grid, the solar thermal 
power is used to electricity production; if some power 
exceeds the nominal power block requirements, this surplus 
is sent to the thermal storage for later utilization. These 
operations are common to a clear and a cloudy day. Differ-
ences are presented below. When the thermal power sup-
plied by the solar field is not enough to produce 50 MWe 
in the Rankine cycle, it is necessary to difference between 
a sudden non-insolation time interval or a conventional 
variation pattern of direct normal irradiation in a clear 
day. In this last case (clear day strategy), the remaining 
thermal power necessary to nominal requirements is pro
vided from the thermal storage, until the solar field can 
supply nominal power (sunrise) or until the end of the elec
tricity production daily period (sunset). If total discharge is 
produced before the end of the production period, the gas-
fired boiler, in parallel to the thermal storage and the solar 
field, starts to work. If the lack of solar thermal power is 
produced by some temporary non-insolation conditions 
(cloudy day strategy), the remaining power to cover nomi
nal requirements, is produced by the auxiliary gas-fired 
boiler. All the stored energy is used at the end of the pro
duction period in order to minimize the turn on / off in 
the systems. Graphics from 7 to 10 represent the different 
operational strategies for a clear/cloudy day, and for win-

http://www.psa.es/
http://www.aemet.es/


ter/summer, in case of considering a solar múltiple equal to 
1 (SM=1) . 

The average daily efficiency, the thermal storage size and 
the natural gas consumption are different depending on the 
operation strategy. Yearly electricity production, annual 
efficiency and annual natural gas consumption have been 
calculated, as a weight average taking into account the 
monthly percentage of clear, cloudy and overcast days. 
Data for some different solar múltiples are showed in Table 
7. As the solar múltiple increases, the global efficiency 
decreases, because most electricity is produced by the solar 
field, with efficiencies lower than those obtained with a fos-
sil-fired boiler. In return, natural gas consumption is lower 
for higher solar múltiples. 

In the same way, thermal storage capacity is a function 
of the solar field size adopted in each case. As it can be 
observed in the last two columns of Table 7, thermal stor
age capacity is greater for higher solar múltiples because 
the solar thermal energy surplus that can be used during 
non-insolation periods, is greater. 

5. Economic analysis 

In previous section, a detailed annual performance anal
ysis of the overall DSG power plant has been performed 
using meteorological data for a typical year in Almería. 
Based on these results, the levelized cost of electricity 
(LEC) has been determined for all the solar múltiples con-
sidered. The LEC of the different DSG plant configuration 
analyzed has been calculated according to Eq. (1): 

fcr • C,> C, OkM 
LEC = 

using the annuity factor: 

C fuel 

fcr 
kd-{\+kd)

n 

(l+kd)"-l 
k = 9 
^insurance -* • 

(1) 

(2) 

where kd is the real debt interest = 8%; kinsurance, annual 
insurance rate = 1%; n, depreciation period in years = 
30 years; Cinvest, total investment of the plant; C0&M, an
nual operation and maintenance costs; and Enet, annual 
net electricity. 

In Table 8, the cost input data for the economic analysis 
are summarized. Data for investment, operation and main
tenance and financial parameters are taken from (Pitz-Paal 
et al., 2007), where a 50 MWe DSG solar power plant is 
analyzed. Neither storage ñor fossil hybridization is consid-

Table 8 
Cost data used for the economic evaluation of the DSG Solar Power 
Plant. 

Cost data used for the economic evaluation of the DSG solar power plant 

Investment 
Specific investment cost for solar field (€/m2) 190 
Specific investment cost for power block (€/kWe) 700 
Specific land cost (€/m2) 2 
Surcharge for construction, engineering and contingencies 20 

(%) 

Operation and maintenance 
Labor cost per employee and year (€/a) 
Number of persons for plant operation 
Number of persons for field maintenance 

O&M equipment cost percentage of investment per year 
(%) 

Financial parameters 
Annual insurance cost (%/year) 
Lifetime (years) 
Debt interest rate (%) 

Thermal storage 
Specific investment cost for thermal storage (€/kWhth) 

Fuel cost 
Fuel type 
Natural Gas HHV (MJ/m3) 
Natural Gas LHV (MJ/m3) 
Natural gas price (c€/kWh) 
Natural gas price (c€/m3) 

48000 
30 
10 
(SM = 1)* 
1% 

1 
30 
8.00% 

31.6 

Natural Gas 
38.3 
34.6 
2.3199 
24.6812 

* Spanish Natural Gas Prices (BOE 2007/20554, http://www.mityc.es/ 
Gas/Seccion/Precios/). 

People for field maintenance is increasing in one person each tenth solar 
múltiple increase. 

ered in that study, so necessary data to complete this anal
ysis have been taken from other sources. Thermal storage 
cost estimate has been set according to (Kelly, 2005). For 
this particular calculation, a specific cost of 31.6€/kWhth 
has been adopted. Natural gas price has been taken form 
Spanish tariff law. 

Calculation results are presented in Table 9, as a func
tion of the solar múltiple, which is the determining param-
eter in solar field configuration for this particular study. 

The capacity factor is the same for all the solar múltiples 
because the operation period in which the plant is deliver-
ing electricity to the grid remains constant in all the cases 
considered. Investment cost increases as solar múltiple 
increases because the collector field área and thermal stor
age size increases. The same variation is observed in the 

Table 7 
Annual performance parameters and size of thermal storage as function of the solar múltiple. 

Solar 
múltiple 

SM = 1 
SM = 1.3 
SM = 1.5 
SM = 1.7 
SM = 2 

Annual 
efficiency (%) 

26.98 
25.64 
24.77 
23.93 
22.92 

Annual gas 
consumption (m3) 

43099.75 
28477.64 
22092.94 
17121.03 
12548.67 

Annual fossil fuel percentage in 
electricity production (%) 

29.2 
19.43 
15.19 
11.77 
8.65 

Size of thermal storage 
(equivalent hours) 

3.4 
4 
4.3 
4.7 
4.8 

Size of thermal storage 
(MWhth) 

409.36 
481.6 
517.72 
565.88 
577.92 

http://www.mityc.es/


Table 9 
Economic results for the 50 MWe DSG power plant, as a function of the solar múltiple. 

Collector área (m2) 
Nominal Power (MWe) 
Total solar thermal power plant área 
Investment cost (Mio.€) 
Annual O&M cost (Mio.€) 
Annual fuel consumption (m3) 
Annual fuel Cost (Mio.€) 
Capacity factor (%) 
LEC (€/MWhe) 
LEC (relative valué, %) 

(km2) 

SM = 1 

199874.30 
50 
0.71 
104.80 
2.97 
43099.75 
0.0106 
41.67 
78.68 
100.00 

SM = 1.3 

266499.07 
50 
0.95 
123.30 
3.30 
28477.64 
0.0070 
41.67 
84.87 
107.88 

SM = 1.5 

310915.58 
50 
1.11 
135.18 
3.51 
22092.94 
0.0055 
41.67 
92.47 
117.53 

SM = 1.7 

355332.10 
50 
1.26 
147.51 
3.73 
17121.03 
0.0042 
41.67 
100.35 
127.54 

SM = 2 

421956.86 
50 
1.50 
163.73 
4.04 
12548.67 
0.0031 
41.67 
110.80 
140.83 

annual operation and maintenance cost, owing to the 
increasing number of persons for field maintenance and 
equipment repair costs for greater collector áreas. Never-
theless, annual gas consumption decreases for increasing 
solar múltiples because of the increasing solar thermal 
power percentage in yearly electricity production. 

To finish the economic study, it can be observed that the 
levelized electricity cost increases as solar múltiple 
increases, because the investment cost is the most impor-
tant factor in the calculation of this parameter. The abso-
lute valúes of the LEC depend largely on the parameters 
selected for the economic model so, in the last row of Table 
9, relative valúes are presented, and the least cost option is 
set to 100%. 

6. Conclusions 

A detailed system analysis has been performed, assessing 
the influence of the solar múltiple on the annual perfor
mance of direct steam generation solar thermal power 
plants. Simulations presented in this work are based on a 
reference 50 MWe DSG plant, with thermal storage and 
auxiliary natural gas-boiler. Although thermal storage 
technology for DSG plants is not available in a commercial 
scale, both systems must be considered if a scheduled load 
operation mode is adopted. 

As a previous step to the annual performance, the daily 
operation strategy for every DSG plant configuration, 
characterized by the solar múltiple, has been obtained for 
two type-days: a clear day and a cloudy day. In order to 
estímate the yearly parameters for every solar múltiple con
sidered, a weight average has been calculated, taken into 
account the monthly percentage of clear, cloudy and over-
cast days. This method of assessing the annual plant per
formance, using only one clear day and one cloudy day 
in every month can be applied for sites where only limited 
meteorological data are available. 

Economic analysis has been carried out, on the basis of 
annual characterization for every configuration. LEC val
úes have been obtained for a specific economic scenario. 
For this reason, the most relevant information is provided 
by the comparative study between different configurations. 
It can be observed that levelized cost of electricity is greater 

as the solar múltiple of the power plant increases, mainly 
owing to the great investment cost in the solar field. Never-
theless, it is important to point out that the annual fuel 
consumption is reduced for a solar múltiple increase 
because the thermal power fractions from the solar field 
and the storage become greater. This reduction is impor
tant if annual fossil fuel percentage for electricity produc
tion is limited by the national electricity feed-in law, 
there will be a lower limit in the solar múltiple selection 
range. 

In summary, this paper shows the great influence of the 
solar múltiple in daily operation, annual performance, and 
economy of a DSG parabolic trough plant. 
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