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ABSTRACT
 
Solar energy is often available in abundant quantities in the 
vicinity of conventional steam power plants close to large 
energy-consumption centers, where also the need for clean 
add-on power is substantial. Fossil-fuel based power units 
(coal fired steam plants or natural gas fired combined 
cycles) can be augmented with solar thermal power for 
feedwater preheating or parallel steam generation. 
Especially relevant is if the solar field in such developments 
is designed to deliver lower temperatures when compared to 
solar-only steam units, therefore decreasing the costs for the 
solar hardware and its maintenance. Employing solar energy 
either for upgrade of existing large-scale utility plants or in 
new constructions avails also of their intrinsically high 
efficiency of energy conversion and established 
infrastructure.  
 
The potential benefits of  solar-fossil hybrid steam cycles 
have already been widely recognized and various feasibility 
studies carried out. A more systematic approach for proper 
evaluation of efficiency gain is necessary, for several 
representative types and sizes of conventional utility steam 
plants. More straightforward optimization studies are also 
required for finding the optimum penetration of solar power 
in the fossil-fired steam cycle, taking into account both 
technological and economy values.  
 
The present work attempts to provide an exhaustive review 
of previous efforts in this field, summarize the potential for 
practical deployment, and primarily build up the basis for a 
normalized systematic approach upon which various broad 
optimization studies can be performed with the ultimate 
goal of examining the technical and economical feasibility 

of any solar-fossil integrated concept and ultimately 
proposing a viable practical application for any specific 
location.  
 
1.  INTRODUCTION AND BACKGROUND 
 
Hybridization of any kind of thermal power conversion 
process where two or more primary energy inputs are 
integrated into a single power unit, or two or more final 
product outputs are simultaneously delivered, is often 
leading to improved utilization of the primary energy when 
compared with two stand-alone units of similar type and 
scale, provided that the thermodynamic integration is 
properly designed and the unit is operated in an optimal 
way. Hybrid cycles are possible for all types of thermal 
power sources, from fossil or renewable fuels to geothermal 
energy, solar thermal energy and industrial waste heat. The 
improved performance of the integrated unit should of 
course be measured against the increased complexity and 
the more intricate control strategy of the hybrid 
configuration.  
 
One such possibility is the thermodynamic integration of 
solar thermal energy into conventional steam cycles fired 
with fossil (coal or natural gas) or biomass-based (wood or 
organic residue) fuels. It can be expected that the solar 
section of the resulting hybrid configuration would perform 
better than a similar stand-alone solar thermal cycle for 
electricity production, therefore allowing for improved 
efficiency of solar energy conversion.  
 
Certainly, the sole fact that a comparatively small solar field 
is exploiting the economy of scale when delivering its 
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thermal energy to a larger steam plant and therefore 
utilizing a high-efficiency power conversion island is in 
most cases enough as a base for improved solar 
performance. Furthermore, the thermal integration itself 
offers a chance for additional upgrade of solar heat when 
aiding the electricity production in the conventional steam 
unit.  
 
Besides, the dramatic reduction in photovoltaic solar cell 
(PV) prices during the recent years has largely jeopardized 
the interest in new concentrated solar thermal power (CSP) 
projects, as the learning curve for the CSP technologies has 
not been equally steep as that of the PV systems. Integration 
into conventional steam cycles is a plausible application of 
CSP technologies that cannot be challenged by PVs.  
 
The advantages of solar thermal energy integration into 
conventional steam plants can be summarized as follows:  

 Utilizing large-scale energy conversion equipment 
and a steam cycle operating at high temperatures, 
thus allowing for higher efficiencies;  

 Utilizing the existing switchyard, electrical power 
conditioning equipment and grid connection, 
which can in many cases be a considerable part of 
the initial investment for stand-alone solar projects;  

 Allowing for gradual but wider deployment of 
solar thermal power while preserving the job 
positions in an already established locality;  

 Occupying territory in an already industrialized 
location, thus principally avoiding issues related to 
land and habitat destruction attributed to large 
stand-alone solar fields.  

 
It should be underlined that successful integration of solar 
thermal power into conventional steam plants relies on the 
availability of large patches of land adjacent to the plant and 
of course on a considerable solar insolation resource at the 
given location. This narrows the possible choices only to 
steam plants outside densely populated areas and also 
situated in the sun belt of the globe – generally at latitudes 
between 20 to 40 degrees north or south.  
 
 
2.  STATE OF THE ART OVERVIEW 
 
Solar thermal energy can serve to augment power 
production in a conventional steam plant in several ways, 
depending on the type of solar collector, the type of steam 
plant, and the temperature level that the solar field is able 
to provide. There are several types of solar thermal 
collectors (with or without concentrators) developed to 
commercial level, whose technology description and 
detailed review are not the purpose of this study. Basically 
all of them are possible to integrate within a standard 

steam cycle. The very low-temperature technologies might 
also be a feasible choice, promising low investment costs. 
The very high-temperature advanced CSP technologies 
like solar towers, would surely deliver better 
thermodynamic performance due to the high steam 
temperatures, but they are the least established and highly 
uncertain in terms of costs and reliability.  
 
This is in no way a new concept. There are no clear records 
of the first proposal for integrating solar thermal power into 
a steam cycle fired by another fuel, but it is believed that the 
basic idea is as old as the steam cycle technology itself.  
 
There are two major solar thermal hybrid steam 
integration options, namely:  

 To aid with feedwater preheating for the steam 
cycle, thus saving the extracted steam otherwise 
bled from the turbine for that purpose;  

 To assist with parallel steam generation at the 
necessary pressure level, while the solar-
produced steam can further be superheated and 
expanded in the conventional steam cycle.  

 
Solar-aided feedwater preheating is very applicable to large 
coal-fired steam cycles. A generalized and simplified 
example of such integration is shown in Figure 1. Steam 
that is extracted from the turbine to provide feedwater 
preheating is now allowed to expand in the turbine, while 
the preheating load is instead covered by the solar field. 
Depending on the temperature achieved in the solar 
concentrators, either the low-pressure (low-temperature) 
preheaters or both the low- and the high-pressure ones can 
be supplied with thermal energy from the solar field.  
 

 
 
Fig.1:  Solar thermal integration for feedwater preheating 
in a steam cycle. The low-pressure feedwater preheater 
island (LPFWP) may contain up to 6 preheaters, while the 
high-pressure such (HPFWP) may have up to 4 units.  
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Many coal power plants are situated close to the coal mines, 
often in climate regions where the peaks in solar insolation 
coincide with the peaks in power consumption due to air 
conditioning loads, offering the necessary land area and the 
proper operational strategies for successful solar thermal 
power integration. Examples for such locations are the 
south-west and south-central US, the Mediterranean region 
and the Middle East, north and south Africa, and Australia. 
Whether the practical application is advantageous or not is 
purely a matter of economy and cost calculations for the 
specific location.  
 
Parallel steam generation by solar energy for a large-scale 
coal-fired steam cycle is only applicable if high-temperature 
solar tower or advanced trough CSP technology is involved. 
On the other hand, in smaller-scale steam cycles, for 
example in biomass-fired local co-generation plants, the 
pressure and temperature levels in the steam boiler are 
usually far below the critical values and matching well 
enough with the temperatures provided by established CSP 
technologies, for example the state-of-art trough 
concentrators.  
 
A great number of researchers have attempted to investigate 
the applicability of solar-aided feedwater preheating for 
coal- or oil-fired steam plants. The first serious attempts for 
a careful technical and economical analysis appeared after 
the oil crisis in the 1970-ies, together with the major studies 
of stand-alone solar thermal plants. Zoschak and Wu [1] 
presented in 1974 a thorough conceptual study of several 
plausible hybrid arrangements of direct solar thermal power 
input in fossil-fired power stations, at many possible 
temperature levels. They attempt also a basic economy 
analysis but tend to focus on issues related to practical 
difficulties while missing to clearly identify the most 
promising integration option and to properly optimize it for 
maximum performance. These were followed during the 
1980-ies by studies published by, among many others, 
Micheli [2], Griffith & Brandt [3], Koai & Lior [4], and 
McDonald [5]. They all suggest possible solar hybrid 
configurations and either focus on basic sensitivity and 
applicability investigations or present specific alternatives 
and niche applications of solar thermal integration with 
coal, natural gas or biomass fueled steam or gas turbine 
cycles, as an extension of previously performed work 
focusing initially on other topics.  
 
A massive surge of interest followed during the 1990-ies, 
after the first pilot stand-alone CSP plants entered 
commercial operation and proved the feasibility of solar 
power. Deeper thermodynamic and economic calculations 
for an optimized integration of solar thermal power into 
fossil-fired steam Rankine cycles were attempted by various 
authors, among which notably Bopp et al.[6]. At the same 

time, Allani et al.[7] and Trieb [8] examined how solar 
hybrids stand against other integration technologies and 
stand-alone solar power, for the purpose of enhanced 
market penetration, fast commercial development, and 
evaluation of additional benefits in view of the climate 
change scenario and decrease of carbon intensity of fossil-
fueled electricity production.  
 
Eric J. Hu together with various co-authors throughout the 
years, publishes a series of research articles carefully 
investigating several plausible configuration options and 
their expected thermodynamic performance of solar-fossil 
integration into conventional steam Rankine cycles, for 
example in [9] by Ying and Hu. The authors attempt a 
second-law analysis of several solar integration options for 
feedwater preheating, and despite somewhat unclear exergy 
considerations and misleading statements, they manage to 
prove that solar thermal energy is converted to electricity 
with higher efficiencies due to the integration scenarios than 
what solar-only power units at the same conditions and 
sizes would ever be able to deliver. Later on in [10] by Hu 
et al., and [11] by Yang et al., the authors attempt economy 
calculations and dynamic optimization of the suggested 
concepts, and lift up one specific issue raised previously by 
other  researchers – namely the fact that the steam turbine in 
the regenerative Rankine cycle may not always be able to 
process the spared bleed flows when feewater preheaters are 
supplied by the solar field instead of by extracted steam. In 
this case two operational scenarios are possible: power 
boost option when the steam turbine can handle the 
increased steam mass flow, or fossil fuel saving mode when 
the steam production in the boiler is decreased to 
accommodate for the increased steam mass flow in the 
turbine due to closed steam extractions. The thermodynamic 
performance of the overall integrated cycle can be different 
in these two cases, depending on the specific features and 
operational characteristics of the steam boiler and turbine.   
 
In fact, both the power boost and the fuel saving modes are 
applicable in real conditions. Most modern steam cycles are 
able to handle increased steam mass flows (boosted power 
output) with up to around 10% above the rated turbine 
capacity, and this scenario is very suitable for augmented 
power generation during peak sunshine hours to cover the 
peak consumption for air conditioning. On the other hand, 
fuel saving mode is very relevant to reducing the use of 
fossil fuel, therefore reducing the emissions of any related 
pollutants and improving the environmental footprint of 
existing steam plants, while the steam boiler usually 
improves its thermal efficiency [15] when operated at loads 
lower than the nominal one.  
 
During the recent years, a broad spectrum of researchers 
joined the league of solar augmentation proponents and 
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performed very relevant studies for specific applications in 
existing steam power plants, together with examining also 
some very important details such as dynamic performance, 
economy, total solar-based power production based on 
insolation data for the given site, and others. For example, 
Suresh et al. [12] present the case of India and propose a 
wide integration of solar-aided feedwater preheating for the 
large fleet is coal steam plants in the country. They examine 
several scenarios in terms of thermodynamics and economy, 
but do not clearly present the economy data used and 
wrongly conclude that replacing the lowest-pressure 
feedwater heater is not at all advantageous. At the same 
time, Gupta and Kaushik [13], also evaluate solar 
augmentations in India applying first- and second-law 
thermodynamic approach and clearly conclude that in terms 
of efficiency the integrated solar power performs 1.5 times 
better than comparable stand-alone solar-only plants.  
 
Hou et al. [14] present the case of China and evaluate 
different generalized scenarios for solar-aided coal power 
developments as opposed to solar-only plants. The results 
clearly show that at the prevailing conditions in China, 
solar-only plants are not able to compete economically with 
coal, while solar augmentation of coal-fired plants might be 
the most viable option for gradually expanding the solar 
power penetration in the country’s energy system.  
 
Popov [15] simulates carefully the expected performance of 
several configurations for solar thermal augmentation of an 
existing oil-fired steam unit at both rated and off-design 
conditions, specifically taking into account the altered 
equipment performance when solar power is integrated into 
the system. The major conclusion is that supplying the high-
pressure feedwater preheaters entirely by solar energy 
yields a very attractive share of solar power in the integrated 
system, with solar energy conversion efficiency up to 39%, 
unrivaled by comparable solar-only plants.  
 
The integration options for solar thermal energy into gas 
fired combined cycles could be expected to be somewhat 
more promising because some of the pressure levels for 
steam generation in the bottoming cycle are low enough for 
the commercial CSP technologies (parabolic trough or 
linear Fresnel) to be able to deliver the necessary 
temperature and therefore generate steam. The plausible 
alternatives for solar augments of a typical combined cycle 
are shown in a simplified way in Figure 2.  
 
Generating steam by solar energy, which is consequently 
superheated in the conventional steam cycle, is undoubtedly 
more thermodynamically advantageous than feedwater 
preheating. The parallel steam generation configuration 
offers higher shares of solar penetration into the integrated 
hybrid combined cycle.  

 
 
Fig.2:  Solar thermal integration for both parallel steam 
generation and feedwater preheating in a typical combined 
cycle. The solar field of established technology (parabolic 
trough or linear Fresnel) is able to supply additional steam 
at low- or mid-pressure level in the heat recovery steam 
generator (HRSG), superheated there by the fossil fuel.  
 
 
Augmenting combined cycles with solar thermal energy is 
specifically advantageous regarding the fact that most 
combined cycle usually do not have any installed feedwater 
preheaters other than an open deaerator type. Adding the 
possibility for feedwater preheating would lead in such case 
to an immediate improvement of the steam cycle efficiency. 
On the other hand, combined cycles are most often situated 
close to densely populated areas and are usually smaller 
than the typical coal-fired plant. Therefore they have less 
adjacent space for solar field deployment and offer lower 
total potential for solar energy integration.  
 
Several authors propose and evaluate options for solar 
augmentation of combined cycles, for example Allani et al. 
[7], Khartchenko [16], Dersch et al. [17], and Reddy et al. 
[18]. Some other researchers propose more advanced gas 
turbine or combined cycle based integrated systems, for 
example Livshits and Kribus [19] examine a steam-injected 
gas turbine supported by a solar-generated steam, while 
Alrobaei [20] proposes a solar-assisted combined cycle 
cogeneration plant for water desalination. Gou et al. [21] go 
even further to propose an innovative oxy-fuel gas-fired 
cycle utilizing solar thermal energy for CO2 separation. 
Mokhtar et al. [22] evaluate the possibility for involving 
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solar thermal energy in the post-combustion CO2 capture 
solvent regeneration process based on coal fuels, where 
solar energy offsets the dramatic drop in output and 
efficiency of the original steam cycle. Ordorica-Garcia et al. 
[23] also propose possible configurations of combined 
cycles with solar-based CO2 separation, including post-
combustion carbon capture and solar-assisted gasification of  
hydrocarbons, and suggest a pilot plant based on the 
Spanish experience with CSP thermal power plants.  
 
 
3.  CONCEPTUAL EVALUATION OF SOLAR 
AUGMENTATION ALTERNATIVES 
 
A simplified and generalized investigation of the major 
alternatives and hybrid configurations for possible solar 
augmentation of conventional steam plants can be done by 
comparatively simple and straightforward considerations. 
The simplifying assumptions are small enough to allow for 
reaching results very close to real conditions, while giving 
the possibility to normalize the findings and make them 
universally applicable regardless of the specific conditions.  
 
Looking closer at the somewhat underestimated potential 
for low-pressure feedwater preheating in a conventional 
steam cycle, to be supplied by a solar field with temperature 
up to 120o C (250o F), the potential for utilizing low-cost 
low-tech flat plate or evacuated tube solar thermal collectors 
can be noticed. This has already been identified by the 
authors in for example [9] and [10]. Calculating on the basis 
of a normalized scenario per unit mass flow of steam, using 
simple equations for the saved steam extraction mass flows 
at low-pressure, which are instead allowed to expand further 
in a large-scale modern steam turbine with 90% isentropic 
efficiency down to 0.07 atm condenser pressure, the solar 
thermal energy at the abovementioned temperature level 
used for feedwater preheating would be able to boost the 
steam turbine output with up to 3%, translating into solar 
thermal-to-electricity conversion efficiency of about 13%. 
At the given temperature level, this corresponds to 60% of 
the maximum possible Carnot efficiency of energy 
conversion, i.e. a thermodynamic performance matching 
that of the high-temperature steam cycle itself. A stand-
alone solar-only power plant would never be able to achieve 
such a performance, hardly even with the help of an organic 
Rankine cycle (ORC) technology.  
 
Extending  the same approach to encompass also the high-
pressure feedwater preheaters up to 250o C (480o F) in a 
typical steam cycle, involving downgraded mid-temperature 
parabolic solar trough or linear Fresnel reflector technology, 
the possible gain in steam turbine output would be 
somewhat above 17%. This translates into efficiency of 
solar thermal-to-electricity energy conversion of around 

27%. This is again around 61 – 63% of the maximum 
possible thermal energy (Carnot) conversion efficiency at 
the given temperature level, i.e. in line with a the 
performance of advanced high-temperature steam cycles.  
 
When examining the economical feasibility of solar 
augments, most authors focus primarily on the fuel saving 
mode of operation, where the final product (and therefore 
the major profit) is represented by reduced consumption of 
the conventional fuel in the steam cycle. However, with due 
respect paid to decreasing fossil fuel consumption and 
reducing environmental pollution, in reality often the target 
option would be to operate the steam plant in a power boost 
mode, especially for newer constructions or repowered or 
refurbished steam cycles where solar augmentation is 
considered already in the design process and the resulting 
hybrid unit has an inbuilt flexibility for utilizing the solar 
reserve for increased power output. In such case, the 
economy of the solar augment is clearly based on the 
incremental power produced, which pays back for the 
investment in the solar field and additional infrastructure.  
 
Keeping in mind that selling more power to the grid is 
always a better deal than saving fuel, the economy of the 
power boost mode would be much more promising.  
 
Furthermore, the proper economy evaluation of solar power 
should involve the efficiency of solar-to-thermal energy 
conversion by the solar collector, which as a rule decreases 
with rising temperatures of the working fluid. Low-
temperature approach offers the possibility for high-
efficiency solar collectors even if at low-tech design.  
 
If a basic economic evaluation is attempted of a solar 
augment concept for low-pressure feedwater preheating up 
to 120o C (250o F) based on the results above, therefore 
using low-temperature low-cost solar thermal collectors of 
flat plate or evacuated tube design with specific costs of 
around 150 $/m2 aperture area [10] including the cycle 
integration hardware, the specific cost per installed kW 
electric capacity would be around 2400 $/kW. This is 
acceptable if compared to the cost of stand-alone solar-only 
plants, however the payback period would be prohibitively 
long owing to the very limited capacity factor for the solar 
equipment of around 2000 h per year on average.   
 
Expanding the above considerations to cover also the high-
pressure feedwater preheaters up to 250o C (480o F) and 
utilizing downgraded mid-temperature  parabolic trough 
technology to supply the necessary solar thermal energy, the 
specific costs of the solar field would be around 330 $/m2 
aperture area [10, 32] including the cycle integration 
hardware, whereas the specific cost per installed kW 
electric capacity would end up again at around 2440 $/kW. 
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The abovementioned results are summarized and presented 
in Table 1 below.  
 
TABLE 1:  A SUMMARY OF SIMPLIFIED CONCEPTUAL 
RESULTS FOR THERMODYNAMICS AND ECONOMY OF 
TWO MAJOR ALTERNATIVES FOR STEAM CYCLE 
AUGMENTATION BY SOLAR THERMAL ENERGY FOR 
FEEDWATER PREHEATING 
 

Parameter /approach LPFWP HPFWP 
Temperature level 120oC (250oF) 250oC (480oF) 
Solar - el. efficiency 13 % 27 % 
% of Carnot potential 60 % 62 % 
Solar field spec. cost 150 $/m2 330 $/m2 
Spec. install. cost 2400 $/kWe 2440 $/kWe 

 
 
4.  REAL APPLICATIONS OF THE CONCEPT 
 
There are several solar-augmented gas-fired combined cycle 
power plants commissioned or planned around the world, 
among which in Morocco, Algeria, Egypt, India, Iran, 
Mexico and China, whose basic concept and optimization 
has been initiated by Allani et al. [7] as well as Kane and 
Favrat [24] from the French-speaking part of Switzerland 
around the end of the 1990-ies. All of these are based on the 
same technology and at similar scales, featuring a 
conservative single-pressure HRSG, solar thermal energy 
utilized solely for parallel steam generation, and a 
comparatively small share of solar energy at maximum 15% 
from the total combined cycle output. A good summary of 
these developments can be found in a popular article by 
Richard Baillie [25]. Behar et al. [26] present the first 
experiences from the commercial operation of the integrated 
solar combined cycle system in Algeria, where the parabolic 
trough CSP field features an aperture area of nearly 184,000 
m2 (45 acres). On a bright sunny summer day, the delivered 
solar thermal power reaches 130 MW and the electricity 
production attributed to the solar field is calculated at up to 
23 MW (a strangely low value) or up to 15% of the total 
combined cycle power output, which gives a solar-to-
electricity conversion efficiency of only around 17%.  
 
A similar solar-assisted gas-fired combined cycle power 
plant has been built also in Florida in the USA [27] and 
entered commercial operation in the end of 2010, featuring 
higher solar energy share where the solar field occupies 500 
acres (2 km2) of land. Another such development has been 
planned for Nevada, near Las Vegas [28].  
 
Solar thermal integration into coal plants offers a larger 
potential and is more appealing. Several such pilot projects 
have been proposed. One of them featured a solar field 
integrated in an old coal-fired plant in Colorado, USA [29] 

as a test case with only 4 MW thermal output from the solar 
field of parabolic trough collectors, used for feedwater 
preheating in the steam cycle up to 200o C (400o F). This 
pilot plant operated for a short time during 2010, after 
which the coal power station has been closed down and 
decommissioned.  
 
Another US-based solar-augmentation pilot project has been 
proposed for the Escalante coal-fired power station in New 
Mexico [28], but seems not to have been commissioned.  
 
On the other side of the globe, in Australia, two major pilot 
projects have been proposed. One of them has recently been 
commissioned [30]. The Kogan Creek solar boost project in 
Queensland is the largest solar integration with a coal-fired 
power station in the world so far, featuring 44 MW solar 
thermal power utilized for parallel steam generation at the 
reheat pressure and feedwater preheating [30], using an 
innovative linear Fresnel reflector solar concentrator 
technology where water is directly boiled into steam in the 
solar field. Another Australian pilot project had been 
planned for the Liddell coal-fired station in New South 
Wales [31], featuring a minor share of solar thermal energy 
at 9 MW used for parallel steam generation directly in a 
linear Fresnel reflector technology. It is, however, not clear 
if the Liddell project has come to fruition.  
 
A very relevant and systematic study for the actual solar 
augmentation potential in 16 states of the southwest, south-
central and southeastern USA, for both coal-fired steam 
plants and gas-fired combined cycles, has been carried out 
by the Electric Power Research Institute (EPRI) and the 
National Renewable Energy Laboratory (NREL), published 
as a technical report by NREL in 2011 [32]. Both mid-
temperature parabolic trough and high-temperature solar 
tower technologies have been considered, together with 
actual data for power plant location, annual insolation 
potential, and available land area. The major finding is that 
11,000 MW of solar electrical capacity by parabolic trough 
and 21,000 MW electrical capacity by solar tower is 
technically feasible throughout the southern half of the US. 
The study clearly shows that the potential is limited, but it 
would be technically and economically feasible to cover it, 
giving a serious boost towards the further development of 
solar thermal power for electricity production.  
 
 
5.  CONCLUSIONS AND DISCUSSION 
   
Solar thermal energy can serve to augment the installed 
capacity and the power output of conventional steam 
plants in several ways, depending on the type of solar 
collector, the type of steam plant, and the temperature 
level that the solar field is able to provide. All types of 
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solar CSP technologies are applicable for integration 
within a solar-hybrid steam cycle. The very low-tech, low-
temperature technologies might also be a feasible choice, 
and they should be preferred owing to their supposedly 
low investment costs.  
 
The basic concept is not new, in fact, it is believed to be as 
old as the steam cycle technology itself. The potential 
benefits of  solar-fossil hybrid integration have already been 
widely recognized and several feasibility studies have been 
carried out by various authors. A more systematic approach 
for proper evaluation of efficiency gain is necessary, for 
several representative types and sizes of conventional utility 
steam plants, is necessary. Simplified and normalized, but  
straightforward optimization studies are possible to perform  
for finding the optimum penetration of solar power in the 
fossil-fired steam cycle, taking into account both 
technological and economy values.  
 
Integrated hybrid solar configurations help also with 
avoiding the problems related to frequent start-stop cycles 
for the steam turbines in solar-only thermal power plants, 
detrimental to the life of the turbine and increasing its 
maintenance costs.   
 
The thermodynamic performance and energy conversion 
efficiency in solar-augmented feedwater preheating for 
conventional stem cycles is close to the one achieved by 
large-scale high-temperature advanced steam cycles. 
Feedwater preheating is undoubtedly a viable option for 
wider solar thermal energy deployment. The overall 
potential is limited, but technically and economically 
feasible to utilize.  
 
The specific investment costs for the solar field and related 
infrastructure for integration with the conventional steam 
plant are still high, but not prohibitive.  
 
 
6.  REFERENCES 
 
(1) Zoschak, R.J., Wu, S.F., Studies of the Direct Input of 
Solar Energy to a Fossil-Fueled Central Station Steam 
Power Plant, Proceedings of the International Solar Energy 
Society’s U.S. Section Meeting, Fort Collins, Colorado, 
August 1974. Published also by Pergamon Press in Solar 
Energy, Vol.17, 1975, pp.297-305.  
(2) Micheli, C., Considerations on a Combined and Hybrid 
Solar/Fossil Fuel Cycle, Electric Power Systems Research, 
Vol.3, 1980, pp.53-64.  
(3) Griffith, L.V., Brandt, H., Solar-Fossil Hybrid System 
Analysis: Performance and Economics, Solar Energy 
Vol.33, 1984, pp.265-276.  

(4) Koai, K., Lior, N., Yeh, H., Performance Analysis of a 
Solar-Powered/Fuel-Assisted Rankine Cycle with a Novel 
30hp Turbine, Solar Energy, Vol.32, 1984, pp.753-764. 
(5) McDonald, C.F., A Hybrid Solar Closed-Cycle Gas 
Turbine Combined Heat and Power Plant Concept To Meet 
the Continuous Total Energy Needs of a Small Community, 
Heat Recovery Systems, Vol.6, 1986, pp.399-419. 
(6) Bopp, P. et al., Solar Preheating for the Saving of Fuel 
in Fossil-Fired Power Station (in German), Brennstoff-
Waerme-Kraft, Vol.48, 1996, pp.26-32.  
(7) Allani, Y., Favrat, D., von Spakovsky, M.R., CO2 
Mitigation Through the Use of Hybrid Solar-Combined 
Cycles, Energy Conversion Management, Vol.38, 1997, 
pp.S661-S667.  
(8) Trieb, F., Competitive Solar Thermal Power Stations 
until 2010 – The Challenge of Market Introduction, 
Renewable Energy, Vol.19, 2000, pp.163-171.  
(9) Ying, Y., Hu, E.J., Thermodynamic Advantages of 
Using Solar Energy in the Regenerative Rankine Power 
Plant, Applied Thermal Engineering, Vol.19, 1999,  
pp.1173-1180.  
(10) Hu, E., Yang, Y.P., Nishimura, A., Yilmaz, F., 
Kouzani, A., Solar Thermal Aided Power Generation, 
Applied Energy, Vol.87, 2010, pp.2881-2885. 
(11) Yang, Y.P., Yan, Q., Zhai, R.R., Kouzani, A., Hu, E., 
An Efficient Way to Use Medium-or-Low Temperature 
Solar Heat For Power Generation – Integration into 
Conventional Power Plant, Applied Thermal Engineering, 
Vol.31, 2011, pp.157-162.  
(12) Suresh, M.V.J.J., Reddy, K.S., Kolar, A.K., Energy, 
Exergy, Environment, and Economic Analysis of Solar 
Thermal Aided Coal-Fired Power Plants, Energy for 
Sustainable Development, Vol.14, 2010, pp.267-279. 
(13) Gupta, M.K., Kaushik, S.C., Exergetic Utilization of 
Solar Energy for Feedwater Preheating in a Conventional 
Thermal Power Plant, International Journal of Energy 
Research, Vol.33, 2009, pp.593-604.  
(14) Hou, H., Mao, J., Zhou, Ch., Zhang, M.X., Solar-Coal 
Hybrid Thermal Power Generation in China, Advanced 
Materials Research, Vols.347-353, 2012, pp.1117-1126. 
(15) Popov, D., An Option for Solar Thermal Repowering 
of Fossil Fuel Fired Power Plants, Solar Energy, Vol.85, 
2011, pp.344-349.  
(16) Khartchenko, N.V., Integration of Solar Energy into 
Hybrid Combined-Cycle Power Generation Systems, 
Journal of Energy in Southern Africa, Vol.10, 1999, pp.134-
139. 
(17) Dersch, J., et al., Trough Integration into Power Plants 
– A Study on the Performance and Economy of Integrated 
Solar Combined Cycle Systems, Energy, Vol.29, 2004, 
pp.947-959.  
(18) Reddy, V.S., Kaushik, S.C., Tyagi, S.K., Exergetic 
Analysis of Solar Concentrator Aided Natural Gas Fired 



     8 
   

Combined Cycle Power Plant, Renewable Energy, Vol.39, 
2012, pp.114-125.  
(19) Livshits, M., Kribus, A., Solar Hybrid Steam Injection 
Gas Turbine (STIG) Cycle, Solar Energy, Vol.86, 2012, 
pp.190-199.  
(20) Alrobaei, H., Novel Integrated Gas Turbine Solar 
Cogeneration Power Plant, Desalination, Vol.220, 2008, 
pp.574-587.  
(21) Gou, C., Cai, R., Hong, H., A Novel Hybrid Oxy-Fuel 
Power Cycle Utilizing Solar Thermal Energy, Energy, 
Vol.32, 2007, pp.1707-1714.  
(22) Mokhtar, M., et al., Solar-Assisted Post-Combustion 
Carbon Capture Feasibility Study, Applied Energy, Vol.92, 
2012, pp.668-676.  
(23) Ordorica-Garcia, G., Vidal Delgado, A., Fernandez 
Garcia, A., Novel Integration Options of Concentrating 
Solar Thermal Technology with Fossil-Fuelled and CO2 
Capture Processes, Energy Procedia, Vol.4, 2011, pp.809-
816.  
(24) Kane, M., Favrat, D., Approche de conception et 
d'optimisation de centrale solaire intégrée à cycle combiné 
inspirée de la méthode du pincement (in French),  
International Journal of Thermal Sciences, Vol 38, 1999, 
pp.501-511.  
(25) Baillie, R., Integrated Solar Combined Cycle’s (ISCC) 
Outlook Brightens With Wave of Projects, a popular press-
release by the Power Engineering International magazine, 
accessed on  www.powerengineeringint.com, January 2011.  
(26) Behar, O., Kellaf, A., Mohamedi, K., Belhamel, M., 
Instantaneous Performance of the First Integrated Solar 
Combined Cycle System in Algeria, Energy Procedia, Vol.6 
2011, pp.185-193.  
(27) Florida Power & Light Breaks Ground on First Hybrid 
Solar Plant, press-releases by the Renewable Energy World 
magazine (www.renewableenergyworld.com), and on the 
FPL’s corporate website (www.fpl.com), last accessed in 
February 2012.  
(28) Tri-State and NV Energy to Demonstrate Solar 
Thermal Hybrid Power Plants, press-release by the EPRI in 
the Renewable Energy World magazine, December 2009, 
(www.renewableenergyworld.com), last accessed in March 
2012.  
(29) Press-releases by the Renewable Energy World 
magazine (www.renewableenergyworld.com) and on the 
Xcel Energy’s corporate website (www.xcelenergy.com), 
last accessed in February 2012. 
(30) www.kogansolarboost.com.au - project website, last 
accessed in March 2012.  
(31) Solar Steam Generation for Existing Coal-Fired Power 
Plant; The Liddell Solar Thermal Station, press-releases by 
Ausra Pty Limited at www.ausra.com.au, last accessed in 
March 2012.  
(32) Turchi, C., Langle, N., Bedilion, R., Libby, C., Solar-
Augment Potential of U.S. Fossil-Fired Power Plants, 

technical report # NREL/TP-5500-50597, National 
Renewable Energy Laboratory, February 2011. 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 




