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                           GLOSSARY OF TERMS 
 

1. SAM: It is a free computer model that calculates a renewable energy system's 
hourly energy output over a single year and calculates the cost of energy for a 
renewable energy project over many years of operation. 
 

2. Heliostats: It is a device that consists of plane mirror, which moves in order to keep 
reflecting radiation at a fixed predefined set target. 
 

3. Geometric Concentration Ratio: The ratio of solar collector aperture area to that of 
the absorber one, is defined as the Geometric concentration ratio.   
 

4. LCOE: It is primary metrics of utility industry which is used for calculating price per 
unit of electricity generated.  LCOE is calculated by clubbing together all of 
system’s expected lifetime costs (construction, financing, fuel, maintenance, taxes, 
insurance and incentives) which are then divided by the system’s lifetime expected 
power output (kWh).  
 

5. FiT: Feed in Tariff which is also known as advanced renewable tariff or renewable 
energy payments is a policy framework especially designed so as to speed up 
investment in renewable energy technologies. This is achieved by offering long-
term contracts to renewable energy producers, typically on the basis of cost of 
generation for each technology.  
 

6. IRR: The internal rate of return (IRR) which is also known as economic rate of 
return (ERR) is a rate of return which is used in capital budgeting in order to 
compare the profitability of investments. Other definition of IRR explains it as the 
discount rate at which an investment breaks even. 
 

7. PPA:  A power purchase agreement is a contract between buyer and seller of 
electricity. It defines all the commercial conditions for exchanging electricity and 
money between the two parties respectively. PPA also includes information about 
the expected project start date, schedule for delivery of electricity, penalties for 
under delivery, payment terms, and termination. 
 

8. Inflation: In economics, inflation is defined as a continuous increment  in the 
general prices of goods and services in an economy over a period of time. It can be 
defined as too much money chasing too few goods. 
 

9. DNI: It is the amount of solar radiation received per unit area by a surface that is 
always held perpendicular (or normal) to the rays that come in a straight line from 
the direction of the sun at its current position in the sky.  
 

10. GHI: It is the total amount of shortwave radiation received from above by a surface 
horizontal to the ground. This value is of particular interest to photovoltaic 
installations and includes both Direct Normal Irradiance (DNI) and Diffuse 
Horizontal Irradiance (DHI). 
 
GHI = (DNI * COS Z)+DHI , where Z = zenith angle measured from vertical 

http://en.wikipedia.org/wiki/Plane_mirror
http://en.wikipedia.org/wiki/Renewable_energy
http://en.wikipedia.org/wiki/Rate_of_return
http://en.wikipedia.org/wiki/Capital_budgeting
http://en.wikipedia.org/wiki/Profit_%28economics%29
http://en.wikipedia.org/wiki/Investment
http://www.3tier.com/en/support/glossary/#dni
http://www.3tier.com/en/support/glossary/#dif
http://www.3tier.com/en/support/glossary/#dif
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11. Energiewende: It is the change in energy policy of Germany. 

 
12. PCM: A phase-change material is defined as a substance which has high heat of 

fusion and which when changes phases, stores and releases huge amount of 
energy.  
 

13. Negawatt: Negawatt power is a theoretical unit of power measured in watts, (coined 
by chief scientist of the Rocky Mountain Institute and environmentalist Amory 
Lovins in 1989) which represents an amount of energy saved through energy 
conservation and increased energy efficiency.  
 

14. Solar Multiple: The solar multiple is the ratio of the actual size of a CSP plant’s 
solar field compared to the field size needed to feed the turbine at design capacity 
when solar irradiance is at its maximum (about 1 kW/m2). Plants without storage 
have an optimal solar multiple of roughly 1.1 to about 1.5 (up to 2.0 for LFR), 
depending primarily on the amount of sunlight the plant receives and its variation 
through the day.  
 

15. MOU (Memorandum of Understanding): First stage of forming formal contract which 
has weightage in court of law in case of discrepancy or if one party fail to meet the 
obligations of memorandum. 
 

16. SOLGATE Project: The aim of the SOLGATE project was to develop a solar-hybrid 
power plant with direct solar heating of pressurised air available in gas turbine. 
Besides, in combination with greatly efficient combined cycle systems, significant 
cost reductions for solar electric power generation can be expected. The SOLGATE 
project planned to prove the technological feasibility, performance and cost 
reduction potential of such solar hybrid power plants.  
 

17. PS10 project: The PS10 Solar Power Plant, is the world's first commercial 
concentrating solar power tower power plant in operation near Seville, in Andalusia, 
Spain. The 11 MW solar power tower produces electricity with 624 large movable  
heliostats and central receiving tower. This plant run on direct steam generation 
(DSG).  
 

18. MENA region: The term MENA, for "Middle East and North Africa", is an acronym 
often used in academic, military planning, disaster relief, and business writing. 
 
 
 
 
 
 
 
 
 

 

http://en.wikipedia.org/wiki/Heat_of_fusion
http://en.wikipedia.org/wiki/Heat_of_fusion
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Rocky_Mountain_Institute
http://en.wikipedia.org/wiki/Amory_Lovins
http://en.wikipedia.org/wiki/Amory_Lovins
http://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0CCYQFjAC&url=http%3A%2F%2Fwww.investopedia.com%2Fterms%2Fm%2Fmou.asp&ei=CySkU9CoI8PO0AXj44CwDw&usg=AFQjCNEO1-ktYrNr6XpcX6zjFGDPUKtgAA&sig2=sbHFeD_yaUrv3vQciRU-gQ&bvm=bv.69411363,d.d2k
http://en.wikipedia.org/wiki/Solar_power_tower
http://en.wikipedia.org/wiki/Seville
http://en.wikipedia.org/wiki/Andalusia
http://en.wikipedia.org/wiki/Spain
http://en.wikipedia.org/wiki/Heliostats
http://en.wikipedia.org/wiki/Middle_East
http://en.wikipedia.org/wiki/North_Africa
http://en.wikipedia.org/wiki/Acronym
http://en.wikipedia.org/wiki/Education_in_the_Middle_East_and_North_Africa
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http://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCAQFjAA&url=http%3A%2F%2Fwww.usaid.gov%2Fforms&ei=vw2kU-iUKoXL0AXYnYDoDg&usg=AFQjCNFhzyshVvyV2I1443GvH_wSl8xDrw&sig2=6z4syBuXL4rR8WGTPJEHlg&bvm=bv.69411363,d.d2k&cad=rja
http://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0CDMQFjAC&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FEngineering%2C_procurement_and_construction&ei=bA2kU7-vH8Gi0QXopoGwBQ&usg=AFQjCNFziV6HNeIJ0qcQDVr76F8pktunUA&sig2=-bqgAWqMZuBpxCbsLUfMwQ&bvm=bv.69411363,d.d2k
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1. EXECUTIVE SUMMARY 

Increasing concerns about global climate change and the exigency to reduce greenhouse 
gas (GHG) emissions, is leading to the tough times to the power sector, worldwide.  
Europe has large share in carbon dioxide emissions, due to which there is a huge 
pressure on European energy market to transform the sector on the basis of renewable 
energy. In light of Kyoto Protocol ratification, EU has laid down 2020 objective for all its 
member states. In order to achieve the set targets of this objective, most of member states 
are  establishing renewable energy power plants. This sector of renewable energy is 
mostly dominated by  solar and wind energy subjected to availability in particular country. 
Two of the world leaders in solar energy are from Europe. Germany is leading in 
Photovoltaic market whereas, Spain is global leader in Solar Thermal technologies.  
 
In order to combat climate change, several policies and technologies have been 
implemented so far. Majority of climate change issues are related to energy sector. Hence, 
by keeping focus on both facets of energy i.e. "Negawatt" and "Megawatt", this problem 
can be resolved to the larger extent. Reducing consumption through increase in efficiency, 
balancing out the peaks via demand side management and reducing GHG emissions by 
replacing fossil-fuel based power generators with renewable-based generators; these 
steps have been adopted as the main strategies to combat the climate change issue.  
 
Besides, there are particular pros of CSP as a technology in order to drive low-carbon 
development. Not only it is potentially scalable for harnessing a relatively unexploited and 
copious renewable resource, but also it has the capability to store energy as heat which 
allows to generate power as per demand even in "no sun" hours. This in turn enables CSP 
to provide peak as well as base-load power and hence helps in balancing fluctuations in 
supply from wind and solar photovoltaic (PV). This unique combination of scalability and 
dispatchability gives CSP a key merit over other renewable sources. 
 
However, due to recent economic recession in Europe, the policies which were meant for 
Solar power rife, have been modified and the economic incentives which were earlier 
provided to make CSP plants more cost competitive with conventional ones, have been 
stopped. This is the biggest hurdle in achieving the target for combating climate change. In 
addition, age old technologies and operations adaptability, which are now being used in 
almost every solar power plant, are on the verge of sinking this otherwise powerful 
industry and tool for fighting climate change. The research aims for performing technical 
as well as economical analysis of different CSP technologies along with few conventional 
ones, in order to develop a new and powerful system for power generation on the basis of 
solar energy.  
 
In addition, certain redundant policies which are making fossil fuel based energy 
conversion systems become rife need to be abolished and henceforth an analysis is also 
focused in order to prove the benefit of eradicating these policies. Furthermore, since 
there is a scope of increment in efficiency of power block, the analysis is performed on the 
basis of available thermal energy before the power block instead of the finally converted 
electricity. In addition, effect of economic parameters such as inflation and IRR is also 
taken into consideration. Finally, the results are summarised and discussed with 
concluding remarks.  
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2. INTRODUCTION 
2.1. INTRODUCTION TO ORGANISATION: 

The Technical University of Madrid or Universidad Politécnica de Madrid abbreviated as  
UPM is the oldest and the largest technical university of Spain which has approximately 
twenty higher education centres covering wide range of disciplines ranging from 
engineering to management. UPM accommodates almost 46000 students at various 
levels of studies which are supported and educated by an expert staff of 3000 faculty 
members. Escuela Técnica Superior de Ingenieros Industriales (ETSI Industriales) was 
founded on 4 September 1850 by a Royal Decree, thus, creating the Royal Industrial 
Institute of Madrid. It is training Mechanical as well as Chemical Engineers since 
beginning.  

At the request of ETSII, the department of F2I2 was created by the UPM in collaboration 
with the Ministry of Industry, Energy and Tourism, in the year 1993.   
This foundation aims at bridging the gap between industry, academicians and students by 
providing world class research environment with a focus on investigation and 
development, tests, calibrations and consultant's offices. The realm of research varies 
from electronics to energy and environment. This organisation has best facilities and  
equipments along with many expert, recognised and suitable prestige professionals. 

OHL Industrial (industrial partner for Indo Spanish agreement between UPM and TERI) is 
integrated into the Spanish OHL Group and undertakes the responsibility of attending the 
industrial market with a clear international vocation offering services for industrial EPC 
projects.   OHL Group is a strong Spanish construction company, the fifth biggest in Spain; 
its experience starts in 1912 including all type of construction activities with more than 
25000 professionals, international experience in more than 60 countries and great 
financing strength. It stands out in the field of concessions and hospitals worldwide, 
becoming the first private investor in transport infrastructure in Latin America and global 
leader respectively. OHL turnover reached the amount of 6.850 million USD in the year 
2011. 

OHL Industrial (100% owned by OHL Group) was created in 2008 by means of 
acquisitions of well-known companies with more than 25 years experience in the industrial 
sector and is currently focused in providing engineering and construction of industrial 
plants in the following four areas of activity: Oil & Gas, Energy, Solids Handling and 

Fire‐fighting Protection.  One of the companies belonging to OHL Industrial is OHL 
INDUSTRIAL POWER Company whose main activity is to provide services as EPC 
Contractor for turning key power plants in the fields of Thermal Power Generation 
(conventional Thermal Power Plants, Combined Cycles, Open Cycles, Cogeneration 
Plants, Diesel Engines Power Plants) and renewable energies (Biomass Power Plants, 
Hydroelectric Power Plants, Solar Thermal Power Plants, Photovoltaic Power Plants).    

The collaboration with the Universidad Politecnica de Madrid in hands of the Chair 
Professor José María Martínez Val and his team of the Thermo Energetic Group (GIT, as 
the acronym in spanish) is considered the needed match for the key achievements in the 
“Solar Future”, consisting in the design and develop a new type of Solar Thermal Plants 
based in Advanced Linear Fresnel technology.    

http://www.upm.es/internacional
http://www.etsii.upm.es/index.en.htm
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2.2. BACKGROUND OF PROJECT:  

 Energy is the core of every civilisation, present on planet. In fact , it will not be an 
exaggeration to quote that energy is synonym of life. In order to maintain life on planet, 
one needs energy.  In modern society energy is one of the crucial issues along with food, 
water and clean air. In the light of industrial and residential developments in past few 
centuries, fossil fired energy generation systems became rife and hence the problem of 
global warming and climate change came into existence. In the latter half of last century, 
sundry of discoveries have been made and society was informed about problems of 
environment.  
 
However, nothing much had been done in order to combat these issues, until, the world 
faced oil crisis in mid 1970's. In addition, as soon as the crisis got over and prices were 
controlled in the international market, the practices for clean energy development again 
shrink to bottom. However, towards the end of century, some crucial policies were framed 
and ratified globally. One such example is "Kyoto Protocol" which was signed on              
11 December 1997. But, ratification process of this protocol is completed by only few 
members, out of 192 signed. Europe is the active player in dealing with climate change 
problems and European Union has framed 2020 plan for mitigating the carbon emissions 
and integrating renewable energy to national electricity mix. 
 
Solar energy is the most prominent and almost everlasting form of energy. An average 
power of 125,000 TW continuously arrives at Earth’s surface. This power is around 10,000 
times higher than power value of the current total energy demand of mankind. Therefore, 
a small fraction of the solar energy would be enough to satisfy human demand if such 
fraction could be converted into an appropriate form of energy, as electricity. However, the 
plants currently being built are almost replica units of the 20-years-old original plants.  A 
new phase of CSP development is needed, mainly devoted to identify and built units with 
better performance and smaller costs. Two additional characteristics will have an 
increasing importance in CSP: safety and operational adaptability.  

3. CONTEXT, POSITION AND OBJECTIVES OF THE REPORT 
3.1. OBJECTIVES  

Out of the existing CSP technologies, Linear Fresnel technology is the least developed. 
The project is aiming to develop prototypes in India for Linear Fresnel technology with an 
option of either thermocline or dual tank thermal storage system. So far thermal storage 
option never used in case of Linear Fresnel technology and the focus was kept only on 
Parabolic Trough and Central receiver towers that too latter technology developed recently 
only in Spain. The detailed technical as well as economical analysis carried out during 
present thesis research will help in planning the best possible system with least possible 
LCOE for electricity and thermal energy available before power block.  
 
This research work focuses on comparing different technologies within realm of CSP as 
well as fossil fired power plants. Besides, certain technical ameliorations have been 
suggested along with impact of certain policies and economic parameters. Various facets 
of this project along with the issues faced by the existing technologies are described in the 
following sections. 
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3.2. CONTEXT, SOCIAL, ENVIRONMENTAL AND ECONOMIC ISSUES: 

Solar thermal plants produce electricity by transforming solar radiation to high quality 
steam which is then fed in to the turbine, which is connected to generator, for electricity 
generation.  
 
CSP technologies are unique while compared with renewables due to the fact that they 
have the option to include thermal storage in their design. The inclusion of storage, makes 
power from CSP plants dispatchable at either base load or at peak load. Besides, power 
can be produced during no sunlight hours.  For example, high-temperature thermal energy 
stored in various forms (molten salt or steam) during the sunny hours can be used for 
producing power during peak hours in the evening. These attributes make CSP a potential 
renewable energy option in sunbelt regions globally.  
 
Recently sundry of factors which have developed interest in concentrating solar 
technologies, are as below: 
 

1. High cost of fossil fuels  
2. Environmental and climate change concerns  
3. Government renewable energy policies and incentives  
4. Technical advances  
5. Relatively short construction lead times 

3.2.1 COMPARISON OF CSP TECHNOLOGIES 

Table-1 below compares some of the characteristics of three CSP technologies. It is 
evident from the table that only Parabolic Trough technology is deployed commercially, 
though there have been several power tower experimental/pilot projects, and Eskom in 
South Africa has proposed building a 100 MW system. The majority of the trough projects 
worldwide are operated as IPPs as economic model.  
 

Technology 
Commercial 

Status 
Water 

Requirements 
Thermal 
Storage 

Land 
Required 

Parabolic 
Trough 

Good 
operational 
experience 

Large for wet 
cooling and low 
for dry cooling 

Molten Salt - 6 
hours 

Flat 

Dish engine 
Lacks 

operational 
experience 

Low NA 
1% - 3 % 

slope 

Power Tower 
10 MW 

prototype 

Large for wet 
cooling and low 
for dry cooling 

Molten Salt - 16 
hours 

Flat 

Table- 1: Comparison of CSP technologies [14] 
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3.2.2 ISSUE: SOCIAL AND ENVIRONMENTAL 

CSP power plants seek huge land areas which are normally available outside the city or 
residential limits. In addition to this, CSP technology is more beneficial in sun belt 
countries where population density is less and hence it becomes tedious to set up and 
look after plants. Besides, the availability of water resources is also meagre in these sun 
belt countries, hence, obtaining it from far distances creates lots of ecological 
disturbances. In addition, laying down the network of transmission lines further exacerbate 
the situation of ecology. Most of the transmission line globally are being installed on age 
old technology (AC transmission) which has highest amount of losses. 

3.2.3 ISSUE: ECONOMIC 

Currently CSP projects have a higher cost than other renewable generating technologies 
or even conventional fossil generators, though they are lower in cost than nuclear 
generation. However, all of these technologies, with the exception of the parabolic trough, 
are relatively new and are just now gaining momentum in the marketplace. As seen in the 
previous slides, the number of CSP plants winning contracts has increased significantly, 
particularly those that incorporate storage. And the size of these plants is increasing also. 
Both these trends should translate to significant cost reductions over the next five years, 
assuming the economy improves and financing becomes more available. 
 
Aside from the favourable enabling policies discussed earlier, two factors strongly 
influence the cost of these technologies:  
(1) the size of the individual plant; and  
(2) the total quantity of each technology that is under operation. 
 

The Effect of Incentives and Policies 

CSP-derived energy is approximately 25% more expensive than energy from a fossil 
plant. Over time, the costs of all generation will probably go up due to increased costs of 
steel, cement, copper, and other components. However, if you put a price on carbon 
emissions via a carbon tax or a greenhouse gas cap-and-trade program, the gap will be 
reduced. If you add an enabling renewable energy policy framework and incentives (like 
an ITC, PTC, and loan guarantees), the gap will be reduced. This is exactly the direction 
that energy policy is going in most large economies. Therefore, the cost gap is expected to 
close over the next decade, dependent on the rate of favourable policy implementation. 
Because of the high capital costs of CSP projects, incentives and programs designed to 
reduce debt interest rates can reduce CSP project costs significantly. Tax incentives are 
also effective for improving the cost competitiveness of CSP projects. However, the 
effectiveness of tax incentives is limited by the potential “tax appetite” of investors unless 
incentives are transferable or refundable and do not interact unfavourably.  

 
Business Models 

The two most common business models for large grid-connected solar plants are utility 
ownership and ownership by an independent power producer (IPP). A country’s energy 
laws and its tax structure may favour one of these business models over another. Most of 
the presently operating projects were contracted through a tendering process except in 
countries with a feed-in tariff (e.g., Spain), in which case the projects simply sign an 
agreement to sell power at the appropriate tariff rate. 
 
Turnkey Model – In the turnkey model the facility is constructed for the utility, which then 
takes ownership and operation of the project. This model has minimal risks for both the 
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contractor and the utility since the utility’s economic resources backstop the initial 
financing of the project and the technical and operational specifications contained in the 
contract serve to guarantee that the project will perform as specified. 
 
IPP Ownership – Under this model the facility is owned by a private sector entity 
(independent power producer – IPP) that designs, builds, finances, and operates the 
project and recovers the costs over time through a power purchase agreement with the 
utility. The project may be financed through private sector debt and equity or there could 
be a public/ private partnership or the facility could be owned by a private company and 
leased to the utility. Where there is a feed-in tariff the projects must be IPP-owned to be 
eligible. 
 

3.3. STATE OF THE ART  

Solar power refers to the energy generated by converting solar radiation into heat and 
finally electricity. Traditionally solar energy has been used in passive heating and hence 
has influenced the architecture of residential and commercial buildings throughout globe. 
However, due to exponential growth of industrial era along with economic prosperity in 
west, focus of masses shifted to less efficient and energy intensive buildings.  

Solar energy is used in sundry of applications: 

1. Generating electricity through photovoltaic's and solar electric panels. Electric 
panels convert heat into electricity. 

2. Using directly for heating water and cooking food particularly in regions without grid 
connectivity.  

3. Desalinating sea water for wise range of purposes ranging from domestic to 
industrial. 

4. Using for producing steam with different technologies and then finally using steam 
for different purposes including electricity generation.  

Solar irradiation can be either used directly or indirectly. Direct radiation initiates from the 
sun's direct focus, without conciliator reflections, refractions or diffractions caused by 
clouds, aerosols or other elements. For concentrating applications, only direct normal 
radiation is used whereas photovoltaic systems can use direct as well as indirect radiation. 

On clear days, almost 90% of sun's energy, which is entering in atmosphere, directly fall 
on earth's surface. On the other facet, during a cloudy or foggy day, the direct component 
of sun's radiation is fundamentally zero. As mentioned earlier, the direct component of 
solar irradiance is the only crucial portion of global radiation which is of prime importance 
for designers of CSP systems as it can only be concentrated on small apertures with help 
of mirrors and lenses. Hence, CSP systems are more successful in semi-arid or hot 
regions such as MENA region or Southern USA. 
 
The solar energy component which is used by CSP power plants is known as direct 
normal irradiance (DNI), which is the defined as the energy received on a surface tracked 
at right angles to the sun's rays. It can be measured with help of  pyrheliometer. DNI 
though, is crucial for determining CSP plant’s electrical output potential, in practice, the 
variation of solar radiation throughout day is equally vital as below a definite threshold of 
daily direct radiation, CSP plants produce net power as can be seen in figure 1 below. The 
main reason behind this, is, continuous loss of heat in solar field.   
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Figure- 1: Output of a SEGS plant (USA) in kWh/m2/day as a function of the DNI [21] 
 
CSP developers throughout the world, set the typical bottom threshold values of DNI in 
range of 1900 KWh/m2/year to 2100 KWh/m2/year. Below this threshold, technologies 
such as photovoltaic's are used which make use of both direct and diffuse irradiance. 

3.3.1 DISTRIBUTION OF THE SOLAR RESOURCES  

Composition of the atmosphere and the weather, are the two parameters which govern the 
quality and quantity of radiation at different positions of the globe. Higher values for DNI 
are normally available in hot and arid regions where reliably clear skies are available. On 
the globe, these regions lies at latitudes from 15° to 40° North or South. At equator, the 
weather is either too cloudy or wet during summer season. DNI is also considerably higher  
at higher altitudes due to low absorption and scattering of solar radiation. Hence, the 
regions of North Africa, southern Africa, the Middle East, north western India, the south 
western United States, Mexico, Peru, Chile, the western part of China and Australia are 
the most suitable for CSP deployment as can be seen in Figure-2 below. 
 

 
Figure-2: Solar resource for CSP technologies (DNI in kWh/m2/y) [21] 

 
CSP, if fully developed, the generation potential of the south western USA will be sufficient 
enough to meet the electricity demand of the entire United States. On the other hand, 
potential in the Middle East and North Africa is so high that CSP technologies deployed in 
this region will be able to produce about hundred times the present demand of the Middle 
East, North Africa and the European Union combined. In a nutshell, CSP will be able to 
satiate the world energy hunger by producing enough either zero or low carbon electricity 
as well as fuels. However, the key challenge remains is that of transmission to usage 
realms. As hydropower dams are illustrating since long, electricity transmission for 
distances of thousands of kilometres is possible with help of HVDC lines which have low 
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loss coefficient (3% every 1000 Kilometre). However, the cost of constructing these low 
foot print transmission lines is relatively higher.  

3.3.2 CURRENT TECHNOLOGIES FOR POWER PRODUCTION 

Out of many solar technologies such as solar pond, solar chimney, photovoltaic and CSP,  
CSP is most prominent from the thesis point of view. Besides, presently, there are four 
main CSP technologies which are in use at small or large scales. All of these are classified 
as shown in Table-2 below.  
 

                           Focus Type 
 
 
 
Receiver Type 

Line focus  
Collectors track the sun 
along a single axis and 
focus irradiance on a linear 
receiver.  

Point focus 
Collectors track the sun 
along two axes and focus 
irradiance at a single point 
receiver.  

Fixed receivers are devices 
that remain stationary 
irrespective of focusing 
devices position in the plant.  

Linear Fresnel Reflectors Central Receiving Towers 

Mobile receivers are the 
devices which move 
together with focusing 
device and hence collects 
more energy.  

Parabolic Troughs Parabolic Dishes 

Table-2: The four CSP technology families [21] 
 
Parabolic Troughs (line focus, mobile receiver)  

Parabolic systems constitutes of parallel rows of one dimensional curved reflectors whose 
main work is to  focus the sun’s rays (Figure-3). The mirror arrays can be more than 100 m 
long with the curved surface of 5 m to 6 m. Absorber tubes are made up of stainless steel 
pipes with a selective coating. The coating is thus designed allow pipes to absorb high 
levels of solar radiation while emitting very little infra-red radiation. These absorber pipes 
are insulated in an evacuated glass envelope.  

 
Figure-3: Schematic of Parabolic Trough [21] 

 
All parabolic trough plants currently in commercial operation use synthetic oil as the heat 
transfer fluid which carry heat from collector pipes to heat exchangers, where water is 
preheated, evaporated and then superheated and finally electricity is produced.   
 

Linear Fresnel Reflectors (line focus, fixed receiver) 

Linear Fresnel Reflectors (LFRs) have similar parabolic shape design as that of the 
parabolic trough systems (Figure-4). The only difference is that LFRs use long rows of flat 
or somewhat curved mirrors to reflect the solar radiation onto a downward-facing linear, 
fixed receiver. A more recent design which is known as compact linear Fresnel reflectors 
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(CLFRs), use two parallel receivers instead of one. This helps is saving land for same 
name plate capacity.  

 
Figure-4: Schematic of LFR [21] 

 
The merits of LFR systems include simple design of mirrors and receivers which need less 
lower investment and also LFR facilitates direct steam generation (DSG), hence 
obliterating the requirement of heat transfer fluids along with heat exchangers.  
 

Solar Towers (point focus, fixed receiver) 

Solar towers or central receiver systems (CRS), use hundreds or thousands of small 
heliostats in order to concentrate the incoming direct solar radiation on a central receiver 
placed at the top of a fixed tower (Figure-5). These power plants can operate either on 
DSG or by using molten salts as heat transfer fluid as well as storage media. 

 
Figure-5: Schematic of CRS [21] 

 
In this technology, high temperature ranges (of the order to 500°C - 900°C) can be 
achieved and hence the efficiency of power generation cycle gets increased.  
 

 Parabolic dishes (point focus, mobile receiver)  

Parabolic dishes also known as Stirling engine systems, concentrate the solar radiation at 
a focal point of the parabolic dish which is raised exactly above the centre of dish (Figure-
6). There is no requirement for heat transfer fluid or for cooling water Stirling engine used 
in power production is normally mounted on the focal point of dish.  
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Figure-6: Schematic of Parabolic dish [21] 

 

Stirling engines or Parabolic dishes offer the highest solar-to-electric conversion efficiency  
amongst all CSP systems. These independently electricity producing dishes are however 
limited in size (typically tens of kW or smaller) and bulk quantity is required for huge power 
plants. 

3.3.3 ENHANCING THE VALUE OF CSP CAPACITIES-TECHNOLOGICAL ASPECTS 

Driven by air-conditioning loads, arid or semi-arid areas which are appropriate for power 
production by using CSP technologies, exhibits a quality match with energy demand and 
its peaks. Besides, the human interactions along with thermal mass of buildings often 
uphold the high demand for electricity. In order to furnish larger share of clean energy and 
reducing CO2 emissions, CSP power plants will be required to provide base load power. 
Thermal storage and backup or hybridisation with fuels help in addressing these issues. 
 

Thermal storage 

Almost every CSP power plant have some ability to store thermal energy either for short 
duration or for longer periods depending upon size and need of plant. This allows to 
produce power softly and hence obliterate the short-term fluctuations which are normally 
demonstrated by other renewable energy technologies during cloudy days. 
 
The fundamental concept of thermal storage is rather simple. In a power plant, throughout 
the day, excess thermal energy is sidetracked to a storage tank with help of heat transfer 
fluid such as molten salts. Once the sun goes down, the plant runs on the excess energy 
stored in tank.   
 
With help of storage medias, CSP power plants with large thermal storage capacities, can 
now produce base-load power, round the clock which makes CSP plants to compete with 
fossil fired power plants. However, storage system has a cost associated with it. Presently, 
CSP industries prime focus is on ameliorating the efficiency of power producing cycle by 
increasing maximum temperature obtained. Improved thermal storage will help to assure 
the capacity and enlarge production.  
 
Thermal storage potentially makes base-load electricity supply possible, although fuel-
powered backup and hybridisation have their own merits and will continue to remain.  In 
thermal storage technology, there are two systems available, namely thermocline and dual 
tank storage. However, former system is not yet deployed commercially. Sundry of medias 
are used for collecting heat from receiver and storing it in tanks. The range of media lies in 
all three states of matter.   
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Backup and hybridisation 

Almost every CSP plant, with or without storage, is supplied with fuel-powered backup 
systems which helps in regulating production as well as guaranteeing capacity – 
particularly in peak periods. The fuel burners which fetch thermal energy either to the 
power block directly or to heat transfer fluid, make use of wide range of fuels such as 
biogas, natural gas, fossil fuels or solar fuels.  

 
Figure-7: Combination of storage and hybridisation in a solar plant [21] 

 
In areas of lesser DNI, fuel-powered backup makes it probable to virtually complete the 
plant’s production capacity at a reduced cost compared to the plant depended only on the 
solar field and thermal storage (Figure-7). In addition, fuel burners boost the conversion 
efficiency of the power producing cycle by raising the working temperature level. 
 
On the other hand, CSP can also be used in hybrid sate by adding a small solar field to 
fossil fuel plants like coal or combined-cycle plants in so-called integrated solar combined-
cycle plants (ISCC). As the solar share is partial, such hybridisation serves to conserve 
the fossil fuel and to reduce the associated emissions. Many such fuel saver hybridised 
plants with capacities ranging from few megawatts to 75 MW, are being built adjacent to 
existing or new fossil fuel power plants in Algeria, Australia, Egypt, Iran, Italy and the 
United States (in the state of Florida).[21] 
 

Technology Specific and General improvements suggested 

Parabolic Trough Technology 
1. Design new support structures. 
2. Alternative mirror materials.  
3. Increase size of solar collectors. 
4. Improve receiver characteristics. 
5. Look for alternative working fluids such as new mixture of molten salts, alternative 

inorganic fluid formulations and Direct steam generation. 
 

Central Receiving Systems or Solar tower 
1. Improve heliostat designs. 
2. Improve tracking systems. 
3. Optimise solar field. 
4. Develop Multi tower fields. 
5. Use alternative receivers. 
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Dish Stirling Technology     
1. Develop new support structure. 
2. Optimise mirrors. 
3. Development of storage systems. 
4. Optimise engine design. 
5. Improve engine efficiency and increase output capacity. 

 
Linear Fresnel Technology 

1. Improve support structures. 
2. Increase operating temperatures. 
3. Storage system development. 
4. Primary reflector automatic installation 

 
Horizontal technological improvements initiatives 
      1. Improve mirrors reflectivity maintenance. 
      2. Alternative tanks configuration. 
      3. Storage medium composition. 
      4. Phase change materials. 
      5. Direct Steam Storage. 
      6. Turbine Improvements. 
 

All of the above mentioned ameliorations for different technologies clubbed together will 
help in reducing the LCOE of electricity and initial investment costs and hence risks 
associated with them. Horizontal technological improvements suggested are equally 
applicable for all technologies.  

3.3.4 DISTRIBUTION OF CSP POWER PLANTS GLOBALLY 

CSP today, altogether constitutes for less than 0.1% of total electrical capacity installed 
worldwide. However, sundry of studies reveal that CSP will play a crucial role in the future 
energy mix by contributing almost 10% of total energy demand globally by 2050. The 
International Energy Association (IEA) portends that in time period of 20 to 40 years, CSP 
will be amongst the main sources of power at a global level in scenarios consistent with an 
increase of average global temperatures lower than 2 degrees [9].  
 
However, in order to reach this level of deployment, we still require a severe decline in 
present costs that seriously undermine the CSP implementation in comparison to 
traditional fossil fired power plants. After mid 1980s, which was the period of development 
for  modern CSP plants in USA, almost no new facilities were developed around the planet 
for over two decades. But, this position has changed in the last few years, with sundry of 
large-scale CSP plants securing finance, mainly in the Spain and in the United States, and 
mostly using parabolic trough technology.  
 
After analysing the plants already announced and soon to be commissioned, the future 
CSP background seems to be more varied, both in geographical as well as in 
technological terms. In the years since 2008, overall CSP installed capacity has increased 
five times to 2.5 GW (Figure-8). Despite this gush, CSP still holds meagre share (less than 
0.1% of the total 5,000 GW of total electrical power plants installed) of global renewable 
energy capacity. 
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Figure-8: Installed capacity by year in MW [9] 

 
Geographies 

With 70% globally installed CSP power generation capacity, Spain is presently the 
industry leader which is followed by USA which has 21% of the generation capacity (less 
than one-third of Spain). However, during past one year, Spanish government has 
stopped subsidies which were otherwise provided on CSP power plants. This has 
smashed the plans of further development of CSP in Spain. In coming years, there will be 
a momentous investment in CSP especially in budding economies. For example: 1 GW 
CSP plants are currently under construction in India, South Africa, and the Middle East 
and North Africa (MENA). This reallocation of focus in markets of developing countries, 
expresses those countries significant desire to exploit their solar thermal resources to the 
maximum and hence thereby diversifying their energy mix, increasing their energy security 
and fostering the development of local industry and hence economy. Table-3 below gives  
clear information about the CSP capacity in different countries as per geographical 
locations.  

  Country Capacity (MW) 

USA 6403 

Mexico 30 

Spain 2148 

Algeria 20 

Morocco 20 

South Africa 150 

Abu Dhabi 150 

Egypt 20 

Israel 250 

China 1000 

WORLD TOTAL 10191 

Table-3: Global CSP installations capacity [14] 
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Technologies 

Technology State 
Installed 

(MW) 
Under Construction 

(MW) 

Parabolic trough Arizona 1   

  Arizona   280 

  California 354   

  California   1010 

  Nevada 64   

  Nevada   250 

Parabolic trough- 
IGCC  Florida 

 
75 

Power Tower California   645 

  California   1700 

  New Mexico   92 

Linear Fresnel California 5   

  California   177 

Dish Stirling California   800 

  California   950 

Column Total   424 5979 

     Total (USA)                   6403 

Table-4: CSP power projects in USA [13] 
 

Technology Country 
Installed 

(MW) 

Under 
Construction 

(MW) 

ISCCS Algeria 20   

  Egypt 20   

  Morocco 20   

Parabolic trough Abu Dhabi   150 

  Spain 600   

  Spain   100 

Power Tower Spain 48   

Not yet decided China   1000 

  Israel   250 

  Mexico   30 

  South Africa   150 

  Spain   1400 

  Column Total 708 3080 

  (World-USA) Total                            3788   

Table-5: CSP power projects in rest of the world (except USA) [13] 
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Of the four CSP technologies, parabolic trough is presently  the most widely-deployed. 
Until 2008, it was practically the only technology used in CSP plants. By the end of 2012, 
parabolic trough technology represented 90% of the total installed capacity with about 2.3 
GW capacity. The residue of CSP power sector was filled by dish Stirling (5%), power 
tower (4%) and linear Fresnel (2%).[21] Interestingly, in huge changes in the portfolio of 
CSP technologies are expected, as project developers and investors aim to exploit the 
potential for CSP to store power and dispatch it with high flexibility: power towers account 
for 26% of the projects under construction, and almost 42% of those in planning 
phases.[21] In addition, Table-4 and Table-5 above, reveals information about CSP power 
plants in USA and rest of the world which are either installed planned or under 
construction. The classification is performed on the basis technology and geographical 
position both. 

3.3.5 ECONOMIC PERSPECTIVES 

Though CSP at present requires higher investments in comparison to some other energy 
sources, it offers significant long-term benefits due to minimum or zero fuel costs. Besides, 
initial investment costs are destined to fall steadily at faster pace if plants size increases, 
competition rises, equipment is mass produced in budding economies like India, 
technology ameliorates, learning curve and experience in operations increases and the 
financial community gains confidence in CSP.  In the near term until 2020, the economics 
of CSP will remain more positive towards peak as well as intermediate loads rather than 
base loads. The competitiveness is expected to be achieved by 2030 for base load 
scenarios. 
 

Investment costs 

At present, the investment costs for large scale parabolic trough power plants are in range 
of USD 4.2/W to USD 8.4/W depending on sundry of factors such as values of DNI, land 
and labour costs, technologies and size of thermal storage and solar field. In places, 
where DNI values are higher, the investment costs are less for CSP power plants without 
storage as these plants take advantage of higher values of DNI. Figure-9 below, gives 
dissected view of investment costs of parabolic trough plant with storage in Spain.  

 

 
Figure-9: Investment costs of 50 MW parabolic trough plant with 7 hour storage [21] 
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In case of large parabolic trough plants, the investment costs per watt are expected to 
decrease by 12% when increasing capacity from 50 MW to 100 MW, which will further 
reduce up to 20% while scaling up to 200 MW. Besides, as the capacity of plant doubles, 
the costs associated with power block, will drop by 20% to 25%. With implementation of 
DSG, investment cost is further expected to fall by 10% to 20%, due to the reason that 
DSG will allow better efficiencies and higher working temperatures. In nutshell, investment 
costs have the potential to be decreased by 30% to 40% within next decade. In addition, 
the potential for cost reduction in solar towers ranges from 40% to 75%.  
 

Operation and maintenance costs 

Fuel expenses (hybridisation or back up), labour costs, feed water, cooling water and 
maintenance costs make up the O&M costs for CSP power plants. These costs tend to 
decrease with increasing capacity. Typical range for these costs varies from USD 13/Mwh 
to USD 30/Mwh for 50 MW CSP power plant.  
 
The other costs such as generation cost and financing costs vary for different places and 
type of economic model followed. LCOE is the parameter that is considered for calculating 
generation cost which depends on number of factors such as available DNI, plant raising 
cost, operation and maintenance and financing costs.  

 

Towards competitiveness 

In semi - arid or arid regions, where CSP plants have higher advantage due to higher 
values of DNI, the peak and intermediate loads are more frequently driven by air-
conditioning. Generation cost of CSP electricity almost remains same for peak as well as 
base load which is not the case with other competing technologies. As per the projection 
of LCOE (electricity from CSP) shown below in Figure-10, lower values are more likely to 
be reached by 2020 for intermediate loads and by 2030 for base loads. With exponential 
growth of installed capacities of CSP power plants, electricity costs are further expected to 
decrease at faster pace by 2020, which will make CSP, competitive with conventional 
power plants.  
 

 
Figure- 10: Projected evolution of the Levelised electricity cost from CSP plants, in 

USD/MWh, under two different DNI levels in kWh/m2/year [21] 
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3.3.6 POLICY FRAMEWORK: ROADMAP ACTIONS  

In order to achieve the targets of mitigating climate change and making CSP technology 
rife, it is vital for governments to foster the deployment of Solar thermal technologies. 
Hence, for creating appropriate  legal and energy policy, a policy framework has been 
proposed in this section. Five key points which will foster the development of CSP industry 
are as below: [16] 
 

1. Suitable energy policy and economic support schemes in order to moderate the 
initial investment risks and to promote innovation. 

2. Adaptability of country’s energy legislation to CSP technology requirements. 
3. National and international cooperation mechanisms for CSP deployment. 
4. Grid integration through HVDC transmission in order to meet the demand of green 

electricity which is generated by countries globally 
5. Establishment of market mechanisms in order to furnish the easy trade of green 

electricity.  
 

Overcoming economic barriers  

Financial support schemes are exigent in order to close the gap produced by higher 
generation costs of CSP and average cost of electricity from conventional plants. Besides, 
the initial investment in CSP plants is mammoth in comparison to other technologies and 
hence the risk associated with them. So, in order to assure the investors, creation of 
economical support schemes, such as feed-in tariffs, tax credits and power purchase 
agreement is crucial. In addition, lending based support schemes such as loan guarantees 
will further boost the investor's confidence in CSP technologies. Please refer appendix -1. 
 
Suitability of country’s energy legislation  

Countries which target for CSP technologies integration in national energy mix, their 
legislation has a crucial role to play in order to achieve the aim. Energy laws as well as 
authoritarian regimes should never impose artificial boundaries which may deter CSP 
technologies competitiveness. A specific example for this, is Spain where plant capacity 
limitation hinders the benefits of increased cost competitiveness via economies of scale.  
 
Grid integration through HVDC connections  
Hypocrisy and cultural as well as political or ideological differences around the globe  are 
leading towards wars which seems to be a profitable business for some. However, CSP 
widespread can help in mitigating troubles at international level by developing a better 
network for green energy at cross boundary level. It is evident from studies that level of 
DNI in sun belt countries is so high that they alone can fulfil the requirement of electricity 
globally, however, transmission remained the big problem till now. However, with advent 
of HVDC transmission technique, this vision of global peace seems to be feasible and this 
will also help in mitigating the other crucial issues (climate change and global warming) 
from planet's point of view. The new HVDC transmission lines link producing areas to 
large consumption centres. As already exhibited in Europe, in spite of higher cable costs 
along with 3% to 5% conversion losses, the business for  HVDC use promises positive 
returns. Figure 11 demonstrates how HVDC can be competitively used in order to furnish 
Europe with solar thermal electricity, produced in the MENA region. HVDC connections 
are meant not only for "MENA-EUROPE" cooperation but also for other regions of globe 
where sub belt countries can form alliances globally, thereby, creating a worldwide super- 
grid for better trading of energy.  
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Figure-11: HVDC transmission distances covering MENA and Europe [16] 

 

In addition, the concepts of "cooperation mechanisms" along with "green market 
mechanisms" will further help in achieving the objective. Private-public agreements for 
developing CSP technologies will prove to be fruitful in future. Joint CSP project initiatives 
amongst public entities, governments and private enterprises will not only accelerate the  
growth of this technology, but will also help in fostering trading relations between 
countries. 

4. METHODOLOGY 

4.1. SCIENTIFIC METHODOLOGY 

For completing the project various steps were taken. The first step was to perform some 
secondary research which includes sundry of steps which are described below: 
 

1. Started studying with "solar thermal energy conversion". This section, kept its 
focus on study about active and passive systems of solar energy. It includes 
study of thermo siphon and flat plate collectors. Options of thermal storage were 
also studied. 
 

2. Next in line follow the study of concentrated solar power technologies. This 
section, first focussed on basic concentration techniques along with design 
parameters of parabolas. Later, basic concepts of earth energy balance and 
solar radiation availability on planet were also delved through. 
  

3. In addition, focus was kept on learning about different technologies in detail. 
Started with Parabolic Trough solar thermal power plants, this section, kept its 
focus on operational principles, components, performance parameters and losses, 
efficiencies and energy balance, industrial applications, sizing and layout of solar 
fields, electricity generation and thermal storage systems. 
 

4. Subsequently, next step followed was delving through similar sections for other 
technologies of central receiver solar thermal power plants. It was focused on 
studies of SOLGATE project and PS10 project in category of central receiving 
systems. 
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5. Thereafter, the study moved towards two different types of Stirling engines and 

their pros and cons which was then followed by study of overall technology and 
operation of Stirling dish in general. Linear Fresnel Technology was the least 
discussed technology in this article. 
 

6. In other article, the technology of "tower tech beams down" was analysed. Tokyo 
based university was developing a prototype in Abu Dhabi for the same 
technology.  
 

7. In addition, the study continued with concepts of DAR (Direct absorption receivers) 
and similar other different types of receivers which was then followed by study of 
different storage medias and their properties. With help of new storage medias the 
freezing temperatures of molten slat can be reduced up to 100° C in comparison 
to present 230° C.  
 

8. Another article, focussing on some other solar technologies such as solar pond 
and solar chimney was further studied. A simple description of a solar chimney is 
that of a vertical shaft utilizing solar energy to enhance the natural stack ventilation 
through a building. And due to this small wave current sets up and a wind turbine 
is allowed to produce power. Similarly in solar pond, temperature gradient 
between different layers is utilised and small organic Rankine cycle produces 
power. 
 

9. Next in line followed, study of a paper from ESTELA which gave more policy 
oriented knowledge including information about sundry of economic parameters 
such as LCOE, IRR and Inflation.  
 

10. In an article from ESTELA, STE evolution was analysed in four different phases 
which were: pioneer phase, commercial ramp-up, major technology improvement 
and large scale deployment. The four major technologies (PTC, Linear Fresnel, 
Central Receiver and Stirling Dish) were studied by keeping focus on four 
mentioned phases of evolution.  
 

11. The same paper was completed by studying about FiT, CDM and other policy 
supports from governments. 
 

12. Then after, the focus shifted on looking for existing grid connected facilities around 
the world as well as on planned or under construction facilities for major CSP 
technologies. 
 

13. Furthermore, the research moved towards the study of energy policy of Germany 
whose crucial component was a focus on "democratisation of energy" and phasing 
out nuclear and replacing it with renewable energy options.  
 

14. Then, some online classes from NREL website were taken in order to understand 
the working of SAM software. In addition, the help file was studied completely 
which in turn helped in learning many new concepts used in SAM.  
 

http://en.wikipedia.org/wiki/Natural_ventilation#Stack_driven_ventilation
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15. This was then followed by simulating different technologies for sundry of possible 
combinations in order to compare the technologies. 
 

16. The comparison was based on available thermal energy before power block 
instead of electricity produced due to the reason that the study revealed, the 
turbine used for power production have space of increasing efficiency from 
present 95% to 98% and hence the number of units produced from same thermal 
energy will increase. Besides, the turbines now used for power production in 
conventional and CSP power plants are almost similar with some minute 
differences and this situation change will impact the power production too. In 
addition, the prime focus of research was to look for improvement in technical and 
economical parameters for solar field and its components. Hence, for this reason, 
the comparison was made on the basis of available thermal energy. 
 

17. In order to get the price per unit for thermal energy before power block in fossil fire 
power plants the LCOE of electricity for these plants, was divided by a factor of "3" 
which was calculated on the basis of efficiency constraints.  
 

18. For CSP technologies economic database of SAM was used as it was and after 
developing suitable equations, LCOE for thermal energy was calculated.  
 

19. The excel files with equations were prepared for four different locations whereas 
for sake of this report, only two locations within USA were considered for 
comparison. 
 

20. The comparisons made, give some surprising results which were discussed further 
in results section of this report.  
 

21. In the end, some policy frameworks as well as technological ameliorations were 
suggested in order to make CSP technologies more cost competitive while 
compared to fossil fired power plants.  

4.2. PROJECT MANAGEMENT 

The project was managed systematically and following steps were observed in order to 
achieve the set targets. 
 

1. The project was started last year in July when Professor Javier Munoz informed 
me about the opportunity during the meeting at Ecole Des Mines De Nantes. The 
opportunity was focusing on implementing the prototypes of research in India and 
for the same some Indian partner was supposed to be find.  
 

2. Later, the proposal was discussed in depth with Dr. Jose Maria Martinez Val who 
was head of operations from UPM.  
 

3. Then after, relevant documents were supplied to me in order to find the Indian 
partners. Last summer, the meeting was fixed with Dr. R. K. Pachauri in TERI 
Delhi and he agreed to sign the MOU with UPM and OHL together for the 
research proposal. 
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4. In the meanwhile, some other organisations were also looked for, who had keen 
interest in this deal. Organisations such as Jain Irrigation were taking interest in 
agreement but finally the MOU was signed by TERI.  
 

5. After getting the agreement signed, thesis work focusing on technical and 
economical  analysis for existing CSP technologies and making an inter as well 
as intra comparison for different power generation technologies ranging from 
CSP plants to conventional fossil fired plants was offered to me by school of 
UPM and professor Javier Munoz and Dr. Jose Maria Martinez.  
 

6. As a part of agreement, F2I2 department paid me 15000 Euros for completing 
this thesis. The work was initiated in department of thermal energy in UPM on 
3rd February 2014. 
 

7. Initial few days were utilised in completing academic formalities related to social 
security and similar others.  
 

8. Besides, later, the detailed work plan for entire duration of thesis was prepared 
with help of Professor Javier Munoz. The vital work plan steps were as follow:  
 

a) Documentation of solar concentration technologies for production of 
electric power. 

b) Documentation about the facilities that are currently connected to the 
network and that are under construction or planned. 

c) Documentation on the different energy policies of the countries in which 
the use of this technology is suitable according to their sun I turn. 

d) Adequate training in the study of these technologies computer tools. 
e) Development of technical models - cheap in order to compare the price of 

kWh delivered thermal power block of a solar thermal system and a 
conventional system, such as coal. 

f) Finally a report that the work done during the 6 -month duration of the 
scholarship will pick was made. 

 
9. Then, research started with literature review. A book from PSA was studied 

which was written by experts of respective fields. "Concentrating solar thermal 
power" and "Solar thermal energy conversion" were the two relevant chapters 
which were completed. 
 

10. In the meanwhile academic tutor's were assigned by the consortium and a 
request was put forth to the tutor (Professor Klaudia Buzea) in order to help me 
with some more relevant documents. Professor Buzea sent the material which 
contained further detailed information about solar thermal energy and its 
conversion. 
 

11. Then research was focused on  checking  for some recent developments in field 
of solar energy. Several articles from NREL, ESTELA, USAID, world energy 
outlook and US department of energy were discovered and studied. All of them 
gave detailed description of technological framework for CSP power plants. 
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12. First step of the work plan was completed. Thereafter, begun the second portion 
which was looking for existing (grid connected) and planned or under 
construction facilities of CSP power generation.  
 

13. Followed in line, a study performed on energy policies for different countries such 
as "energiewende" for Germany and similarly others for Spain and USA. 
 

14. Subsequently, a new software known as SAM (System Advisor Model) was 
learned from its functioning to benefits through sundry of webinars and online 
classes scheduled on NREL website. 
 

15. After understanding the proper functioning of SAM, practise was made by  
modelling some basic PV installations which was then followed by modelling of 
CSP technologies. 
 

16. In addition, research continued working on different possible permutations and 
combinations and generated many desired results which were crucial for 
comparing different technologies. Out of the possible comparisons, five main 
basis were selected which were mentioned in the "exploitation of results" section.  

 
17. Minimum internal rate of return of was opted as default value from SAM on the 

basis of financial regulations of the country. IRR is a discounted rate at which the 
net present value of any systems becomes zero and beyond which the project 
implementation is not recommended due to loss expectations in project. So, 
minimum value of IRR was chosen which was later corrected to actual by SAM 
after simulating for different cases. 
 

18. Power Purchase Agreement (PPA) for different technological combinations was 
also calculated. This parameter gave information about the price per unit, paid to 
the power producer by the power buyer. The results obtained were realistic by 
keeping in focus the present market rates in Europe. For example the FiT rates 
for solar thermal energy in Spain are 26.94 c€/kWh for the first 25 years and the 
PPA values obtained from the simulations, for thermal energy, varies from                    
13 c€/kWh to 20 c€/kWh. 
 

19. After working out detailed comparison with help of SAM and excel calculations, 
the final work of report writing was initiated and the appropriate template was 
chosen from previous semester project reports.  
 

20. All these steps combined together lead to successful completion and submission 
of thesis. In the meanwhile, the rule of weekly work report submission to my 
academic as well as company tutor stating the work performed, was followed and 
their constant feedback helped me to ameliorate my work. Finally with feedback 
from company as well as academic tutor, the final thesis report was improved in 
some facets and submitted for grading.  
 

21. In the end, presentation for thesis work was prepared along with user manual for 
SAM calculations. 
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5. EXPLOITATION OF RESULTS 

Out of bountiful amount of simulations and at different location throughout globe, only few 
are considered for the report purpose. Simulations on the basis of below mentioned five 
categories are further discussed: 
 

1. LCOE of CSP and conventional plants. 
2. LCOE for plants with lower and higher DNI. 
3. Effect of IRR and Inflation on CSP plants. 
4. Effect of price of solar field and its components on LCOE of CSP plants. 
5. Effects of removing subsidy from fossil fuels and putting carbon tax, on LCOE, 

compared with highly efficient systems in higher DNI areas.  
 
For comparing different technologies Honolulu and Alamosa were selected with different 
time zones and different values of DNI. The table below gives the information about the 
basic parameters of these two places. The economic model chosen for every simulation 
was Independent Power Producers (IPPs). Finally, the "cents/kWh" represents "$ 
cents/kWh" in every possible comparison and table. Minimum IRR=10%, Inflation = 2.5% 
were chosen as default for standard calculations by SAM. 
 

S. No. Place Honolulu (USA) Alamosa (USA) 

1 DNI (kWh/m2/year) 1950.6 2530 

2 Time Zone GMT-10 GMT-7 

3 Dry Bulb Temperature (°C) 24.6 4.9 

4 Wind Speed (m/s) 4.9 3.7 

5 GHI (KWh/m2/year) 1985.4 1926 

6 Elevation (m) 5 2297 

Table - 6: Values of different fundamental parameters from SAM used in simulations 

5.1. LCOE OF CSP (LOWER AND HIGHER DNI PLACES ) AND CONVENTIONAL PLANTS 

(FOR SAME CAPACITY) 

 

Performance 
and economic 

model 

Available Thermal 
Energy before Power 
Block (kWh- thermal) 

PPA Price 
(cents/kWh) 

LCOE 
Nominal 

(cents/kWh) 

LCOE Real 
(cents/kWh
-thermal) 

 Power Tower- 
Molten Salt  

9999,17,000 13.34 6.18 4.99 

Power Tower- 
Molten Salt-

Without Storage 
6160,64,000 19.49 8.65 6.99 

Parabolic Trough- 
Storage 

8648,27,000 20.41 8.3 6.7 

Parabolic Trough- 
Without Storage 

6726,07,000 16.14 6.99 5.65 

Linear Fresnel 5888,26,000 11.28 5.82 4.7 

Table -7: Results for LCOE of electricity generated by CSP power plant of 115 MWe 
capacity at Honolulu (lower DNI) 
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Now, after simulating the parameters on SAM, above set of results were obtained for 115 
MWe capacity plant in Honolulu (lower DNI). Table-7 on previous page discloses the 
results. 
 
Besides, after simulating the parameters on SAM, following set of results were obtained 
for 115 MWe capacity plant in Alamosa (higher DNI). The table below discloses the 
results.  
 

Performance 
and economic 

model 

Available Thermal 
Energy before Power 
Block (KWh- thermal) 

PPA Price 
(cents/KWh) 

LCOE 
Nominal 

(cents/KWh) 

LCOE Real 
(cents/KWh-

thermal) 

 

Power Tower- 
Molten Salt - 

Storage 
12929,68,000 10.52 4.83 3.9 

Power Tower- 
Molten Salt-

Without Storage 
6997,19,000 17.02 7.65 6.18 

Parabolic Trough- 
Storage 

10018,39,000 16.65 7.2 5.82 

Parabolic Trough- 
Without Storage 

7182,91,000 15.11 6.57 5.31 

Linear Fresnel 6441,11,000 10.65 5.34 4.31 

 Table - 8: Results for LCOE of electricity generated by CSP power plant of 115 MWe 
capacity at Alamosa (higher DNI) 

 

In addition following table was obtained for LCOE values from the reference mentioned 
and dividing the original LCOE values (cents/KWh-electrical) by a factor of "3" which was 
chosen after careful consideration by keeping in mind the efficiencies of turbine and 
related components of power cycle.  
 
Further, the effect of removed subsidies, which account for 25% increase in fuel prices is 
also disclosed below in table. Subsequently, the carbon emission taxes for individual 
category were also reduced from the final LCOE price available after removing subsidies 
as the carbon tax was already included in LCOE available before subsidies. The results 
are as below in table: 
 

Fossil Fuel 

LCOE Real (including 
carbon tax) 

(cents/KWh-thermal)             
(1 Euro= 1.36 USD) 

LCOE (cents/KWh-
thermal) (removed 

subsidy = 25%) and 
added carbon tax [31] 

LCOE (cents/KWh-
thermal) (reducing 
carbon emissions 

tax) [5] 

Brown Coal-
Lignite 

4 5 3.79 

Black Coal-
Bituminous 

4.72 5.9 4.75 

Natural Gas 4.80 6 5.34 

Table -9: Values of LCOE of thermal energy generated from  conventional power plants [7] 
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5.2. EFFECT OF PRICE OF SOLAR FIELD AND ITS COMPONENTS ON CSP PLANTS 

The two tables below shows the results for effect of increasing and decreasing the cost of 
solar field and its components. 
 
Following percentage reductions or increment were employed in different technologies 
 

1. Linear Fresnel: 28.57% increment and reduction respectively in solar field cost.   
Standard cost taken from database of SAM was $ 210/m2. 
 

2. Power Tower with and without storage (same for both): 16.67% increment and 
reduction in heliostat field cost. Standard taken by SAM was $180/m2. 
 

3. Parabolic Trough with and without storage (same for both):11.11% reduction and 
increment in solar field cost. Standard taken by SAM was $270/m2. 

 

Performance model 
PPA Price 

(cents/KWh) 
LCOE Nominal 

(cents/KWh) 

LCOE Real 
(cents/KWh-

thermal) 

Linear Fresnel 12.38 6.2 5.01 

Power Tower- Molten 
Salt - Storage 

11.17 5.13 4.15 

Power Tower- Molten 
Salt-Without Storage 

18.25 8.2 6.63 

Parabolic Trough- 
Storage 

17.27 7.47 6.04 

Parabolic Trough- 
Without Storage 

15.97 6.94 5.61 

Table 10: Results for effect of increasing solar field costs on LCOE of thermal energy 
generated from CSP power plants 

 

Performance  model 
PPA Price 

(cents/KWh) 
LCOE Nominal 

(cents/KWh) 

LCOE Real 
(cents/KWh-

thermal) 

Linear Fresnel 8.92 4.47 3.61 

Power Tower- Molten 
Salt - Storage 

9.86 4.53 3.66 

Power Tower- Molten 
Salt-Without Storage 

15.78 7.1 5.73 

Parabolic Trough- 
Storage 

16.03 6.94 5.6 

Parabolic Trough- 
Without Storage 

14.25 6.19 5 

Table 11: Results for effect of decreasing solar field costs on LCOE of thermal energy 
generated from CSP power plants 
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5.3. EFFECT OF IRR AND INFLATION ON CSP PLANTS. 

Finally, the table below reveals information about impact of IRR and Inflation on LCOE for 
five different CSP technologies at Alamosa. The mean IRR recorded for every category in 
table below was 20% approximately.  
 

Performance  
model 

IRR and 
Inflation 

(%) 

PPA Price 
(cents/KWh) 

LCOE Nominal 
(cents/KWh) 

LCOE Real 
(cents/KWh-

thermal) 

Linear Fresnel 

IRR= 5 10.65 5.34 4.31 

IRR= 25 12.23 6.13 4.95 

Inflation = 1 10.11 5.1 4.67 

Inflation= 5 12.75 6.33 4.25 

Power Tower- 
Molten Salt- 

Storage 

IRR= 5 10.52 4.83 3.9 

IRR= 25 12.44 5.72 4.62 

Inflation = 1 10.2 4.71 4.31 

Inflation= 5 12.18 5.55 3.72 

Power Tower-
Molten Salt-

Without storage 

IRR= 5 17.02 7.65 6.18 

IRR= 25 20.08 9.03 7.29 

Inflation = 1 16.47 7.45 6.81 

Inflation= 5 19.77 8.81 5.91 

PTC Storage 

IRR= 5 16.65 7.2 5.82 

IRR= 25 20 8.66 7 

Inflation = 1 16.31 7.1 6.5 

Inflation= 5 18.94 8.12 5.45 

PTC Without 
Storage 

IRR= 5 15.11 6.57 5.31 

IRR= 25 17.63 7.66 6.19 

Inflation = 1 14.51 6.34 5.8 

Inflation= 5 17.77 7.66 5.14 

Table 12: Results for effect of increasing or decreasing IRR and Inflation rates on LCOE of 
thermal energy generated from CSP power plant 
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6. DISCUSSION 

In this section, results on the basis of five categories mentioned earlier are discussed. 

6.1. EFFECT OF COST OF SOLAR FIELD  COMPONENTS ON LCOE OF THERMAL ENERGY  

From table 10 and table 11, it is evident that as the cost of solar field or its components 
increases, the, LCOE of the thermal energy also increases in proportion and vice versa. 
Logically, it seems correct too, as higher costs of solar field and its components means, 
higher investment cost which in turn will increase the final LCOE of the product. On the 
other hand, if costs of solar field components decreases due to economies of scale and 
increased competition in manufacturing market, LCOE of the final product will also 
decrease considerably in the same proportion.  

6.2. EFFECT OF INCREASE IN DNI LEVELS ON LCOE OF THERMAL ENERGY 

Table 7 and 8, discloses that higher the level of DNI, lower will be the levelised cost of 
product (in this case- thermal energy). Honolulu has lower DNI levels than the Alamosa, 
hence the effect is clearly visible in form of lower values of LCOE in case of Alamosa. 
Real LCOE of thermal energy available before power block is 4.99 USD cents/kWh-
thermal in case of "Power Tower with molten salt storage tank facility" at Honolulu with 
DNI as 1950 kWh/m2/year, whereas the LCOE of the same technology at Alamosa is                 
3.9 USD cents/kWh-thermal. The Alamosa has the DNI equal to 2530 kWh/m2/year.  

6.3. COMPARISON OF LCOE OF THERMAL ENERGY FOR CONVENTIONAL AND CSP 

POWER PLANTS 

From table 8 and 9, it can be elucidated that by removing 25% subsidy which is now 
provided by government on fossil fuels will certainly help in making CSP plants more 
competitive. Table 8 says that for power tower technology with storage the LCOE for 
thermal energy is 3.9 USD cents/kWh-thermal which are nearly equal to LCOE of thermal 
energy produced by lignite coal. However, eradicating subsidy from lignite and instead 
putting the removed 25% subsidy on CSP will increase the LCOE for energy produced by 
lignite coal to 5 cents/kWh-thermal whereas, the LCOE for thermal energy produced by 
power tower with storage will reduce to 2.925 cents/kWh-thermal making CSP much more 
competitive and safe option for energy and investment both.  
 
Power tower technology is closely followed by Linear Fresnel technology which is followed 
by PTC without storage and PTC with storage subsequently and final in the end power 
tower without storage closes the list with highest LCOE amongst the group of 5 different 
technological combinations.  
 
After removing 25% subsidy from fossil fuels, power generation from bituminous coal and 
natural gas will be much more costlier than all other technologies except power tower 
without storage. In addition, putting the removed 25% subsidy on group of CSP 
technologies will make CSP technologies much more competitive. LCOE of thermal 
energy produced from bituminous coal and natural gas after removing subsidy will become 
approximately 5.9 cents/kWh-thermal and 6 cents/kWh- thermal respectively which is 
higher than LCOE of thermal energy produced by all combinations of CSP technology 
given in table 8, except power tower technology without storage. Besides, implying 
subsidy on CSP, will certainly prove to be a fruitful investment in order to achieve the goal 
of mitigating climate change by producing zero or low carbon energy.  
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6.4. EFFECT OF IRR AND INFLATION RATES ON LCOE OF THERMAL ENERGY 

PRODUCED BY CSP POWER PLANTS 

Table 8 and 12, make out that IRR and inflation rates have severe impact on thermal 
energy prices generated from CSP power plants. IRR cut off value is 20%, below this 
point, there will be no change in the values of LCOE for thermal energy produced. 
However, increasing IRR above 20% will increase the value of LCOE as the result show in 
table 12 for every technology. In standard conditions, the LCOE for power tower 
technology with storage is 3.9 cents/kWh-thermal whereas if IRR increases to 25%, then, 
LCOE increases to 4.62 cents/kWh-thermal.  
 
In addition, inflation is a murky term and gives murky results too. Many economists around 
the world are still not in position to figure out whether inflation is bad or good for economy. 
However, as far as the case of LCOE for solar thermal technologies is concerned, 
increasing inflation rate, decreases the real LCOE of thermal energy and vice versa, 
whereas nominal LCOE and PPA increases with increase of inflation rate. For example: 
LCOE in case of standard IRR and inflation rates for power tower technology with storage 
at Alamosa is 3.9 cents/kWh-thermal whereas if inflation increases to 5% then real LCOE 
becomes 3.72 cents/kWh-thermal and on the other hand, if, inflation rate reduces to 1% 
then real LCOE increases to 4.31 cents/kWh-thermal. On the other hand, nominal LCOE 
and PPA values for same technology increased to 5.55 cents/kWh-thermal and                       
12.18 cents/kWh-thermal respectively when inflation rate increased to 5% and the same 
rates reduced to 4.71 cents/kWh-thermal and 10.20 cents/kWh-thermal respectively when 
the inflation rate reduced to 1%.  
 

7. CONCLUSION 
 

In the light of research work towards thesis work, it can be ratiocinated that CSP 
technologies in general, have mammoth potential towards present as well as future carbon 
free renewable energy, which in turn will help considerably, in mitigating climate change 
issues. Currently, however, lack of key competition in CSP component manufacturing 
market and downfall in governmental policies, are the two major factors of concern and 
are the biggest hurdles in path of development of CSP technologies worldwide. Besides, 
the present LCOE of electricity generated from solar thermal technologies, is almost "2.5" 
times higher than the LCOE of electricity generated from conventional power plants.  
 
All the technological ameliorations ranging from improvement in turbine to improvement of 
field components will lead to severe reduction in initial set up costs of CSP power plants. 
In addition, the policy support in terms of international cooperation and spreading the 
manufacturing of solar field and its components in growing economies will help in further 
reduction of costs for initial set up of power plants. It is expected to reduce the costs by 
75% which is a huge reduction and as evident from results above, after removing fossil 
fuel subsidies and instead applying them for development of CSP technologies, is 
destined to make electricity generated from CSP, much cheaper in comparison to 
electricity generated from conventional plants.  
 
Further, Linear Fresnel technology have the great potential in lower DNI areas where this 
technology can prove to be a boon for power production. The costs of power production 
will however reduce with increasing levels of DNI. Subsequently, implementing option of 
thermal storage in this technology may further bring down the costs of power produced as 
is the case with power tower technology where initial plant set up cost though increases, 
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but, it makes plant highly reliable for peak, intermediate and base loads and hence the 
final LCOE of electricity is less than the one produced with option of no thermal storage.   
 
In addition, economic parameters such as inflation and IRR have their own impact on 
initial costs of setting up the plant and hence the final prices or LCOE of electricity or 
thermal energy also gets affected severely depending upon the rates of various economic 
parameters. Furthermore, expanding economies of scale are destined to reduce the LCOE 
of final product. Further, countries like India have a big role to play in order to reduce the 
costs of solar field and its components.  
 
Finally, ameliorating the options for operation adaptability, reducing risks associated with 
financing and technology, and implementing the newly developed technologies along with 
incorporating options of highly efficient thermal storage technologies, will surely help the 
CSP technologies to rule the market of electricity production. 
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9. APPENDIX 

Appendix-1 
 

Overview of support schemes for STE and support level requirements [16] 

There are several support schemes that have already demonstrated to be successful in 
contributing to the development of STE and other RES. Most relevant and effective 
support schemes to foster STE deployment are the following:  
 
1. Feed-in tariff (FiT) – feed-in tariffs are electricity price supplements that governments 
establish through long-term contracts to encourage the adoption of renewable energy 
based on the cost of electricity production for the technology in question. Most EU 
countries with STE production potential already have a FiT systems in place, hence 
inclusion of STE is a very straight- forward option, where not already employed;  
 
2. FiT / PPA for imported energy – in order to facilitate the import of STE produced energy, 
a negotiated / tendered FiT for imported electricity could be implemented by a reverse 
auctions process, where governments invite bids from STE investors regarding the 
minimum FiT at which they would agree to deliver power;  
 
3. Direct subsidies – attribution of subsidies to project developers for STE plant 
construction is another way to support the development of STE;  
 
4. Build-operate-transfer (BOT) contracts – launch of STE BOT contracts for power supply 
in areas where energy is required is an additional mechanism to attract investment and 
justify subsidization;  
 
5. RES Portfolio Standards – creation of required targets for share of STE and other 
renewable sources can provide long-term govern- mental target setting for state-owned 
and private power generators. To implement portfolio standards, utilities could be 
permitted to roll over some additional cost to end-consumers where possible; 
 
6.  Investment tax credits – Attribution of tax credits for the development of STE plants can 
allow improved project economics without requiring direct government subsidies;  
 
7. Loan guarantees – Ensuring access for STE project financing is very important to for 
instance overcome current financing obstacles for private financial institutions like banks;  
 
8. Clean Development Mechanism (CDM) – CDM are comprised of a legislatory 
framework that demands investment in clean energy sources to offset effects of fossil fuel 
combustion. Specific CDM can be created to direct investment for STE projects;  
 
9.  R&D Support – Grants, Soft loan guarantees and risk sharing mechanisms can be 
used to  develop innovative technologies as well as further speed-up the rate of cost 
reductions resulting from technological improvements (e.g. EU and national R&D 
programs, EU SET Plan);  
 
10. Direct infrastructure investment – Exports of STE generated electricity requires 
strengthening of transmission capacities. Directly investing in the deployment of the 
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required infrastructure is an important option to foster its development. Creation of public-
private protocols and cross- national cooperation may complement public investment;  
 
11.  Market mechanisms – Market oriented sup- port schemes reward most competitive 
STE solutions by realizing additional margin in the market;  
 
12.  Multilateral supports – Multilateral institutions like the EIB, World Bank or European 
Commission bodies, can provide financing tools to mitigate financial/technology risk (e.g. 
first lost instruments, debt guarantees and grants) which assist in mobilizing capital not 
only from Governments but from other public and private sources. 
 
 Above list only includes the most relevant methods of supporting the STE industry. 
However, the list is by no means exhaustive and further political initiatives can also be 
applied for STE, e.g.: accelerated depreciation, lower green power import tariffs, export 
credits carbon price trading system, level playing field (no subsidies for coal, gas or further 
taxes on fossil fuels), green certificates, etc.  The development of an effective support 
framework for STE cannot be based on a single support scheme. Discussed methods 
provide complementary support (e.g. fixed and variable) and a combination of those 
ensures that the set of STE development requirements are met. 
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