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1. Introduction 

 

The need to expand the renewable electricity generation base has become increasingly urgent over 

the past decade, as a result of growing concerns over climate change, energy security and the 

macroeconomic ramifications of rising fossil fuel prices. Yet, commercial deployment of renewable 

power generation has not matched this level of urgency. The International Energy Agency reported that 

electricity generation from renewable sources was under 4% of total electricity generation in 2010 (IEA, 

2012).  Renewable power generation from non-hydro sources in the United States, the largest producer 

and consumer of electricity in the world stood at 2.4% in 2008 (IEE, 2008).  

Among the chief impediments to wide-scale commercial deployment of renewable power 

generation are high capital costs and reliability issues. Capital costs have decreased over the years, but 

most renewable technologies remain relatively costly and, therefore, unable to compete with 

conventional fuel sources. Similarly, reliability remains a major challenge due to the variability wind 

and solar power, the most widely available renewable energy sources. Advances in storage 

technologies have been slow and have yet to produce cost effective solutions for utilities (IEE, 2008) 

This state of affairs has led many in the renewable energy community to believe that the quickest 

path to encourage the spread of renewable power technologies lies in hybrid renewable-conventional 

systems that may reduce costs and improve reliability. This study explores this possible solution, 

particularly its economic dimension, and discusses the policy implications of pursing this alternative. In 

doing so, a Levelized Cost of Electricity model is constructed to compare the life-cycle cost of two 

different hybrid systems, “independent system hybrids” and “integrated hybrids”, with standalone 

renewable and fossil fuel systems. The resulting costs are used to determine the size of the economies 

of scope exhibited by one of the hybrid designs, namely the integrated hybrid.  

Section 2 presents a conceptual and technical framework of the studied hybrid systems. Section 3 

outlines the benefits of hybridization, especially the potential for economies of scope. Section 4 

introduces the methodology underlining the constructed model used in the analysis. Section 5 reports 

the results of the analysis, followed by a discussion of the policy implications in Section 6.  

 

2. Introduction to Hybridization 

 

In the broadest sense, a hybrid system uses a combination of conventional and renewable energy 

sources to produce electricity. For the committed renewable energy advocate, this system may seem 

like a compromise, or worse yet a sellout. Why build a hybrid system that uses fossil fuel when we can 

build a wind farm or a solar photovoltaic (PV) park that does not use any fossil fuel or emit any carbon? 

Should not our attention as a society be focused on phasing out fossil-fired generation instead of 

extending its lease on life through hybridization with renewable energy generation? 

However, these questions ignore the practical reality that most renewable energy generation 

technologies, especially the aforementioned ones, are not fit for base load generation. Fluctuations in 

wind patterns and insolation rates make these technologies too unreliable to meet the needs of any 

modern society. This problem is compounded by the lack of any proven, cost-effective thermal or 

chemical storage technologies. Therefore, when a solar PV park is built, it is invariably part of a 

renewable-conventional hybrid system because a conventional generation capacity has to be kept on 
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stand-by to compensate for the fluctuations in renewable energy sources (Schwarzbozl et al., 2006).  

Given the inevitability of “unplanned” hybridization in the current technological context, one can 

begin to consider two distinct approaches to hybrid systems: (1) Independent system hybridization, and 

(2) Integrated hybridization. The two approaches produce substantially different economic and 

environmental outcomes, which will be explored later in this paper. First a basic explanation of these 

two approaches will be presented. 

Independent system hybridization can be thought of as the status quo model, where two fully 

independent power plants – one conventional and one renewable – are added to the generation resource 

base separately. The two systems have no overlapping equipment and may or may not share a physical 

location. In this model, the conventional plant can be the primary generator, while the renewable plant 

acts as a supplementary plant that contributes to the grid whenever the renewable resource is available. 

Or, the renewable plant can be the primary generator while the conventional plant acts as a backup 

plant that comes online only when the renewable plant is unavailable  

In contrast, integrated hybridization combines the conventional and renewable plants into one 

system. The two systems share a physical location, equipment and operational resources. The shared-

equipment constraint severely restricts the range of renewable and conventional technologies that lend 

themselves to this hybridization approach. For example, wind turbines and coal-fired plants do not have 

any overlapping equipment and, therefore, are not a good fit for the integrated hybridization approach. 

Similarly, solar PV and combined-cycle plants do not lend themselves to this approach. However, 

technologies that use a thermodynamic cycle to produce power have the potential to form integrated 

hybrids. A few examples come to mind, most notably concentrated solar power (CSP) and any fossil-

fired technology that uses a Rankine cycle. 

Both concentrated solar power (CSP) and conventional fossil-fire generation technologies use heat 

(thermal energy) to boil water and produce high-temperature, high-pressure steam. The steam is then 

used to drive a steam turbine which generates electricity. Engineers call this process the Rankine cycle. 

The only difference between CSP and conventional generation lies in the source of the heat. Fossil-

fired plants burn coal, oil or natural gas, while CSP plants use mirrors to concentrate sunlight. The 

basic CSP-Fossil hybrid design mixes the heat from both sources and uses the resultant steam to drive a 

shared steam turbine. In order to better understand the integrated CSP-fossil hybrid concept from a 

technical point of view, the following two sections will present a brief review of how fossil-fired CSP 

plants work. 

 

2.1. Fossil fired plants 

 

The great majority of installed capacity 

in the world uses fossil fuel to generate 

electricity. At the heart of fossil power 

generation is the Rankine cycle, which 

transforms heat from fossil fuel combustion 

into electricity. The process starts with the 

combustion of fossil fuel, typically coal, to 

generate high temperature, high pressure 
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steam. The steam leaves the steam generator at over 540 C and enters the turbine unit where it is 

allowed to expand. The expansion of the steam produces mechanical energy which rotates the turbine 

and the attached rotor of the generator, which generates electricity. In the process, the steam loses most 

of its thermal energy and pressure, returning to room temperature and standard atmospheric pressure, at 

which point it is said to be “fully exhausted”. The low temperature, low pressure steam is then 

condensed back to water and recirculated to the steam generator, where the process starts all over. The 

Rankine cycle is not efficient at converting the thermal energy from burning fuel to electricity. In a 

typical coal plant, less than 35% of the heat is converted to electricity while the rest goes to waste.  

 

Natural gas plants employ an additional 

thermodynamic cycle on top of the Rankine cycle, 

and, therefore, are referred to as “combined cycle” 

plants. The additional cycle is called the Brayton 

cycle, or the “topping cycle”. In a Brayton cycle, a 

gas turbine compresses air and mixes it with 

natural gas. Then the gas is combusted which 

results in the expansion of the compressed air. As it 

expands, it runs through a turbine, moving the 

blades and the attached rotor which generates 

electricity. The very hot air exiting the turbine is 

then used to generate high temperature, high 

pressure steam, initiating a Rankine cycle like the 

one explained above. Combined cycle plants are 

more efficient at converting thermal energy into 

electricity. The typical efficiency of a combined 

cycle gas turbine (CCGT) plant is around 55%. 

 

 

 

2.2. CSP Plants 

 

Concentrated Solar Power (CSP) is the generic name given to an array of technologies that 

concentrate solar heat using mirrors and then use this heat to generate electricity. CSP relies on a 

simple Rankine cycle to convert solar heat into electricity. CSP was one of the earliest modern 

renewable power technologies to be explored. The first CSP plant appeared at the World's Fair in Paris 

in 1878. The small plant successfully demonstrated how concentrated solar energy can be used to 

power a printing press (Behar, 2011). 

However, CSP technologies were not commercially deployed for another century. Low fossil fuel 

prices throughout most of the 20th century made it impossible to build a commercial case for CSP. It 

was not until the spike in primary fuel prices after the oil embargo in 1973 that researchers and 

engineers were willing to reconsider this technology. As a result, nine solar electric generating systems 

(SEGS) with a total capacity of 346 MWe were built in the California desert between 1984 and 1990. 
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These systems demonstrated that the technology was viable and scalable. Yet, no new systems were 

built in the 1990s, possibly as a result of depressed primary fuel prices. This hiatus lasted until 2005, 

when environmental concerns and spiking fuel prices brought the technology back to life. Global 

installed capacity has more than quintupled in the past few year reaching 1.9 GWe by the end of 2011, 

with Spain accounting for over two thirds of this installed capacity. The rest of the installed capacity is 

mostly in the United States. Spain has over 873 MWe of power plants under construction, and the 

United State has anther 418 MWe. The UAE is currently constructing a 100 MWe plant. (IRENA, 

2012). 

 

CSP is the most conventional of the renewable 

technologies because it uses a conventional heat 

engine to convert solar heat into electricity. A 

CSP plant consists of four main components: (1) 

solar field, (2) Heat Transfer Fluid system, and (3) 

steam generator and (4) power block. The solar 

field is where the sunlight is concentrated. Over 

94% of CSP plants use Parabolic Trough 

Collectors (PTC) in their solar fields, but PTC is 

not the only available technology. There are at 

least three other technologies at various stages of 

development: (1) solar towers, (2) Linear Fresnel 

and (3) Stirling dish. These technologies show 

great promise and will likely be deployed 

commercially in the future. However, only 

parabolic trough collectors will be considered in 

this study. 

  

 

A parabolic trough collector is a parabolic shaped 

mirror that concentrates sunlight onto a central receiver 

tube. The receiver tube consists of a metal absorber tube 

sitting inside an evacuated glass envelop. Inside the 

absorber tube is a synthetic oil called the Heat Transfer 

Fluid (HTF), which collects the solar energy and moves it 

to the steam generator. The Heat Transfer Fluid system is 

responsible for the circulation of the fluid between the 

collectors and the steam generator, where heat is exchanged 

and steam is produced. The steam then enters the power 

block where it drives the steam turbine to produce 

electricity. 

 

 
Source: NREL TroughNet 

Figure 4: Parabolic Trough Collector 
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A fifth component has been introduced into the newer designs of CSP plants. This component is 

called the thermal energy storage system (TES);  it is used to store excess solar heat during the day, 

which can then be used at night to produce steam. TES systems use molten salt to store the heat. 

Because the energy to be stored needs to be collected first, the solar field needs to be expanded 

proportionally to the desired amount of stored energy. Therefore, the cost of adding a TES system to 

the CSP plant is not only the cost of the storage component but also of the expanding the solar field. 

This can increase the total cost of the plant by 60%. 

Investment cost estimates for CSP plants vary widely depending on the location of the plant, the 

technology vendor, and many other factors that are outside the scope of this study. IRENA recently 

published a compendium of capital cost estimates produced by different researchers. The cost a CSP 

plant per kW installed without storage can be as low as $4,600 or as high as $7,100.  

 

3. Overall benefits of hybridization 

 

The benefits  of combining concentrated solar power technologies and fossil-fired generation have 

been explored by scientists, researchers, and policymakers for decades now. Since the 1970s, 

researchers have produced numerous studies exploring the possible benefits of building hybrid CSP-

fossil systems. Interest in this field has intensified over the past decade as concerns over climate change 

added an unprecedented sense of urgency to greening the electric grid. This study focuses on the 

economic benefits from hybridization. Nonetheless, a brief review of the other benefits will be 

presented in next few paragraphs. 

One of the first benefits from hybridization to be cited by researchers is improved dispatchability 

and reliability (Williams et al, 1995). It is a well-known fact that utilities place a premium on 

dispatchability and reliability in generation assets. Dispatchability refers to the generation assets 

suitability to be turned on and off, or up and down, at the request of the grid operator. Natural gas 

plants are known for dispatchability. Reliability refers to the generation asset’s ability to follow a 

scheduled load profile to meet electricity demand patterns.  

Unfortunately, stand-alone CSP plants are neither reliable nor dispatchable because of their 

dependence on the availability of the solar resource. Thermal energy storage (TES) may serve to 

improve reliability and dispatchability by extending operational hours into the night and providing 

relief from temporary weather fluctuations. However, current thermal storage technologies will not 

address extended periods of poor insolation, especially during winter times. In contrast, hybrid systems 

enjoy the same level of reliability and dispatchability as their conventional fossil-fired components. 

Another benefit of hybridization relates to the level of financial risk for potential investors. One of 

the main impediments to large-scale commercial deployment of stand-alone renewable power 

technologies is the perception that they are too risky. Investors are loathe to finance capital-intensive 

renewable energy projects when there is fear the investment may not generate a good return or worse 

yet that the project may completely fail. This risk perception leads to investors avoiding the renewable 

power project entirely or demanding high returns on investment. However, in the case of integrated 

CSP-fossil hybridization, the financial risk is limited to the solar component of the project. If this 

component fails to perform, the rest of the plant will remain operational and, therefore, retain its value 

(Williams et al, 1995).  
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These integrated hybrid systems also provide a cost-effective means to improve the learning curve 

for CSP technologies. Adding a small CSP component to a large conventional power plant may not be 

ideal. However, it provides a valuable learning opportunity which will reduce CSP technology risk. 

The operating experience gained from running these hybrid systems allows engineers and financial 

modelers to explore the costs and benefits of newer CSP technologies such as Linear Fresnel and solar 

tower while limiting investors' exposure to financial risk. Furthermore, the manufacturing experience 

from building these relatively small solar components will help to reduce capital costs as the 

manufacturing processes get optimized (Williams et al, 1995). 

 

3.1. Economies of Scope benefits 

 

Properly designed and implemented integrated hybrid systems exhibit economies of scope. 

Generically speaking, a production process exhibits “economies of scope” when the average cost of 

producing multiple commodities is lower than the weighted average cost of producing these 

commodities separately. In other words, it is cheaper on a per-unit basis to produce two or more 

commodities together than it is to produce them independently.  

The two commodities in the case of the hybrid CSP-Fossil system are solar power and fossil-based 

power. Economies of scope in the CSP-fossil plant result from three synergistic effects of integrated 

hybridization: (1) lower capital and fixed operational costs; (2) higher electricity production from solar 

energy; and (3) avoided thermal waste.  

The first synergistic effect is obvious: the sharing of equipment leads to lower combined capital 

investment. Redundant components may be consolidated or entirely eliminated. One major area for 

savings is the power block. Instead of the two power blocks needed for the independent systems, only 

one power block will be used in the integrated system. The integrated system power has to be larger in 

size, but the incremental cost of the increased size of the power block is less than the cost of buying a 

whole second power block (Petrov et al., 2012; Dersch et al., 2004; Nezammallah et al., 2010). Other 

areas of savings include the switchyard, project development and management costs, grid connections, 

financing fees, balance of plant and site preparation. 

The outlined potential savings areas comprise over a third of the total capital expenditure cost of a 

typical CSP plant. For a 50-MW CSP parabolic trough plant, this can amounts to over $120 million. 

Integrated hybridization also leads to savings in fixed operational costs (IRENA, 2012). Most of the 

fixed operational cost of a power plant is spent on the salaries of the staff. It stands to reason that a 

hybrid power plant would need fewer staff members than two independent plants, which reduces the 

aggregated fixed operational cost.  

The second synergistic effect is less obvious, but long recognized by mechanical engineers and 

physicists. When heat from fossil and solar sources is combined, solar heat is converted into electricity 

at a higher efficiency than when it is converted independently. This phenomenon results in the 

production of more power per unit of solar heat in the integrated hybrid system than when the two 

systems are operated independently.  

To explain this process further, stand-alone CSP plants use a heat transfer fluid (HTF) to transfer 

heat from the sunlight absorbers in the solar field to the steam generator. Due to its chemical structure, 

the temperature of the HTF cannot exceed 400 C, or it would begin to decompose. This constraint 
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limits the temperature of the generated steam to 380 C, which is well below the steam temperature of 

565 C in conventional power plants. The laws of thermodynamics, which govern the conversion of heat 

into electricity, tell us that the higher the temperature of the steam, the higher the efficiency of the 

conversion of thermal energy into electricity. Therefore, stand-alone CSP plants are significantly less 

efficient than conventional power plants at converting heat into electricity. However, if the lower-

temperature solar steam is superheated  to 565 C using fossil fuel, the efficiency of the conversion of 

the entire solar energy input will be improved (Williams et al., 1995;  Petrov et al., 2012;  Dersch et al., 

2004;  Hosseini et al., 2005). 

The third synergistic effect of hybridizing CSP and conventional fossil plants relates to avoided 

thermal inefficiencies that otherwise impact the independent systems. For example, the steam turbine in 

a stand-alone CSP plant has to be turned on and off on a daily basis, only functioning during when the 

sun is out. This process results in thermal waste since a portion of the heat will be wasted on warming 

up the steam turbine every morning. However, in an integrated hybrid system, this problem is resolved 

since the fossil fuel component runs continuously throughout the day.(Dersch et al., 2004).  

Another thermal inefficiency that the integrated hybrid system resolves is the electricity production 

drop in conventional power plants during hot summer days. The conventional component of an 

integrated hybrid system will still experience lower conversion efficiencies during summer time 

because of high ambient temperatures; however, the solar field will absorb more energy during these 

days, which will compensate for the lost production and stabilize energy production throughout the 

year (Hosseini et al., 2005; Nezammallah et al., 2010).  

 

4. Methodology 

 

The goal of this study is to determine the size of the economies of scope in the integrated hybrid 

approach. This study compares the life-cycle average cost of electricity between the two outlined 

hybridization approaches: independent system and integrated, using LCOE analysis. Then it uses the 

LCEO figures to measure the economies of scope. 

 

4.1. General Model 

 

In order to conduct the comparison, two CSP-fossil hybrid system models were constructed. The 

two models are identical in size, technology and location. The only difference between the two models 

lies in the hybridization approach. The integrated hybrid system consolidates overlapping components 

and eliminates redundancies, whereas the independent system does not. Two cases were considered for 

each hybrid system model, one with thermal storage and one without. 

For the CSP component, a 50 MWe parabolic trough collector system with synthetic-oil HTF was 

selected. For the fossil component, a 260 MWe natural gas-turbine combined cycle (CCGT) was 

selected. The ratio of 1:4 solar to CCGT nominal capacity is typical of engineering models of hybrid 

plants. Two reference models were also constructed: a standalone CCGT of equal size to the hybrid 

systems (310 MWe), and a standalone CSP plant of equal size to the solar component of the hybrid 

systems (50MWe). Two case were considered for the standalone CSP plant, one with thermal storage 

and one without thermal storage.  
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4.2. Levelized-Cost of Electricity 

  

To compute the life-cycle average cost of electricity, this study uses the Levelized Cost of 

Electricity method (LCOE). Generically speaking, the LCOE is the price per unit of electricity, in 

present value dollars, required for a project to break even, including a return on investment equal to the 

weighted average cost of capital (WACC) This method is used in the energy sector to compare 

generation technologies that have vastly different upfront capital costs, operating costs, and applicable 

tax rules, making it possible for investors, planners and regulators to compare apples to apples 

(Reichelstein, 2010). 

 

The study uses the following formula to calculate the LCOE (Shrimali, 2011): 
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 Where C is the initial capital expenditure (CAPEX);  

 T is the useful life of the plant in years;  

 α is the corporate tax rate; Dt, Wt, CFt, xt are the depreciation, operating costs, capacity factor and system 

degradation factor, respectively, for year t;  

 and CT is the effective terminal value of the system. 

  

4.2.1. Assumptions 

  

The assumptions used to calculate LCOE were either taken directly from various studies and 

sources, or calculated based on the best available information. The following few paragraphs provide 

details about these assumptions: 

  

CAPEX Assumptions 

 

CAPEX assumptions for the CSP component are based on the cost breakdown table provided by 

IRENA (2012). CAPEX assumptions for the CCGT component are based on the NREL-SEAC 

overnight capital costs (Tidball, 2010) . CAPEX for the independent system hybrid is assumed to be the 

sum of the CAPEX of the CSP and CCGT components: 

 

CAPEXIndependent = CAPEXCSP + CAPEXCCGT 

 

CAPEX for the integrated hybrid system was calculated as the sum of CAPEX of CSP and CCGT 

subsystems less savings that result from consolidating overlapping equipment and eliminating 

redundant costs. 

 

CAPEXIntegrated = CAPEXCSP + CAPEXCCGT – Savings 
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 No empirical estimates for these savings were found in publically available literature, therefore an 

assumption was made. This assumption is based on the knowledge that over 30% of the capital cost of 

a CSP plant goes toward conventional equipment, site preparation, and project management and 

development fees (bolded items in table x). By integrating the two systems, a portion of these costs is 

eliminated. The base case scenario assumes these savings to be two thirds of the overlapping expenses, 

i.e. 20% of the CSP CAPEX. In the sensitivity analysis, two additional scenarios are assessed: a 

conservative scenario of 10% CSP CAPEX savings, and an optimistic scenario of 30% CSP CAPEX 

savings. 

 

 

 

Capacity Factor Assumptions  

 

Capacity factor values used in the model for the CCGT and the integrated hybrid plant are based on 

the simulation results from Hosseini et al. (2005) and Dersch et al (2004). The capacity factor for the  

independent system hybrid is the weighted average of the capacities of its constituent parts, i.e. CSP 

and CCGT components. 

 

Operating Cost Assumptions 

 

Operating costs comprise annual fixed O&M costs, variable O&M costs and fuel costs. Fixed and 

variable O&M cost assumptions for CSP and CCGT are based on information provided by NREL 

(Tidball et al., 2010).  

 

Fuel Costs 

 

Fuel costs for the CCGT and integrated hybrid plant were calculated based on the total electric 

output in kWh multiplied by the fuel consumption rate measured in Btus per kWh of electricity 

multiplied by the fuel price in US dollars per Btu of natural gas. 

 

Fuel Cost for year (t) = Total output in year (t) * Fuel consumption rate * Fuel price in year (t) 

 

Table x: Breakdown of the Investment Cost of a 50 MW PTC with 7.5 TES 

 Cost 

(2010 US $ millions) 

Share of total cost 

(%) 

Labor Cost: Site and solar field 62.4 17.1 

Equipment: Solar field and HTF system 140.3 38.5 

Thermal Storage System 38.4 10.5 

Power Block and conventional plant components 52 14.3 

Project development and management 71 19.5 

Total 364 100 
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The fuel consumption rate for the CCGT system is based on the values provided by NREL to model 

conventional power plants (Tidball et al., 2010). The fuel consumption rate for the integrated hybrid 

system was derived from the results of simulations run by Hosseini et al. (2005) and Dersch et al 

(2004). Natural gas prices vary widely by region. In the U.S., natural gas sold in 2012 at almost $4 per 

MMBtu. In Europe and Asia, the price was approximately three times that amount, or nearly $12 per 

MMBtu. The fuel price used for the base case in this model is $4 per MMBtu. 

 

Corporate Tax Rate, Useful Life of the Plant, and Weighted Average Cost of Capital 

 

Finally, values for the corporate tax rate, useful life of the plant, and weighted average cost of 

capital (WACC) are based on industry standard assumptions. The model uses the straight-line 

depreciation method and assumes inflation to be zero. The model assumes there is no carbon tax in the 

base case, but introduces a carbon tax in the sensitivity analysis. The table below presents a concise list 

of the values and assumptions used to calculate LCOE. 

 

*  For the base case with 20% CAPEX savings 

 

4.3. Economies of Scope Calculations 

 

The standard measure of “economies of scope” takes the difference between the weighted average 

cost of producing the commodities separately and the average cost of producing these commodities 

together and divides it by the weighted average cost of producing the commodities separately. Since the 

LCOE of the independent system hybrid (LCOEindependent) equals the life-cycle weighted average cost of 

producing solar and fossil power separately, and the LCOE of the integrated hybrid (LCOEintegrated) 

equals the life-cycle average cost of producing them together, this measure can be expressed 

mathematically as: 

           

                           
                              

               
            

 

 

 

 

Unit 

Reference 

CCGT 

CSP Integrated Hybrid 

Without TES With TES Without TES With TES 

Nominal capacity MWe 310 50 50 310 310 

Capital cost $/kW 700 4,500 7,000 1,313* 1,490* 

Capacity Factor % 91 23 45 81 85 

Fuel Consumption Rate Btu/kWh 6,750 0 0 6,372 6,116 

Fuel Price $/MMBtu 4 0 0 4 4 

Fixed O&M cost $/kW.a 12 50 50 18 18 

Variable O&M cost $/MWh 3 3 3 3 3 

WACC % 10 10 10 10 10 

Corporate tax rate % 30 30 30 30 30 

Plant useful life Year 30 30 30 30 30 

Depreciation period Year 20 20 20 20 20 
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5. Results 

 

The LCEO and scope economies analysis reveals three main findings: 

 

1. Integrated hybrid systems consistently exhibit economies of scope. The size of the scope 

economies depends on the size of the capital cost savings from integration: the larger the 

savings, the bigger the economies of scope. However, even in the best case scenario, the size of 

the economies of scope is 15.1%. 

 

Economies of Scope for different levels of CAPEX Savings 

    10% 20% 30% 

No storage % 4.2% 7.5% 11.1% 

Storage % 5.2% 10.1% 15.1% 

 

 

2. Both types of hybrids have substantially lower LCOEs than standalone CSP plants. This 

result is not surprising since 80% of the capacity of the hybrid models is made up of low-

capital-cost conventional generation.  

 

LCOE results for the base case ($4/MMBtu, 20% CAPEX savings from integration) 

Reference CSP plant 
No storage $/kWh 0.329 

Storage $/kWh 0.257 

Independent System Hybrid 
No storage $/kWh 0.048 

Storage $/kWh 0.054 

Integrated Hybrid 
No storage $/kWh 0.045 

Storage $/kWh 0.049 

 

 

3. The integrated hybrid plant’s LCOE is higher than the reference CCGT plant’s. This 

result is also not surprising. At current fuel prices, the lifetime fuel savings from the solar 

component are not enough to offset the high capital cost of adding this component. The 

difference between the integrated and CCGT shrinks as the size of CAPEX savings from 

integration rise. 

 

LCOE Results with different levels of CAPEX Savings ($4/MMBtu) 

     Unit 10% 20% 30% 

Independent System Hybrid 
No storage $/kWh 0.048 0.048 0.048 

Storage $/kWh 0.054 0.054 0.054 

Integrated Hybrid 
No storage $/kWh 0.046 0.045 0.043 

Storage $/kWh 0.051 0.049 0.047 

Standalone Reference GTCC CCGT $/kWh 0.034 0.034 0.034 
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 The difference in LCOE between CCGT and the integrated hybrid shrinks with rises 

with fuel prices. At $4/MMBtu, the integrated hybrid model with storage is 42% more 

costly that CCGT. At $10/MMBtu, the cost difference is reduced 18%. But even at 

$20/MMBtu, the integrated hybrid is still 7% more costly than CCGT. 

 

 

 

 

 

 

 For the integrated hybrid plant with storage to have the same LCOE as the CCGT plant , 

a combination of unlikely conditions must be present: (i) relatively large CAPEX 

savings from integration, (ii) a high carbon tax, (iii) a relatively high fuel price for the 

U.S. but normal for the rest of the World, and (iv) 5% annual increase in fuel prices for 

the next 20 years. 

 

Conditions for matching LCOEs for CCGT and 

integrated hybrid 

CAPEX Savings % 30 

Fuel Price $/MMBtu 12 

Fuel Cost Escalation Factor % 5 

Carbon Tax $/tonne 150 

 

6. Discussion 

 

This study has demonstrated that integrated hybrid plants are more cost-effective than independent 

system hybrids due to economies of scope, but these scope economies remain relatively small and are 

not enough to make these hybrids competitive with fossil-based generation under existing market 

conditions. Furthermore, this study has shown that in order for integrated hybrid systems to become 

competitive with fossil generation, drastic changes in fossil fuel prices and carbon emission regulations 

need to occur, which is inconceivable in the foreseeable future. With this in mind, it is safe to conclude 

that the near-term deployment of integrated hybrid systems will need government support to create 

market incentives for investors and commercial operators. 

However, there are many arguments against government support for integrated hybrids. One of the 

main concerns is that by supporting integrated hybrids governments will perpetuate, not phase out, the 

fossil fuel economy. Current hybrid designs have low solar shares of total output, less than 10%, and 

remain heavily dependent on their fossil components. Another objection to supporting hybrids stems 

from the fear that these hybrids may cannibalize potential markets for pure CSP generation. 

Furthermore, hybridization may pose a serious threat to the development of cost-effective thermal 

storage solutions.  

Yet, there is a case to be made for supporting hybrids. Researchers throughout the world are in the 

process of developing innovative integrated hybrid designs that promise significantly better economies 

of scope. Two of the most promising designs are the integrated combined cycle system with direct 

LCOE Difference  between integrated hybrid with Storage and 

CCGT 

$4/MMBtu $10MMBtu $15/MMBtu $20/MMBtu 

42% 19% 11% 7% 
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steam generation (ISCC-DSG) and the solar gas turbine system (SGT) (Nezammallah et al., 2010; 

Schwarzbozl et al., 2006). These designs are built from the bottom up with an eye on optimal 

integration. Therefore, they promise more integration, larger savings and better conversion efficiencies 

than first generation hybrids such as the one explored in this study. The competitive of these economies 

of scope with conventional generation is the subject of future studies. However, even with improved 

economies of scope, there is a good chance that a degree of government support will be necessary. 

Other researchers are working on integrating solar technologies with existing fossil-fired plants 

(Petrov et al., 2012; Popov et al. 2011). The concept is simple enough. Solar technologies, including 

low-cost ones unfit for standalone CSP applications, can be used to perform various preheating and 

reheating tasks in large fossil plants. This concept has been demonstrated at Liddell coal power plant in 

New South Wales. The annual solar contribution from such retrofits is relative low, less than 5%, but 

when aggregated these retrofits can add up to significant displacement of fossil fuel. For example, solar 

repowering potential in the southern states of the U.S is estimated at 21 GWe, which more than the 

total installed capacity in Egypt a country of over 80 million people (Turchi et al., 2011). However, 

commercial operators have no economic incentive to undertake these solar repowering schemes as long 

as coal prices remain at low levels and no significant carbon taxes are imposed (Suresh et al., 2010). 

Therefore, the government support for this application may be necessary. 

 

6.1. Policy Tools 

 

If a government chooses to support integrated hybrids, it has at least four policy tools at its disposal: 

(1) direct grants, (2) low cost financing, (3) renewable portfolio standards (RPS), and (4) Feed-in 

Tariffs. The rest of this discussion focuses on the feasibility and appropriateness of these policy options. 

 

6.1.1. Direct Grants 

 

Direct grants are common in the developing world, and the easiest intervention to design and 

implement for hybrid plants. The World Bank has made $200 million dollars in financial assistance 

available for new Integrated Solar Combined Cycle Systems (ISCCS) through its Global 

Environmental Fund (GEF) (Hosseini, 2005). The fund covers the incremental costs of the 

concentrated solar component in the hybrid system. Incremental costs are defined as the difference 

between the cost of the integrated hybrid system and a reference conventional system of the same size 

(Horn et al., 2004). This facility has already given $50 million in funds to Egypt, which covered the 

cost of adding a 130,800 m
2
 parabolic trough solar field to the 140 MWe Kuraymat combined cycle 

power plant. The solar field’s nominal rating is 20 MWe, and its contribution to the net annual power 

production of the plant is approximately 4% (SolarPaces, website). The GEF has also contributed $43.2 

to the addition of a 20 MWe solar field to the 470 MWe Ain Beni Mathar plant in Morocco. Other 

projects that have received funding so far are in Mexico and Iran. In 2009, the World Bank has pledged 

another $750 million in Clean Technology Fund (CTF) to CSP deployment in five countries: Algeria, 

Egypt, Jordan, Morocco, and Tunisia (World Bank Website). 

The attractiveness of this policy tool lies in its simplicity. The funding entity can base the size of 

the grant on the estimated cost of the CSP equipment and the necessary modifications for the 
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integration. Once the plant is constructed and the solar equipment is installed, the funding agency does 

not need to monitor if the solar component is being utilized efficiently by the plant operator. Solar 

energy is free, which makes the marginal cost of solar generation lower than the marginal cost of fossil-

based generation. Therefore, the plant operator will invariably find it more economically sound to 

maximize the contribution of the installed solar equipment to the electric output mix of the plant. 

Optimal use of this policy tool depends on the context of the energy system under consideration. In 

OECD countries, where the fossil power generation base is already large, grants are best used in 

funding repowering projects of existing power plants. Avoiding new construction serves to allay fears 

of unintentionally leading to unnecessary expansion of fossil based generation. In developing countries 

where the electric sector needs expansion to meet growing needs, integration grants could be extended 

to new construction because fossil generation is likely to continue for the foreseeable future in these 

contexts. In any case, funding agencies need to be diligent in making sure that none of the grant amount 

is spent on conventional generation equipment. 

 

6.1.2. Low-cost financing 

 

Low-cost financing has been used in developed and developing nations to accelerate expansion of 

renewable generation. In the context of integrated hybrid generation, this policy tool is similar to the 

direct grant approach, but has a lower cost for the funding entity. Needless to say, low cost financing 

should only be extended to the incremental cost of the solar equipment. 

There are different ways in which governments can furnish access to low-cost financing for 

qualifying projects. In developed countries, governments can offer loan guarantees to qualifying 

projects, which improves the bankability of these projects. The United States Department of Energy, 

for example, is authorized to issue loan guarantees up to $10 billion to renewable generation and 

energy efficiency programs. Similar schemes are common throughout OECD countries. In developing 

nations, low-cost financing is likely to come from bilateral and multilateral development banks in the 

form of concessional capital. Algeria’s Hassi R’Mel ISSCS plant with a 25MW solar field and 125 

MW CCGT was financed by the German bilateral development bank (KfW) and the European 

Investment Bank (EIB) (Kulichenko & Wirth, 2011). 

 

6.1.3. Feed-in Tariffs 

 

Feed-in Tariff (FiT) programs are popular in developed nations and are beginning to gain traction 

in developing countries as well. FiT programs guarantee a payment to suppliers for power generated 

from renewable resources at a predetermined rate over a long period of time. The payment rate is 

typically based on the cost of generation for the type of technology. For example, solar generation 

usually receives higher FiT rates than biomass or wind because of its higher LCOE. Feed-in Tariff 

programs are believed to be the best available tool for utility-scale deployment of renewable 

technologies because they create certainty in the market place, which lowers financial risk for investors. 

Furthermore, these programs are easy to implement for renewable generation (Kulichenko & Wirth, 

2011). 

In contrast, integrated hybrid generation poses serious implementation challenges for FiT programs. 



17 

 

Electric output of the integrated hybrid system is homogenous, which makes it impossible for the 

regulator to distinguish the FiT-eligible solar-based electricity from ineligible fossil-based electricity. 

Different solutions have been proposed to address this issue. The simplest solution would be to create a 

new feed-in tariff category for integrated hybrid generation, with substantially lower payment rate than 

pure solar generation. The Algerian government has adopted this solution since 2004. It has put in 

place a payment rate schedule for integrated CSP-Fossil hybrid electricity based on the size of the solar 

share of the primary energy input: the lower the solar share, the lower the payment rate. The solar share 

of energy input is determined based on capacity, not actual generation, which simplifies the monitoring 

requirement. However, this capacity-based approach runs the risk of encouraging the construction of 

poorly designed integrated plants that have large solar fields but whose actual solar share of production 

is low. 

Another solution is to pay the full solar payment rate but only for the solar share of the electric 

output. This solution is significantly more complicated than the Algerian input-based tariff, because it 

requires knowledge of the solar share of the total electric output at any given moment. Petek (2010) has 

proposed three different ways of calculating the solar share: (1) Model-based output allocation, (2) Fuel 

demand model, and (3) Plant accounting system. These approaches are presented in order of increasing 

complexity.  

1. The Model-based output allocation approach uses a detailed thermodynamic plant model to 

determine the average solar share of total electric output for a given increment of time. The 

draw back of this approach is that it is not based on the actual performance of the plant, which 

risk overpaying or underpaying the operator. 

2. The Fuel demand model compares the amount of fuel consumed by the plant to the amount of 

electric output and calculates the solar share of output at any given point in time based on the 

difference between the plant’s actual fuel consumption rate per unit of electric output and the 

fuel consumption rate of a similar size fossil-only plant. The complexity of this approaches 

arises from the need to continuously monitor the plant’s fuel intake and electric output.  

3. Plant accounting system is the most complicated approach but the most reliable one to assess 

actual performance. It requires the monitoring of the plant’s electric output, fuel consumption, 

availability data for the plant, start-up data and steam temperature data at various stages of the 

generation process. This data can be fed into a specialized software that will calculate 

instantaneous solar share. The continuous nature of this allocation system makes possible for 

the power buyer to detect short-term fluctuations in the solar share.  

 

The outlined approaches makes it technically possible for the FiT policy to be applied to integrated 

hybrid generation. However, one suspects that the implementation of any of these methods would result 

in an increase in transaction costs, which would lower the overall efficiency of such a program. 

Furthermore, setting up the necessary technical infrastructure and know-how for implementation will 

come at a hefty cost for the power buying entity or the regulatory body. These costs may be justified if 

the government believes that the FiT program will be in place for an extended period of time and 

constitutes a long-term investment in the future of the energy system as a whole. However, this 

determination is context-specific and will have to be assessed on a case-by-case basis.  
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6.1.4. Renewable Portfolio Standards  

 

Renewable portfolio standards (RPS) is the prevailing policy tool in the United States and many 

OECD countries. It is a quota system intended to encourage renewable energy deployment by obliging 

retail electricity suppliers to reserve a portion of their electricity mix for renewable power. In order to 

prove compliance, suppliers are required to present the regulators with renewable energy certificates 

(REC) of equal amount to the quota. RECs are issued by the regulator for every unit of qualifying 

electricity. RSP programs do not set payment rates for renewable power. Therefore, they are considered 

more efficient than FiT programs because they foster price competition between generators 

(Kulichenko & Wirth, 2011).  

However, integrated hybrids present renewable portfolio standard program with same challenges as 

Feed-in Tariff programs. Regulators issuing renewable energy certificates will need to ascertain that 

only qualifying units of electricity are being awarded the certificates. In order to do this, complex 

methods of calculating the solar share of total electric output need to be used. As mentioned in the 

previous section, these methods may be technically feasible but they are costly to develop and 

implement, which will increase the transaction costs. 

 

7. Conclusion 

 

Hybrid renewable-fossil power plants are controversial. On the one hand, they could lead to the 

perpetuation of the fossil fuel economy, cannibalize potential markets for pure renewable generation, 

and reduce incentives for the development of cost-effective storage technologies. On the other hand, 

they could reduce the cost of renewable electricity, encourage wider deployment of renewable 

generation, and contribute to the learning curve in manufacturing and operating of renewable power 

technologies.  

Properly designed and implemented hybrid systems run more efficiently than haphazard hybrids 

and can exhibit economies of scope. Yet, these integrated hybrids may not gain traction because they 

are not as clean as standalone renewable generation and not as low-cost as conventional generation. In 

order for these hybrids reach wider deployment, they will need government support. If a government 

chooses to support these systems, there are many tools that it could use, such as direct grants, low-cost 

financing, feed-in tariffs and renewable portfolio standards. Each tool has it strengths and drawbacks, 

and no one single tool emerges as the silver bullet. The choice of policy should depend on the country’s 

energy system,  the regulatory agency’s capacity to monitor and enforce, and the long-term objectives 

of the government. 

More innovative hybrid designs are in the pipelines, some of which promise more economies of 

scope, higher conversion efficiency, and a reduced carbon footprint. Government policies will 

determine whether these technologies live or die, and how they are applied. The construction of new 

hybrid plants in rapidly growing, underserved electricity markets may be warranted. However, the 

ultimate goal of hybridization should be to “re-power” or “retrofit” existing generation facilities.  
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