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ABSTRACT 
 
 
Biomass is one of the main natural resources in Sweden. Increased utilisation 

of biomass for energy purposes in combined heat and power (CHP) plants can help 
the country meet its nuclear phase-out commitment. The present low-CO2 emission 
characteristics of the Swedish electricity production system (governed by hydropower 
and nuclear power) can be retained only by expansion of biofuels in the CHP sector. 
Domestic Swedish biomass resources are vast and renewable, but not infinite. They 
should be utilised as efficiently as possible in order to meet the conditions for 
sustainability in the future. Application of efficient power generation cycles at low cost 
is essential for meeting this challenge. This applies also to municipal solid waste 
(MSW) incineration with energy extraction, which is to be preferred to landfilling. 

 
Modern gas turbines and internal combustion engines fired with natural gas 

have comparatively low installation costs, good efficiency characteristics and show 
reliable performance in power applications. Environmental and source-of-supply 
factors place natural gas at a disadvantage as compared to biofuels. However, from 
a rational perspective, the use of natural gas (being the least polluting fossil fuel) 
together with biofuels contributes to a diverse and more secure resource mix. The 
question then arises if both these fuels can be utilised more efficiently if they are 
employed at the same location, in one combined cycle unit. 

 
The work presented herein concentrates on the hybrid dual-fuel combined cycle 

concept in cold-condensing and CHP mode, with a biofuel-fired bottoming steam 
cycle and natural gas fired topping gas turbine or engine. Higher electrical efficiency 
attributable to both fuels is sought, while keeping the impact on environment at a low 
level and incorporating only proven technology with standard components. The study 
attempts to perform a generalized and systematic evaluation of the thermodynamic 
advantages of various hybrid configurations with the help of computer simulations, 
comparing the efficiency results to clearly defined reference values.  

 
Results show that the electrical efficiency of hybrid configurations rises with up 

to 3-5 %-points in cold-condensing mode (up to 3 %-points in CHP mode), compared 
to the sum of two single-fuel reference units at the relevant scales, depending on 
type of arrangement and type of bottoming fuel. Electrical efficiency of utilisation of 
the bottoming fuel (biomass or MSW) within the overall hybrid configuration can 
increase with up to 8-10 %-points, if all benefits from the thermal integration are 
assigned to the bottoming cycle and effects of scale on the reference electrical 
efficiency are accounted for. All fully-fired (windbox) configurations show advantages 
of up to 4 %-points in total efficiency in CHP mode with district heating output, when 
flue gas condensation is applied. The advantages of parallel-powered configurations 
in terms of total efficiency in CHP mode are only marginal. Emissions of fossil-based 
CO2 can be reduced with 20 to 40 kg CO2/MWhel in cold-condensing mode and with 
5-8 kg CO2 per MWh total output in CHP mode at the optimum performance points. 

 
 

Keywords: Biomass, Municipal Solid Waste, Natural Gas, Hybrid, Gas Turbine, 
Internal Combustion Engine, Simulation, Electrical Efficiency, Total Efficiency.  
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NOMENCLATURE 
 
 
Latin letters: 
A  Constant  
B  Constant 
m  Mass of fuel   [kg] 
P  Power output   [MWel] 
Q  Energy    [MJ] 
 
 
Greek letters: 
η  Efficiency (electrical or total) 
φ  Fuel Energy Ratio 
µ  Efficiency (thermal energy transfer factor) 
 
 
Subscripts: 
See “Abbreviations” below 
 
 
Abbreviations: 
BC  Bottoming Cycle 
CC  Combined Cycle (straightforward, unfired) 
CCSF Combined Cycle with Supplementary Firing 
CHP  Combined Heat & Power 
DH  District Heating 
el  electrical (output, efficiency) 
FD   Forced Draught (fan) 
GT  Gas Turbine 
GTCC Gas Turbine Combined Cycle 
HCC  Hybrid Combined Cycle 
HFO  Heavy Fuel Oil 
HHV  Higher Heating Value (of fuels) 
HRSG Heat Recovery Steam Generator 
HP  High Pressure 
ICE  Internal Combustion Engine 
ID  Induced Draught (fan) 
LFO  Light Fuel Oil 
LHV  Lower Heating Value (of fuels) 
LP  Low Pressure 
LPG  Liquefied Petroleum Gas (propane-butane) 
MP  Medium Pressure 
MSW Municipal Solid Waste 
NG  Natural Gas 
ref  reference value 
ST  Steam Turbine 
TC   Topping Cycle 
tot  total (efficiency) 
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1. INTRODUCTION AND BACKGROUND 
 
 

1.1. Utilisation of Biofuels as Energy Sources 
 
 

1.1.1. Importance of biofuels in the energy sector 
 
Biomass has been used as fuel since the dawn of humankind. In the last two 

centuries however, it has been largely replaced by fossil fuels needed in ever-
rising quantities for the industrialized world. Production of fuels for transportation 
and economies of scale in centralized power generation have ruled out the use of 
biomass as primary energy resource. Biomass now contributes a very small 
fraction of the primary energy mix of the industrialized nations, although it is still 
important for the developing countries. 

 
In recent years, interest in biomass energy utilisation has risen significantly. 

Several major factors for this can be mentioned: lowered emissions of sulphur 
compounds and especially carbon dioxide, necessity for sustainable energy 
resource management, and decreased dependence on imported fossil fuels. Due 
to the increasing necessity for CO2-neutral power generation and sustainability of 
fuel supplies, increased use of biomass for energy purposes is inevitable if fossil 
fuel application is to be diminished. 

 
The amount of energy involved by nature in the production of photosynthetic 

products is enormous. The sun provides a continuous radiant power to our 
atmosphere of over 1017 W. Green plants collect and utilise around 0.02% of this, 
producing a total annual energy storage of 1021 J [Jenkins et al., 1998]. Plants’ 
photosynthesis also serves as the principal generator of atmospheric oxygen, 
crucial for the respiration of all life forms, as well as for all combustion reactions. 
Prior to human industrialization, total energy stored in biomass has been well in 
excess of human needs. Currently, the energy equivalent of biomass growth 
worldwide equals only about three times the total non-food energy consumption 
including all energy forms – fossil, nuclear, gravitational, geothermal and solar 
[Jenkins et al., 1998]. 

 
Views differ about how much of the total world energy needs are provided by 

biomass, depending on estimation methods, forms of energy included in the 
analysis and of course on the information available. According to Jenkins et al. 
[1998] and Gustavsson et al. [1995], who refer to the UN statistics, biomass 
constitutes around 6% of global non-food primary energy consumption, much of 
this through primitive low-efficient and polluting combustion in poorly controlled 
heating and cooking fires, which support the major share of the worlds population. 
According to other estimates, cited by Bain et al. [1998] and Gustavsson et al. 
[1995], biomass provides 14%-15% of world’s primary energy needs (the share in 
developing countries being much larger), which ranks it fourth as energy resource.  

 
As already mentioned, biomass is still a traditional and sometimes the only 

locally available source of energy for many developing regions in the world. Under 
favourable circumstances, biofuels can contribute significantly to the energy mix in 
industrialized countries as well. However, if biomass is to play a major role in the 
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world’s energy mix in the longer term, crops will need to be grown specifically for 
energy purposes. Studies performed by a number of investigators for example, 
have suggested that within 10 years the United States could conceivably produce 
large quantities of energy crops (more than 1400 TWh energy value), potentially 
competitive with coal in many locations [Bain et al., 1998]. 

 
In all industrialized countries, the last two decades have shown a dramatic 

upswing in bioenergy use. All kinds of biofuels have received increasing attention. 
This growth has been stimulated by favourable tax policies and regulatory actions 
both for utilities and industries. Still, a very small share of the worlds’ electrical 
energy comes from biofuels. On average for the European Union (EU), 2% of all 
electricity production is presently based on biomass residues or municipal solid 
waste (MSW). Finland is the leader in this respect, where around 13% of all 
electricity is based on biofuels, mainly residues from extensive forestry operations 
[Statens Energimyndighet, 2001]. The European Commission has set the goal of 
at least 10 GWth of biofuel-fired installations of all types until 2010 throughout EU, 
estimating the total practical potential for all types of biofuels (including extensive 
application of energy crops) to 60 GWth or 20 GWel [European Commission, 1997]. 

 
Biomass has always been one important natural resource for Sweden’s 

industrial and energy sectors. Now the role of biofuels in the Swedish primary 
energy mix is constantly increasing. Utilisation of biofuels has been continuously 
promoted and fostered by the energy and environmental policies applied over the 
past 30 years. The resulting increase in total use of biofuels in Sweden has been 
remarkable (see Fig. 1.1). In the end of 2000, biofuels corresponded to 16% of all 
primary energy consumption in Sweden (including also the traditional use of wood 
for heating private houses in the Swedish countryside, 12 to 15 TWh annually). 
[Statens Energimyndighet, 2001], [Svensk Energiförsörjning, 2001], [Hillring et al., 
2001], [Gustavsson et al., 1995].  

 

Fig. 1.1: Total use of biofuels in Sweden, in TWh, excluding chopped wood for traditional 
heating of detached houses in the countryside [data from Svensk Energiförsörjning, 2001 
and Statens Energimyndighet, 2001]. 

 
   
The largest users of biomass as a raw material in Sweden are the well-

established forest industries – pulp & paper and timber industries. Accordingly, the 
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these industrial processes or from the logging and handling operations. The forest 
industries are also the largest users of biofuel-based electricity and heat, utilising 
the residues from their own production. In a typical year, 90% of the harvested 
biomass from forests in Sweden will be used in the forest products industry (about 
half as timber and half as pulpwood) and 10% will be used as fuel wood. Around 
40% of the timber and pulpwood end up as residues and are eventually used for 
energy purposes. This means that about 45% of all harvested biomass in Sweden 
is used for energy purposes [Hillring, 2001]. 

 
Application of biofuels in the utility district heating (DH) sector in Sweden is 

also steadily growing (see Figs. 1.2 and 1.3). However, biofuel-based electricity 
generation still constitutes a very small share. As of 2000, only 4.5 TWh biofuels 
were used for electricity production, 1.6 TWh in utility CHP plants and 2.9 TWh in 
industrial cogeneration [Statens Energimyndighet, 2001]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.2: Types of biofuels used for utility district heating in Sweden in 2000. 
[data from Svensk Energiförsörjning, 2001 and Statens Energimyndighet, 2001] 

 
 

Fig. 1.3: Rise in biofuel application in the utility district heating sector in Sweden, in TWh.  
[data from Statens Energimyndighet, 2001] 
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1.1.2. Advantages and disadvantages of biofuel combustion 
 
The most significant advantages of biofuels are their CO2-neutrality and local 

production. Utilisation of biofuels generates revenues locally and decreases the 
country’s or regional dependence on imported fuels. In the case of MSW and other 
organic wastes, their utilisation as fuels saves the environment from dangerous 
effluents and eases the ever-growing problem of waste disposal.  

 
Well-controlled incineration is the preferred method for handling MSW. Ashes 

left after combustion and residues from flue gas treatment account for 20-25% of 
MSW weight or, due to higher densities, about 10% of MSW volume. If widespread 
electricity generation from MSW comes to fruition, it would cover about 3% to 5% 
of the total electricity consumption in all industrialized countries, the exact figure 
depending on the efficiency of the energy conversion systems [Consonni, 2000]. 

 
The standard measure for the energy content of any fuel is its heating value 

(calorific value), expressed as lower or higher heating value (LHV or HHV). On dry 
ash-free basis, raw biofuels have heating values comparable with those of mid-
quality coal, around 20 MJ/kg. The elemental composition of the fuel, together with 
its ash and moisture content, has an important effect not only on the fuel’s heating 
value but also on its combustion properties. Biomass contains large amount of 
oxygen in its elemental structure, which decreases the heating value but also 
decreases the amount of air needed for stoichiometric combustion and improves 
the volatility of the fuel. Ash in biofuels has a crucial importance for the design, 
performance and maintenance of combustion chambers and heat-exchange 
surfaces, due to the physical transformations that ash-forming substances undergo 
during the combustion process.  

 
Moisture is the factor that is of utmost significance due to its direct effect on 

the heating value of biomass and on its combustion behaviour. Freshly harvested 
woody biomass contains usually 50% moisture per total mass, which decreases 
the LHV to around 8 MJ/kg. Evaporation of water from the fuel swallows much of 
the heat released by the combustion process. Heat involved in water evaporation 
in the combustion chamber can be recovered only by flue gas condensation at 
very low temperature levels, provided that users for such low-value thermal energy 
exist. Furthermore, high amounts of water in the fuel can lead to difficulties for this 
fuel to be readily combusted. The autothermal limit (self-supporting combustion) 
for most biofuels is around 65% moisture content on wet basis (mass of water per 
mass of moist fuel). Moisture in biomass has also an impact on pollutant emissions 
from boilers, for example CO, a product of incomplete combustion. In addition, 
certain recycled wooden materials contain harmful contaminants from former 
processing, for example from gluing, painting or impregnation. Adequate care must 
be taken to ensure that resulting pollutants in the flue gases and ash are properly 
handled and disposed of. 

 
Other important issues for biomass energy utilisation are fuel production, 

delivery and handling. These are connected to some typical features of biomass, 
namely non-concentrated resource base, seasonal production, transportation 
distances, fuel processing difficulties and problems with fuel storage. Biomass and 
MSW collection for fuel use is somewhat labour and energy intensive. 
Transportation is a critical part of fuel management, especially for MSW. Although 
wastes are produced mainly within urban areas, relatively small collection vehicles 
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travel long distances in order to deliver a few tons of fuel; this can be compared to 
bulk transportation of thousands of tons of coal in railcars or barges. Having in 
mind the low energy density of raw solid biomass fuels (low calorific value per unit 
volume) and long haulage distances, the power input for transportation and the 
problems and uncertainties associated with fuel delivery have been addressed in 
various studies. Extending the analysis to accommodate all energy inputs for 
power plant construction and maintenance (with possible demolition in the end of 
service), plus disposal of ashes, leads to the so-called “life cycle analysis”. The 
main stress in such analysis is on the fact that all power input for biomass fuel 
delivery and utility construction is based on fossil fuels. This of course asks for a 
thorough investigation of the actual extent to which, for example, biomass 
utilisation as energy source reduces pollutant emissions (net emissions reduction). 
In other words, it is necessary to find out how much of the biomass-based energy 
production is really based on biomass.  

 
Estimations of fossil fuel energy input for biomass harvesting/collecting, 

handling, transport and utility construction are very difficult to perform and data is 
rarely accurate. Fossil fuel input for transportation has been found to be a 
negligible part of the energy value of biomass, though an important part of its cost. 
In precise figures, fossil energy input for biofuel transportation is generally less 
than 3% of the energy value of the biofuel, while transportation costs correspond 
to between 20% and 40% of the cost of the biofuel delivered at the end-user site 
[Angus-Hankin et al., 1995], [Forsberg, 2000]. Energy for biomass transportation 
by truck in Swedish conditions has been estimated to be around 1.4 MJ/ton-km 
[Börjesson, 1996; Börjesson and Gustavsson, 1996]. The fossil-based carbon 
emissions from biomass production and transportation have generally been 
estimated at around 1 g fossil carbon per MJ biomass energy (LHV) for forest 
residues and willow coppice; this figure is slightly higher for herbaceous crops 
[Boman and Turnbull, 1996].  Energy input for construction and maintenance of 
the energy conversion facilities contributes further to the fossil fuel use in biomass 
or MSW utilisation. In an attempt to carefully evaluate the net reduction of CO2 
emissions through biomass-based power generation, Mann and Spath [1999] 
arrive at the following figure: around 5% of the total CO2 emissions during the life 
cycle of a given biomass power unit are ultimately of fossil origin. This leads to the 
conclusion that biomass utilisation for energy purposes provides 95% neutrality of 
CO2 emissions. 

 
Unsorted MSW is far from CO2-neutral. Although mostly of biological origin, 

some of its constituents originate from fossil fuels. Plastics constitute a very small 
mass percentage in the total unsorted MSW, but a substantial percentage of its 
energy content. Comprehensive life cycle analysis for MSW-based power units in 
Japan has been performed by Otoma et al. [1997], who arrive at the conclusion 
that MSW incineration provides net CO2 reduction even at very low electrical 
efficiencies, the fossil carbon intensity of the supporting activities (MSW collection, 
materials, utility construction and maintenance) being less than 1 g fossil carbon 
per MJ thermal energy (HHV), without taking into account the fossil content of the 
MSW. The fossil carbon content of unsorted MSW have been cited by Gustavsson 
and Johansson [1994] as 8 grams fossil carbon per MJ thermal energy (LHV), yet 
these emissions are approximately two times less than those from natural gas and 
three times less than those from coal. 
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1.2. Development of Hybrid Combined Cycles 
 
 

1.2.1. Terminology 
 
There seems to exist no standardised technical term in the English literature 

for addressing the power cycles which we call here “hybrid combined cycles” 
(HCC). Instead, terms like “parallel-powered”, “compound”, “feedwater heating”, 
“unfired”, “fully-fired”, “windbox”, “exhaust gas refiring”, “series coupled CC” and 
others are often used. As long as these names represent different configurations 
of HCC and address certain properties of these types of configurations that 
differentiate them from each-other, they are widely accepted and will be used also 
in the text that follows herein. However, many of these names address the same 
type of configuration, being coined, proposed and used by different authors in 
different parts of the world. The text herein attempts to classify and systemize 
these various terms, giving priority to the ones that most clearly depict the major 
types and distinctive features of HCC configurations.  

 
The term “topping cycle” (TC) addresses the power cycle of any heat engine 

that accepts thermal energy at very high temperature level and whose remaining 
exhaust heat is utilised by another cycle at a lower temperature level. Typical 
examples for TC heat engines are the gas turbines (GT), the internal combustion 
engines (ICE) and the high-temperature fuel cells. The first two are well developed 
today and are widely used for all kinds of prime mover applications, including 
power generation. TC heat engines utilise high-grade gaseous or liquid fuels.  

 
The term “bottoming cycle” (BC) refers to any power cycle whose heat supply 

comes in the form of rejected heat from another power cycle by any means. The 
BC itself rejects heat at the lowest possible temperature level. A typical example of 
a BC is the well-known Rankine cycle, working with water/steam or any other two-
phase fluid. Other possible BCs are the air bottoming cycle (an air-driven expander 
in the form of an externally-heated gas turbine) or externally-heated piston engines 
(Stirling engines). Power units of all these types can have their own fuel input while 
serving as bottoming cycles to a topping engine. The present study concentrates 
on conventional steam Rankine cycles with various parameters as BC fired with 
woodchips or MSW in small and middle scales, or coal as large-scale reference. 

 
The “TC” and “BC” terms make sense only if a combination of power cycles 

exists, one of which is the topping, another one the bottoming. The most common 
such combination is the gas turbine combined cycle (GTCC) – a GT as TC and a 
steam Rankine cycle as BC. It can be also addressed as “straightforward” or 
“unfired” GTCC, as long as the only fuel input is at a high temperature level in the 
GT combustion chamber, while the steam cycle utilises only the remaining heat in 
the GT exhaust. The straightforward GTCC is the most energy efficient power 
cycle today. A simplified example is presented in Fig. 1.4. 

 
The term “supplementary firing” denotes additional firing of the same or 

similar fuel in the heat recovery steam generator (HRSG) as in the gas turbine 
itself. Supplementary firing is often used in combined cycles for various reasons, 
which transforms a straightforward (unfired) GTCC into a fired or fully-fired GTCC. 
Supplementary firing in the HRSG with the same fuel as for the GT is a common 
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practice and can be employed for purposes like increasing power output from the 
BC for meeting peak-loads, offsetting the GT loss of power at high ambient 
temperatures, improving part-load efficiency, or simply achieving higher steam 
superheat/reheat temperatures, higher flexibility in delivering varying amounts of 
process steam and possibility to run as a pure steam cycle during GT outage. 

 
 
 
 
 
 
 

 
 
 
 Fig. 1.4:  Simplified  chart  of  a 

           straightforward (unfired) GTCC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
             

    
Fig. 1.5:  Simplified chart 
of a fully-fired (windbox) 
HCC. 

 
 
 
 
 
 
 
 
 
 
 
 
             

       Fig. 1.6:  Simplified chart              
of a parallel-powered HCC 
with feedwater preheating. 
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If another fuel is used to provide additional heat input for the BC, the 
supplementary-fired GTCC will be transformed into a dual-fuel HCC. The BC then 
has its individual combustion chamber, in which the bottoming fuel is fired. Two 
basic types of hybrid dual-fuel combined cycle arrangements are possible: 

 
1) Fired or fully-fired HCC, where the TC exhaust (either hot or cooled) is supplied 

to the bottoming boiler and used as combustion air for firing the BC fuel.  
2) Parallel-powered HCC, where thermal energy from the TC exhaust is utilised 

for feedwater preheating and/or additional steam generation parallel to the BC.  
 

Simplified examples of fully-fired and parallel-powered HCC are presented in 
Fig. 1.5 and Fig. 1.6, respectively. All figures of HCCs later in this text feature 
different modifications, variations or blends of these two basic configurations. The 
overall structure of the “family” of combined cycles is summarized in Table 1.1. 

 
 

Table 1.1:  The “family” of combined cycles. 
 
 

Definition of a  
Combined Cycle 

 
 
 
 

Diversification by 
supplementary  
firing  

 
 
 
 

Diversification by  
type of fuel for the 
bottoming cycle 

 
 
 

Diversification by 
cycle arrangement 
(and various 
proposed names) 

 
 
 
The term “hybrid combined cycle” depicts the distinctive features of all hybrid 

configurations in a generalised way and unifies them under one common name. As 
compared to the supplementary-fired cycles, the term “hybrid cycles” denotes 
specifically “dual-fuel” combined power cycles, which means combined cycles in 
which different fuels are used for the topping and bottoming cycle. This is one of 
the big advantages of the HCC, namely the possibility to utilise low-grade fuels 
(solid fuels) in the bottoming cycle, together with utilising the full potential of high-

General Concept of Combined Cycles: 
Any thermal interconnection between a topping and a 
bottoming power cycle where exhaust heat from the 
topping cycle is transferred to the bottoming one 

CC without supplementary firing, 
the “straightforward” or “unfired” 
combined cycle 

CC with supplementary firing 
in the bottoming cycle 

The same or similar 
type of fuel  

for the TC and BC 

Different types of fuels  
for the TC and BC: 

a “Hybrid Combined Cycle” 

Fully-fired,  
Series coupled, 

Exhaust gas refiring, 
Windbox cycles. 

Parallel-powered, 
Feedwater preheating, 

Parallel steam generation, 
Compound cycles. 

Specific CC concepts, 
such as Pressurised 

Fluidised Bed CC, etc. 
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grade fuels (gaseous or liquid) in the topping cycle, availing of the synergy effect of 
the thermal coupling between the two sub-cycles. The present study focuses on 
hybrid cycles employing only conventional technology with standard components, 
namely gas turbines and internal combustion engines as TC and steam Rankine 
cycle as BC, excluding advanced or novel topping or bottoming sub-cycles.  

 
Fully-fired cycles are divided in two main types: hot windbox or cold windbox. 

In the hot windbox type GT exhaust is fed directly into the BC boiler (as shown in 
Fig. 1.5). In the cold windbox type the GT exhaust is first cooled down to a lower 
temperature level (by various options of, for example, supplying heat for parallel 
steam generation or feedwater preheating), after which is fed to the BC boiler. 
Cold windbox arrangements actually allow for a certain blend of features typical to 
both the fully-fired and parallel powered types of hybrid cycles. Thus, in this text, 
cold windbox configurations are addressed as “mixed fully-fired / parallel powered” 
hybrid cycles, which seems to be the most descriptive denomination. 

 
 

1.2.2. Brief Historical Overview  
 
The HCC concept is not new. The first suggestions for such a thermal 

connection between a TC and a BC originate as long back as the idea for a GTCC 
itself. The first proposed general combined cycles, well before 1960, included 
supplementary firing in the HRSG. The gas turbine was just entering its first 
industrial applications at that time, and its performance was not as advanced and 
reliable as it is now, so supplementary firing was an important tool to achieve 
reasonable efficiencies in the steam BC. Most of the very first commercial GTCC 
units had a fired HRSG or a conventional boiler with the same fuel as the GT. At 
that time they showed 5-6% higher efficiencies than the conventional steam plants 
[Horlock, 1995], [Brander and Chase, 1991]. Limited supplementary firing in the 
HRSG of a GTCC with one steam pressure level for the BC would result in 
increased cycle efficiency. In the case of more advanced heat utilisation in the 
HRSG (dual steam pressure level with reheat), efficiency would not increase with 
supplementary firing, but nonetheless supplementary firing of up to 30% would not 
result in large efficiency loss [Finckh and Pfost, 1991], [Bettocchi et al., 1989]. 

 
Since coal is generally the most accessible and lowest-cost fuel for large-

scale power generation, the first proposed dual-fuel HCC had a coal-fired BC. 
Serious considerations for HCC development have started with the suggestion for 
installing topping gas turbines on existing coal-fired steam boilers, after technical 
and economical studies undoubtedly showed that this would be an easy and cost-
effective way to increase both output and efficiency of the old coal power plants. 
Simple addition of a gas turbine to an existing plant with minor modifications of the 
steam circuit and boiler is one method for “repowering”, namely the refurbishment 
of old plants by transformation into HCC units. Low-investment strategies for the 
renewal of old steam generators have been developed in most industrialized 
countries, based on the ground of needed increase in installed power, increase in 
efficiency and refurbishment of ageing boilers with minimum financial burden. The 
leaders in this development were countries with ageing coal-fired power plants, 
available modern gas turbine technology, and energy efficiency at the top of the 
agenda of their governmental energy plans. Of course, availability of natural gas 
(or other high-grade GT fuel) at affordable prices is a prerequisite.  
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Repowering is not the primary interest in HCC. New power stations in HCC 
configuration have also been designed and constructed throughout the years. One 
early example is the 770 MWel fully-fired HCC unit with a coal-fired steam BC in 
Germany. It went into operation in 1984 as “unit K” of the large power plant 
“Gersteinwerk”. Its flowchart is shown in Fig. 1.7. The HCC unit in Gersteinwerk 
used a fully-fired arrangement, where the GT exhaust was directly fed to the coal 
boiler and coal mills. Oxygen in the GT exhaust constituted only a small part of the 
boiler requirements, so large amounts of additional fresh air were supplied and 
mixed with the GT exhaust before the boiler. Despite the very low inlet conditions 
for the gas and steam turbines, the net efficiency of the entire power station 
(including losses for flue gas desulphurisation) reached 41% [Termuehlen, 1986]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.7:  Layout of the “Gersteinwerk  
Unit K” fully-fired HCC with a coal-fired 
bottoming boiler  [Termuehlen, 1986]. 

 
 
 

Some authors address the configuration in Fig. 1.7 as a cold windbox type, 
due to the fact that the GT exhaust is mixed (and therefore cooled) by a large 
amount of fresh air before entering the furnace. Any windbox configuration has 
advantages or disadvantages in terms of efficiency (exergy utilisation of the GT 
exhaust), part-load behaviour, ease of construction and maintenance or necessary 
boiler modifications. Fully-fired configurations have been proposed by Termuehlen, 
[1986], Linnemeijer et al., [1987], Morikawa et al., [1993], Takizawa et al., [1993], 
Walters, [1995], Ploumen and Veenema, [1995], and others. 

 
Parallel-powered hybrid cycles have also been proposed both for repowering 

of old steam plants and as new ones. The parallel-powered cycle can often be the 
preferred (lowest cost) alternative for utilities in the quest for peaking capacity 
upgrading. Steam cycle for base-load duty can be easily augmented by a topping 
GT for peak-load duty. Parallel-powered arrangements typically feature higher 
flexibility than windbox ones, with inherent ability for the BC to run independently of 
the TC. For example, by utilising GT exhaust for feedwater preheating additional 
power is produced in the ST. The additional power for peak-load coverage can be 
easily and rapidly raised by the GT, while the ST is in continuous operation and 
can supposedly accept its own load increase when feedwater preheating starts to 
be provided by GT exhaust. In other configurations TC exhaust can be utilised for 
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parallel steam generation or steam reheat. Parallel-powered configurations have 
been proposed by Kamminga, [1987], Galletti, [1990], Brückner et al., [1992], 
Bauer et al., [1993], Melli et al., [1992], Pfost, [1997], and others.    

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.8:  Proposed layout of a 
parallel-powered HCC with a coal-
fired steam generator and GT 
exhaust heat recovery for feedwater 
preheating [Brückner et al., 1992]. 

 
 

Fig. 1.9: Schematic layout of the new industrial cogeneration HCC units in Thailand. Each 
unit comprises one coal-fired steam generator and two NG-fired gas turbines. GT exhaust 
provides full steam reheat and feedwater preheating [Hansen and Jensen, 2000]. 

 
 
A typical layout of a parallel-powered cycle with feedwater preheating for 

repowering applications is shown in Fig. 1.8. Feedwater preheating by gas turbine 
exhaust results in 25 MWel output increase from the steam turbine, due to closing 
of steam extractions, provided that the ST can accept the increased steam flow. 
The efficiency improvement featured by the hybrid combined cycle, as compared 
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to the summed performance of the steam cycle plus the open gas turbine cycle 
working independently, is 5.5 %-points. Peaking capacity is provided at a roughly 
50% efficiency based on GT fuel [Brückner et al., 1992]. 

 
One good example of a newly constructed large-scale parallel-powered CHP 

plant are the two 230 MWel units in Thailand, using GT exhaust for steam reheat 
and feedwater preheating. Their layout is shown in Fig. 1.9. 

 
 

1.2.3. Biomass-fired Bottoming Cycles 
 
Very few publications regarding hybrid configurations with wood-fired BC 

have been presented at international venues. In what is probably the only relevant 
conference paper, Spath and Overend [1996] propose several hybrid 
arrangements of a GT combined with a biomass-fired bottoming combustor. The 
hybrid cycle concepts are only outlined in the paper, while it is stated that further 
work will be performed on detailed design of the cycle arrangements and on their 
performance and economic analyses. The authors conclude that biomass-fired 
steam cycle combined with a natural gas fired GT is a promising concept, if 
utilisation of biomass as energy source is to be increased in the near future [Spath 
and Overend, 1996]. However, the authors appear to have not been able to 
continue their work and a subsequent article was never published.  

 
Swedish researchers at industrial and academic institutions have been quite 

prolific in the field. Relevant work on biomass and natural gas fired HCC systems, 
though not presented internationally, has been performed in the form of internal 
reports and M.Sc. theses. An overview of Swedish research is presented in each 
relevant sub-section, after the internationally published articles. 

 
Two valuable and early works are the internal reports for Vattenfall Utveckling 

AB by Bergman [1992] and Westermark [1992]. The applicability of biomass HCC 
systems as CHP units in Sweden is evaluated in fully-fired and parallel powered 
configurations. Topping fuel is LFO or LPG. Bergman concludes that HCC systems 
present only marginal efficiency gains over separate plants, while Westermark 
carefully evaluates efficiency gains (both electrical and total efficiency) for a 
number of hybrid configurations with given topping and bottoming alternatives, 
including innovative sub-cycles, and recognizes hybrid cycles as technically and 
economically attractive for certain locations in the near future.  

 
Kunert [1995] modelled one fully-fired and one parallel-powered HCC of a GT 

combined with a biomass boiler at given NG-to-biomass fuel ratio. The work of 
Kunert is the first among publicly available literature to attempt a systematic 
comparison between the HCC electrical efficiency and the average efficiency of 
two individual single-fuel units - a simple biomass-fired steam cycle and a highly 
efficient NG-fired GTCC. 

 
One quite comprehensive and relevant research work, Egard et al. [2000], 

has been performed in collaboration between Sydkraft Konsult AB (later renamed 
to Sycon Energikonsult AB) and the Department of Heat & Power Engineering in 
Lund, Sweden. The first half of the report describes existing HCC plants and 
carefully examines the potential for constructing HCC units in CHP mode in 
Sweden. The authors consider the option of repowering biomass-fired CHP plants 
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and hot-water boilers with gas turbines. Economic calculations with sensitivity 
analysis on costs are presented. The second half of the report focuses on 
thermodynamic calculations of three different HCC CHP configurations, together 
with sensitivity analysis on the overall performance from varying BC parameters, 
with a given GT as TC. The topping-to-bottoming fuel input ratio is varied by 
varying the BC fuel input. An attempt is made to evaluate the efficiency 
advantages of the modelled hybrid configurations compared to the average 
performance of two separate single-fuel units based on the given fuel ratio, using 
the power output of the simple GT cycle as reference. 

 
Wyszkowski [2001] evaluated a fully-fired HCC in CHP mode for industrial 

applications without a steam turbine. Various NG-fired gas turbines are considered 
as topping engines, with wood pellets fuelling the bottoming steam boiler. The 
hybrid configuration is compared economically to a various simple-cycle options. 
The conclusion is that hybrid CHP cycles are not attractive for the industrial 
conditions investigated, since their total costs are higher than individual single-fuel 
CHP cycles based on natural gas. 

 
A recent study performed by Kassem and Harvey [2001] elaborates further 

on some interesting topics relevant to biomass-fired HCC development.  A short 
literature revue is included. The core of the study presents an investigation of two 
important issues: uncertainty (risk) analysis of hybrid CHP systems and cost-
effectiveness of CO2 emissions reduction in industrial hybrid CHP plants. The HCC 
model is the same as the one simulated by Wyszkowski [2001]. The conclusion is 
that hybrid CHP systems in industrial applications are not cost competitive. A 
decrease in the investment costs for biofuel firing, decrease in the ratio of biofuel 
price to NG price and revised CO2 taxation system would increase the 
competitiveness of hybrid cycles. 

 
 

1.2.4. MSW-fired Bottoming Cycles 
 
Hybrid cycles with MSW as bottoming fuel have been a more attractive topic 

for researchers from all industrialized countries, with publications regularly 
appearing at international venues during the last 15 years. MSW is a sustainable 
energy resource, available in reasonable quantities in every large community. 
Energy utilisation of MSW and its electrical efficiency is becoming an important 
issue, together with other merits of MSW incineration.  

The comparatively large interest in improving the electrical efficiency of MSW 
incineration with cost-effective methods is based on the fact that MSW-fired power 
cycles have typically very modest steam parameters and consequently very low 
electrical efficiencies. The extremely aggressive nature of the exhaust gases from 
MSW incineration (containing hydrogen chloride and molten alkali salts) forces the 
superheat temperatures down to around 400oC, in order to avoid corrosion of the 
metal structures as much as possible. Application of low steam parameters is 
further supported by small-scale, low-investment construction and the fact that 
achieving high electrical efficiency is often not a priority in MSW incineration. A 
typical steam cycle based on a MSW incinerator would have superheat 
temperature of maximum 400oC, flue gas temperature after the last heat-exchange 
surface of minimum 200oC and electrical efficiency far below 30%. Improved 
electrical efficiency from MSW-fired steam units can be achieved by tolerating 
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higher corrosive rates for increased superheat temperatures, and consequently 
higher maintenance costs. Development programs of such nature are ongoing in 
Japan and Europe [Terasawa and Ogura, 1993], [Consonni, 2000].  

 
A more cost-effective method for increasing the electrical efficiency without 

new materials or expensive investments is the possibility to superheat the steam in 
a separate heat exchanger by combusting cleaner fuels. One suggestion for 
external superheating in a NG burner has been presented by Eber et al. [1989]. 
The energy input in the form of gas has been limited to 25% of the total energy 
input. Results prove that this simple approach is technically, thermodynamically, 
and economically viable [Eber et al., 1989]. 

 
The incorporation of the MSW boiler as a BC into a HCC, where the topping 

exhaust provides superheating, can substantially improve the electrical efficiency 
of MSW energy utilisation using only conventional technology. This is relevant to 
any steam cycle with low steam parameters. Chronologically the first suggestions 
for MSW incineration in HCC with NG-fired topping GT have been put forward by 
Lowry and Martin [1990] and Wiekmeijer [1990]. Lowry and Martin evaluate a 
simplified arrangement of a GT whose exhaust gas superheats the MSW-
generated steam (the authors have been granted a US Patent). The conclusion is 
that such power cycles can be economically viable, depending on NG price, tipping 
fees for MSW disposal, and on electricity price [Lowry and Martin, 1990]. 
Wiekmeijer stresses on a parallel-powered cycle arrangement with economiser 
and final superheater in the HRSG behind the GT [Wiekmeijer, 1990]. 

 
Several Japanese authors elaborate on possible development of HCC plants 

for MSW incineration in a series of articles. Terasawa and Ogura [1993] shortly 
mention the HCC alternative in their evaluation of systems for rationalization of 
waste incineration practices. Ito et al. [1996] use mathematical tools to evaluate 
the economic and energy characteristics of a MSW boiler topped by a GT in CHP 
mode. Sue [1996] suggests application of a steam-injected GT as TC in a MSW-
fired power unit. Otoma et al. [1997] perform a comprehensive life-cycle analysis 
for the general case of MSW-based electrical production in Japanese conditions, 
using a base-case MSW-fired power plant with very low steam parameters and 
electrical efficiency of 15%. Results show that electricity production from this basic 
waste-to-energy plant is 9.5 times higher than the energy involved in supporting 
activities over the whole life-cycle of the facilities, while avoided CO2 emissions 
correspond to 4.1 times the emitted CO2 from supporting activities. Otoma et al. 
evaluate also two options for topping their base-case boiler with a GT, and point 
out that there are already three MSW incinerators in HCC arrangements with 
topping GT in operation in Japan, as of 1997 [Otoma et al., 1997].  

 
Holmgren [1998] focuses on thermodynamic calculations with sensitivity 

analysis of the overall performance on BC parameters and economic evaluations 
with sensitivity analysis of costs. Three different HCC configurations of a GT 
combined with a MSW-fired boiler are carefully modelled in CHP mode, only one 
of them features final superheating of all steam in the GT exhaust. An attempt is 
made to evaluate the advantages of the modelled hybrid configurations by 
comparison with existing single-fuel MSW-fired CHP plants and GTCC plants.  

 
Korobitsyn et al. [1999] carefully examine three major MSW and GT HCC 

configurations, as shown in Figs. 1.10, 1.11 and 1.12. All three configurations 
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feature final superheating of all steam by the GT exhaust gas. Fig. 1.13 clearly 
presents a comparison of HCC electrical efficiency as related to the average 
efficiency of two individual single-fuel plants (one simple MSW-fired steam cycle 
with efficiency of 24.9% and one NG-fired GTCC), though without consideration of 
scale effects. 

 

Fig. 1.10: MSW and GT HCC in parallel     Fig. 1.11: MSW and GT HCC in fully-fired 
configuration with parallel steam genera-    (warm windbox) configuration. Case 2 in  
tion. Case 1 in Korobitsyn et al. [1999].     Korobitsyn et al. [1999]. 
 

 

Fig. 1.12: MSW and GT HCC in mixed  Fig. 1.13:  Efficiency gain for the MSW and 
parallel-powered/fully-fired (cold windbox)  GT HCC configurations. Results compared 
configuration. Case 3 in Korobitsyn   to the average efficiency of separate single- 
et al. [1999].      fuel units [Korobitsyn et al., 1999]. 

 
 
Korobitsyn and co-authors are the first to internationally publish a detailed 

comparison of efficiencies (as illustrated in Fig. 1.13) and to suggest formulations 
for the exact evaluation of electrical efficiency attributable to the MSW fuel within 
the HCC. Results show that the energy conversion efficiency for MSW in the HCC 
configurations rises by 3.7 to 4.4 percentage points; Case 2 (Fig. 1.11) is the most 
advantageous and utilises the highest share of MSW [Korobitsyn et al., 1999]. 

 

Case 3 

Case 2 
Case 1 
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Consonni [2000] also proposes MSW cycle configurations with a GT as TC, 
where all superheating is done in the HRSG behind the gas turbine. His study 
concentrates on parallel-powered HCC layouts, mentioning the advantage of 
keeping the GT exhaust gas flow separated from the MSW exhaust. This allows 
the GT exhaust temperature to be lowered to its lowest permissible value (far 
below the MSW flue gas temperature) while the flue gas scrubbing and 
conditioning systems are free from the burden of handling mixed gas streams. One 
representative configuration is shown in Fig. 1.14. Consonni also stresses the 
importance of estimating the efficiency attributable to MSW within the HCC. His 
results show that electrical efficiency based on MSW can reach close to 36% net, 
at a scale of more than 150000 tons/year MSW input. Compared to the simple 
MSW steam Rankine cycle, the increase in efficiency of electricity generation from 
MSW within the HCC is about 1.5 times. Consonni recognizes the effects of scale 
in his efficiency comparisons. He also presents a thorough cost calculation and 
economic analysis of MSW energy utilisation plants for European conditions. One 
Spanish engineering company claims to hold a patent on a similar configuration 
and is building such power unit in Spain [Consonni, 2000]. 

 
A recent report by Bartlett and Holmgren [2001] investigates the feasibility of 

converting the topping GT of the existing waste incineration HCC CHP plant in 
Linköping (Gärstad) into an evaporative GT, thus improving the performance. 
Extensive calculations provide an insight into efficiency advantages, the effect on 
CO2 emissions, and the effect on district heating load.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 1.14: Schematic of a “waste-to-energy” HCC firing NG and MSW. Parallel-powered 
arrangement with two pressure levels parallel steam generation with reheat in the HRSG 
and full superheat by GT exhaust [Consonni, 2000]. 

 
 

1.2.5. Internal Combustion Engines in Hybrid Cycles 
 
Researchers and developers have generally been less active in proposing or 

evaluating HCC configurations with internal combustion engines (ICE) as TC. 
Straightforward (unfired) combined cycles based on internal combustion engines 
provide only limited increases in electrical efficiency, due to the specific features of 
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engines, namely that large amount of heat is rejected at low temperature levels 
with the cooling media. However, engines are suitable topping cycles for 
integration into HCC of any scale, where the bottoming cycle with its own fuel input 
can help to substantially enhance the energy utilisation from all engine heat 
rejection streams. Supplementary firing with the same fuel as for the engine itself 
can also be used in combined cycles based on ICE for various reasons [Makansi, 
1994], [Finn, 1995], [MackShelor, 1995], [Niemi, 1997], [Sinatov, 1998]. 

 
Potential advantages of ICE relative to repowering with gas turbines have 

been pointed out by Makansi [1994] as follows: greater flexibility matching prime 
mover to existing steam cycle, reduced impact on performance from unfavourable 
ambient temperature and air conditions (especially relevant to warm climates), 
greater flexibility and better capability for meeting radically changing thermal and 
electrical loads. Finn [1995] evaluates HCCs with diesel engines and coal-fired 
boilers, indicating that they can be competitive to GTCCs in scales less than 100 
MWth fuel energy input, showing unrivalled load flexibility and economic 
advantages. MackShelor [1995] promotes repowering of old coal-fired steam 
power units with one or more gas or diesel engines in mixed parallel-powered/fully-
fired arrangements with investment costs less than those for repowering with GTs.  

 
Hybrid cycles with an ICE and biomass or waste fuels in the BC can combine 

the high electrical efficiency of the ICE with the possibility for utilisation of a low-
quality fuel in the BC, maintaining a good potential for either power production or 
CHP [Stenhede, 2001], [Niemi, 1997]. Price and Chilton [1987] have presented in 
a case study one perfect example for cogeneration application of a diesel engine 
combined with a steam boiler fired with coal and refuse derived fuel, without ST. 
The configuration layout is shown in Fig. 1.15. Performance in all operating modes 
has been satisfactory. The further option for using a HCC concept with a steam 
turbine is suggested [Price and Chilton, 1987]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.15: Schematic of the HCC CHP cycle at Fort Dunlop, England. Part of the engine’s 
exhaust gas is used as combustion air in the boiler (together with fresh air), while the rest 
of the exhaust heats a DH economiser, parallel to the economiser of the boiler. No power 
production equipment in the bottoming cycle, only hot water and steam for district heating 
and industrial purposes [Price and Chilton, 1987]. 
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Several interesting M.Sc. thesis reports featuring ICEs in hybrid cycles have 
been produced in Sweden [Broberger, 1995], [Björnsjö, 1996] [Andersson and 
Tomic, 1996]. In the form of case studies, they examine different possibilities for 
repowering existing steam plants with diesel engines or establishing a thermal 
connection between closely situated operational steam and ICE units. Preferred 
HCC configuration is the cold windbox with feedwater preheating. Diesel engine 
repowering is concluded as a viable alternative, yet providing less efficiency gain 
and higher economic burden than GT repowering. A thermal connection between 
existing steam cycle and diesel engine would provide a 3.3 %-point increase in 
electrical efficiency compared to the summed performance of the separate units.  

 
One relevant thesis work has been performed by Håkansson [1998], where 

the main topic is a careful modelling and evaluation of a HCC comprising an ICE 
and a biomass-fired bottoming boiler. Three different hybrid configurations are 
modelled in CHP mode. Three different engines with different sizes, efficiencies 
and exhaust gas temperatures are used in all configurations. Low-temperature 
heat sources from the engine are used for district heating together with heat from 
the backpressure condenser of the ST. Each configuration is extensively simulated 
at varying natural gas to biomass fuel input ratios. A valuable attempt is made to 
assess the thermodynamic advantages of the modelled hybrid cycles by 
comparison to the average performance of two separate simple-cycle units. The 
performance of the ICE in simple cycle mode is used for this comparison while a 
straightforward combined cycle based on the ICE is recognized as inappropriate 
basis for comparison. The effect of scales on the performance and steam 
parameters of the steam turbine is also recognized and taken into account in the 
evaluation of thermodynamic advantages. 

 
Another early and very interesting study has been performed by Wingård et 

al. [1988]. The authors experimentally evaluate the possibility for NOx reduction by 
reburning, when ICE exhaust is used as combustion air in a fluidised bed boiler 
fired with mixed coal and biomass fuel. The applicability of internal combustion 
engines for HCC configurations and their advantages to gas turbines in small 
scales are pointed out. 

 
 

1.2.6. State of the Art 
 
There are several good examples of existing hybrid combined cycles with 

biofuel-fired BC in Sweden and other countries in Northern Europe. An overview is 
presented in Table 1.2 on next two pages. Some of the units are repowered cases, 
while the rest are greenfield applications. One direct conclusion is that biomass- 
and MSW-fired BC in hybrid combined cycle configurations posses a large 
potential for widespread use, provided that natural gas (or any high-grade fuel) to 
power the topping cycle is available at affordable price. All described 
configurations have been commissioned as the most rewarding ones out of various 
alternatives. They have proven their advantages in commercial operation. 

 
 

Table 1.2: Overview of existing HCC units with biofuel-fired bottoming cycles in Northern 
Europe. Data is collected from publications and personal communication with operators. 
More information can be found in the literature survey report [Petrov, 2002].  
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Power plant 
location Year Configuration & fuels Design output Status 

Sandviken 
(old unit), 
 Sweden 

1991 

Parallel-powered, CHP. 
TC: GT fired with LPG/LFO. 
BC: Repowered steam boiler, fired with 
woodchips/peat/residues, saturated 
steam at 20 bar/215oC; 
Superheat entirely by GT exhaust to 
470oC. Backpressure ST. 

GT: 4.2 MWel 

ST: 5.4 MWel 

 
DH: 32.7 MWth 

out of 
operation 

Eskilstuna 
(old unit), 

  Sweden 
1991 

Fully-fired, CHP (cold windbox with DH    
supply from GT exhaust). 
TC: GT fired with LPG/LFO. 
BC: Repowered hot-water boiler, 
woodchips. No ST, only heat output. 

GT: 4.2 MWel 

 
DH: ~60 MWth 

out of 
operation 

Karlskoga, 
Sweden 1991 

Parallel-powered, parallel steam 
generation, industrial and DH CHP. 
TC: GT fired with LPG/LFO. 
BC: Several steam boilers, one fired with 
MSW, two others with peat/woodchips, 
common steam header at 25 bar/300oC. 
Single-pressure HRSG behind the GT 
supplies steam to the ST at  
45 bar/460oC. 

GT: 25 MWel 

ST: 11 MWel 

 
DH: 160 MWth 

GT out of 
operation 

Linköping 
(Gärstad), 
Sweden 

1995 

Parallel-powered, CHP. 
TC: GT fired with LPG/LFO. 
BC: Repowered steam boilers (3)  
fired with MSW, saturated steam at 18 
bar/207oC; Small amount of steam is 
generated in the HRSG behind the GT. 
Superheat entirely by GT exhaust to 
430oC. Backpressure ST. 

GT: 25 MWel 

ST: 25 MWel 

 
DH: 85 MWth 

in 
operation 

Helsingborg,  
Sweden 1999 

Parallel-powered, parallel steam 
generation, CHP. 
TC: GT fired with NG/LFO. 
BC: Steam boiler fired with wood pellets. 
Common steam header with the single-
pressure HRSG behind the GT. Steam at 
110 bar/530oC to a backpressure ST. 

GT: 43 MWel 

ST: 83 MWel 

 
DH: 186 MWth 

in 
operation 

Horsens,  
Denmark 1992 

Parallel-powered, parallel steam 
generation, CHP. 
TC: GT fired with NG. 
BC: Two steam boilers fired with MSW. 
Common steam header with the single-
pressure HRSG behind the GT. Steam at 
47 bar/425oC to a backpressure ST. 

GT: 22 MWel 

ST: 13 MWel 

 
DH: 43 MWth 

in 
operation 

Avedøre,  
unit 2,  

Denmark 
2001 

Parallel-powered with feedwater 
preheating, large-scale CHP. 
TC: Two aeroderivative GTs fired with 
NG, used for peak-shaving. 
BC: Two steam boilers - one large fired 
with NG, one smaller fired with straw. 
Common steam header at supercritical 
305 bar/582oC. ST with DH extractions. 
GTs’ exhaust preheats the condensate/ 
feedwater for the two steam boilers.  

GT: 102 MWel, 

 

ST: 383 MWel, 
max. 535 MWel 

 
DH: 545 MWth, 
max. 620 MWth 

in 
operation 
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Power plant 
location Year Configuration & fuels Design output Status 

Lohja 
(Kirkniemi),  

Finland 
1997 

Parallel-powered, parallel steam 
generation, industrial CHP at a pulp & 
paper mill. 
TC: GT fired with NG/LFO. Possible 
supplementary firing in the HRSG. 
BC: Repowered steam boiler fired with 
wood wastes/bark/sludge. Three-
pressure HRSG behind the GT. 
Common HP steam header at 80 
bar/520oC to a backpressure ST. 

GT: 72 MWel 

ST: 38 MWel 

 
Process steam 
at two pressure 
levels (MP, LP) 

from ST and 
HRSG. 

DH: 14 MWth 
from HRSG 

in 
operation 

Kotka,  
Finland 

 
1993 

Parallel-powered, parallel steam 
generation, industrial CHP at a pulp & 
paper mill. 
TC: GT fired with NG/LFO. Possible 
supplementary firing in the HRSG. 
BC: Repowered boiler fired with black 
liquor (chemical recovery). Double-
pressure HRSG behind the GT. 
Common HP steam header at 80 
bar/490oC to a backpressure ST. 

 
GT: 41 MWel 

ST: 30 MWel 

 
Process steam 
at MP and LP 
from ST, and 

only LP from the 
HRSG. 

DH: 10 MWth 
from HRSG. 

in 
operation 

Alkmaar,  
The 

Netherlands 
1995 

Parallel-powered with feedwater 
preheating, CHP. 
TC: ICE (3 units) fired with NG. 
BC: Repowered steam boiler fired with 
MSW. Rejected heat from the three ICEs 
preheats the condensate and feedwater 
for the steam boiler. 

ICE: 8.4 MWel 

ST: 40 MWel 

 
DH: no data 

in 
operation 

Mainz,  
Germany 2003 

Parallel-powered, CHP. 
TC: GT fired with NG. 
BC: Steam boiler fired with MSW, steam 
at 40 bar/400oC. Final steam superheat 
by GT exhaust to 555oC.  

GT: no data 

ST: no data 

 
DH: no data 

construc-
tion 

phase 

Baienfurt,  
Germany 1994 

Parallel-powered, parallel steam 
generation, industrial CHP at a pulp & 
paper mill. 
TC: GT fired with NG/LFO. Possible 
supplementary firing in the HRSG. 
BC: Steam boiler fired with wood 
wastes/bark. No ST, only heat output 
(process steam). 

GT: 25.5 MWel 
 

Process steam 
(no data) 

no data 

Eilenburg,  
Germany 1994 

Parallel-powered, parallel steam 
generation, industrial CHP at a pulp & 
paper mill. 
TC: GT fired with NG/LFO. Possible 
supplementary firing in the HRSG. 
BC: Steam boiler fired with sludge. 
Single-pressure HRSG behind the GT. 
Common HP steam header at 84 
bar/490oC to a backpressure ST. 

GT: 27 MWel 
ST: 17 MWel 

 
Process steam 
at two pressure 
levels (MP, LP) 

from ST. 
DH: 21 MWth 
from HRSG. 

in 
operation 
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2. OBJECTIVES 
 
 
Previously published materials by various authors on hybrid combined cycles, 

shortly reviewed in the chapter above, undoubtedly show that achieving deeper 
insight into HCC features and performance is motivated. The described articles are 
results of short studies and none alone is able to provide a generalized and 
comprehensive classification of the major HCC configurations. A thorough 
investigation of thermodynamic performance with varying topping-to-bottoming fuel 
ratio has not been previously performed or reported. In addition, analysis of other 
important topics (as for example the effect of scale in efficiency comparisons, 
defining electrical efficiency attributable to the topping or bottoming fuel within the 
HCC, or the potential for CO2 emissions reduction) has only been recognized but 
not approached in a systematic way.  

 
The work presented herein attempts to bridge these gaps via exhaustive 

simulations and cautious analysis, focusing at this step only on conventional 
technology and standard components. Various hybrid configurations with NG-fired 
gas turbines or internal combustion engines as topping cycles, and conventional 
steam bottoming cycles with different parameters, fired with woodchips, MSW or 
coal, have been modelled. The research project responds to the steadily growing 
worldwide interest in hybrid configurations and to the necessity of providing a 
generalized and systematic assessment of their thermodynamic advantages.  

 
The study achieves its objectives by encompassing:  
 
• Extensive variations of technically feasible HCC configurations; 
 
• Both woodchips and MSW as bottoming fuels; 
 
• Both gas turbine and internal combustion engine as topping cycles; 
 
• Both cold-condensing and CHP mode; 
 
• Simulations performed on a defined platform with clear reference; 
 
• Careful evaluation and comparison of efficiency advantages; 

 
• Results are compared only within the same simulation platform; 
 
• Consideration of scale effects in the comparative approach.  
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3. METHODOLOGY AND PROBLEM DESCRIPTION 
 

 
3.1. General Approach 

 
The present research project focuses on modelling, simulation and analysis 

of hybrid combined cycles with biofuel-fired bottoming cycle and natural gas fired 
topping cycle, as explained above. Various arrangements are considered and 
evaluated in power production (cold-condensing) and CHP mode. The effect of 
topping cycle to bottoming cycle power output ratio, corresponding indirectly to the 
natural gas to bottoming fuel energy input ratio, on the electrical efficiency of the 
various configurations is investigated, together with its effect on the efficiency 
attributable to the natural gas or the bottoming fuel in particular. The method for 
evaluation of efficiency attributable to the topping or bottoming fuel within the HCC 
is presented in the following chapter. 

 
Each configuration has been optimised for: (a) highest electrical efficiency in 

cold-condensing mode, or (b) highest total efficiency in CHP mode with DH output 
at minimum loss of electrical efficiency for the woodchips-fired configurations with 
topping GT or ICE. Comparison of the different cycle configurations follows, taking 
into account their thermodynamic performance and complexity. Additionally, the 
impact of efficiency advantages on CO2 emissions from HCC configurations with 
biomass or coal in the BC is also assessed. Thermodynamic analysis including 
exergy considerations is also part of the research project but remains beyond the 
scope of the present thesis.  

 
 

3.3. Simulation Procedures 
 
Computer simulations of various hybrid configurations were performed with 

the help of commercial software for steady state heat balance of thermal power 
units, PROSIM, distributed by Endat Oy, Tekniikantie 12, 02150 Espoo, Finland 
(www.endat.fi). PROSIM relies on a Newton-Rapson solver whose number of 
iterations or the remaining error margin are predefined by the user. The heat 
balance in all simulations reaches down to an error margin of 0.01%. All power 
cycles have been modelled at design load. Major internal electricity consumption 
within the power cycle is taken into account, along with major pressure losses, 
mechanical losses in shaft bearings, boiler blow-down, incomplete combustion, 
and certain heat losses from components to the surroundings. Steam losses from 
turbine sealings and energy for treatment of flue gases are not considered. 
Modelling of energy consumption for solid fuel handling and feeding, controls and 
other small electricity consumers within the power plant was not possible at this 
stage. The final value for electrical efficiency falls therefore between the gross 
cycle electrical efficiency and the net efficiency of the overall power plant, so it can 
be referred to as “net cycle efficiency”. 

 
Standard open-cycle GT and ICE are considered as TC heat engines in the 

hybrid cycle simulations, representing proven and established technology. The GT, 
modelled with varying size in all hybrid configurations, is a fictional (simulated) one. 
At ISO conditions it has 34% electrical efficiency (LHV) and 540oC exhaust 
temperature in simple cycle mode. This performance is constant regardless of 
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size, which is indeed far from the real-world situation. However, with some 
approximation it can be assumed that this does not lead to huge discrepancies in 
the relative performance of the overall hybrid combined cycle configurations. 
Similar considerations apply also to the internal combustion engine model. The 
performance parameters of modern internal combustion engines are actually less 
dependent on size (compared to a GT), especially in the scales under investigation 
herein. The parameters of the ICE model are listed in Table 2 in Paper III.  

 
The major goal for the simulations is the estimation of the overall 

performance (electrical efficiency, and later on also total efficiency in CHP mode) 
of each cycle configuration with varying ratios of topping heat engine to steam 
turbine power outputs, corresponding to the ratio of natural gas to bottoming fuel 
energy input into the hybrid combined cycle. Evaluation of the trend in efficiency 
for a given hybrid configuration under changing ratio of topping-to-bottoming fuel 
energy input implies a larger or smaller topping cycle for a fixed bottoming cycle 
size, or vice versa. For this to be achieved without getting trapped by practical 
obstacles (i.e. technical imperfections or component mismatch), the use of a 
purely “theoretical” approach was adopted: the topping gas turbine (or piston 
engine) should have the same steady performance characteristics, independent of 
size, so that a trend line for hybrid cycle efficiency could be determined. This is the 
reason for applying in the simulations a fictional GT or ICE model with steady 
parameters despite varying size, instead of an array of existing practical GT or ICE 
models at various outputs and various parameters.  

 
Natural gas with lower heating value of 49.1 MJ/kg and higher heating value 

of 54.6 MJ/kg is used as fuel for the topping cycles. The TC exhaust is cooled 
down to 90oC in all configurations, except for the fully-fired ones where it is mixed 
with the bottoming boiler exhaust and certain restrictions apply (i.e. the MSW-fired 
bottoming cycles, or a coal-fired plant). The ambient air conditions are taken as 
25oC and 60% relative humidity in all simulations.  

 
The work is divided in three major parts:  
 
• The main cluster of simulations and analysis focuses on woodchip-fired 

bottoming steam cycles, where two types of natural gas-fired topping engines (gas 
turbine and internal combustion engine) are applied. The steam parameters in the 
bottoming cycle represent a typical small- or middle-scale utility plant of limited 
investments.  

 
• Bottoming cycles fired with MSW are the topic of the second cluster. The 

steam parameters in the MSW-fired boiler are very low, representing the typical 
parameters of contemporary MSW incinerators with low capital cost. A gas turbine 
has been used as topping cycle for the MSW incinerator, utilising the GT exhaust 
for superheating of the bottoming steam as much as possible.  

 
• A third and last cluster focuses on a large-scale HCC with coal-fired BC 

with advanced steam parameters and a GT as topping cycle. The purpose with 
modelling large-scale units was to use the results as reference for comparison of 
thermodynamic advantages and sensitivity to changing fuel input ratio with varying 
steam parameters in the BC.  

 



           November 2003 / KTH Energy Technology  
 
24

3.2. Types of Hybrid Configurations 
 
The logic behind the selection of hybrid configurations, along with identifying 

different types of topping and bottoming cycles used in the simulations, can be 
summarized by the following main points:   

 
• The gas turbine is a representative of proven technology in smaller scales, 

with electrical efficiency lower than that of modern middle-scale or large-scale 
industrial machines. 

• The internal combustion engine is a representative of modern high-efficiency 
heavy-duty gas engines. 

• All steam bottoming cycles feature conventional parameters, typical for the 
relevant scales and fuel properties. 

• The combination of a gas turbine and a biomass-fired steam cycle represents 
a thermal integration between two thermodynamic units with similar simple-
cycle electrical efficiencies. 

• The combination of internal combustion engine and biomass-fired steam 
cycle represents a thermal integration between a highly efficient topping unit 
and a bottoming unit with much lower electrical efficiency. 

• The combination of a gas turbine and a coal-fired steam cycle in large scales 
represents a thermal integration between a highly efficient bottoming unit and 
a topping unit with much lower simple-cycle efficiency. 

• The combination of a gas turbine and a MSW-fired steam unit represents the 
possibility to enhance steam parameters in a very low-efficiency bottoming 
cycle by utilising topping cycle exhaust for steam superheat. 
 
Various hybrid configurations are feasible within the four main combinations 

of topping heat engine and bottoming steam cycle under consideration. The two 
main configuration types (fully-fired and parallel-powered) were already presented 
above, as well as some of their variations. Generally, a nearly unlimited amount of 
sub-variations is possible within each hybrid configuration, depending mainly on 
the complexity of the bottoming cycle. Only the main overall configuration types 
are considered here, tailored to the specific features of the given bottoming cycle. 
For the biomass-fired bottoming cycles, these are the fully-fired (hot windbox) and 
the parallel-powered with feedwater preheating or parallel steam generation by 
topping cycle exhaust, plus two mixed fully-fired/parallel-powered cycles (cold 
windbox) derived form the parallel-powered types. One more configuration was 
added to the cycles with ICE as topping cycle or with MSW as bottoming fuel, in 
order to make use of some specific features. Reference combined cycles behind 
the GT or ICE are modelled with two pressure levels in the HRSG without reheat, 
while all HCC configurations with parallel steam generation employ only one 
pressure level in the HRSG. Fuel energy content as well as electrical and total 
efficiencies used as representative results for the evaluation of cycle performance 
and advantages are expressed in terms of LHV, recognised as one common way 
of energy quantity assessment and efficiency presentation.  
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4. BASIC EFFICIENCY CONSIDERATIONS 
 
 
It is necessary to outline in a simple form the definitions for electrical 

efficiency of combined cycles, deriving also formulations for hybrid dual-fuel 
combined cycles. Some generalized considerations are presented below. 

 
The efficiency of conversion of fuel energy into electrical power by any 

method can be expressed as a ratio of the useful energy output (net output) to the 
raw energy input. This is also the case with thermodynamic cycles. Thus, electrical 
efficiency is defined as: 

 

 
where ηel is electrical efficiency of the overall cycle, Pel is amount of fuel energy 
converted to electrical energy (useful product) and Qfuel is energy input in the cycle 
in the form of fuel. Sensible heat carried by the combustion air into the combustion 
chamber is assumed zero. The use of the electric power Pel (being the sole final 
product) in the numerator of Eqn. (1) requires further definition to state whether all 
possible losses and internal consumption in the energy conversion cycle are taken 
into account, implying the usage of “net” or “gross” electrical efficiency. There is no 
need to consider this distinction in the general discussion here.  

 
In the special case of a straightforward “unfired” combined cycle, there are 

two points of power production within the cycle (the topping cycle PTCel and the 
bottoming cycle PBCel, which add to each-other), while the energy input in the cycle 
occurs at one point – the combustion chamber of the topping cycle (gas turbine or 
internal combustion engine). The definition of electrical efficiency for the overall 
combined cycle will therefore be: 

 

 
This definition can be extended to incorporate the specific energy “losses” 

related to imperfect transfer of energy from the TC to the BC, namely the fact that 
not all rejected energy from the TC can be accepted and converted to electric 
power by the BC. The efficiency equation is expressed usually with the help of the 
efficiencies for the separate TC and BC, so Eqn. (2) is modified as follows: 

 

 
where ηBCel is the efficiency of energy conversion in the bottoming cycle itself and 
ηHRSG is the efficiency of energy (heat) transfer from the TC to the BC. 

 
In the special case of supplementary firing between the TC and the BC, the 

efficiency definition must be further extended to incorporate the fact that energy 
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input into the combined cycle now occurs at two different points. This can be easily 
accomplished by adding the new point of energy input into the denominator of 
Eqn. (3), together with adding it to the energy supply for the BC in the numerator: 

 

 
where QTCfuel and QBCfuel are the separate fuel energy inputs in the topping and 
bottoming cycle, respectively.  

 
It is often helpful to define a ratio of the two energy inputs, for example the 

fuel energy for the TC as fraction of the total fuel energy input in the overall cycle 
(TC plus additional fuel input in the BC): 

 

 
Using this ratio to simplify the appearance of the efficiency equation for 

combined cycles with supplementary firing, we rewrite Eqn. (4) as: 
 

 
In the case of hybrid dual-fuel combined cycles, the same efficiency equation 

as that for supplementary-fired cycles is valid. The ratio φ from Eqn. (5) readily 
applies for different types of fuels too, which is exactly the case with hybrid dual-
fuel combined cycles. The efficiency of thermal energy transfer in the HRSG, 
ηHRSG from Eqns. (3), (4) & (6), can be substituted with a coefficient µ representing 
the fraction of topping fuel exhaust energy that is actually transferred from the TC 
to the BC, keeping in mind that the bottoming fuel is combusted in its own boiler 
system. A generalized efficiency equation for hybrid dual-fuel combined cycles can 
therefore be presented as: 

 

 
Equation (7) is valid basically for all hybrid combined cycles types, provided 

that there is a thermal contact between TC and BC. In all cases the variations in 
cycle configuration can be incorporated in the value of µ and the fuel ratio φ. 

 
If we elaborate further on the efficiency concepts that are applicable 

specifically to hybrid dual-fuel combined cycles, we would arrive at the definition 
for electrical efficiency attributable to the bottoming or topping fuel as separate 
fuels within the overall HCC. This follows from the attempt to compare the 
performance of a HCC to the performance of a sum of two separate single-fuel 
units – one straightforward combined cycle based on the topping fuel, and one 
simple steam cycle based on the bottoming fuel – firing the same “mixture” of fuels 
separately. A HCC may possibly reach higher electrical efficiency than the average 
efficiency of separate single-fuel cycles, translating into higher power output from 
the HCC compared to the summed output of the two separate single-fuel units with 
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the same sum of (total) fuel energy input. Accordingly, these efficiencies can be 
compared in the form of equations as: 

 

 
where ηCCel is the electrical efficiency of a straightforward combined cycle fired with 
the same fuel energy input as the topping cycle in the HCC arrangement (with the 
same heat engine and same basic parameters).  

 
Further elaboration on Eqn. (8) can lead to the derivation of the efficiency of 

energy conversion attributable only to the bottoming fuel in the overall hybrid 
combined cycle. The following form has been suggested by Korobitsyn et al. 
[1999] and Consonni [2000]: 

 

 
which follows directly from Eqn. (8), where the numerator on the left side is the 
combined electrical power output of the hybrid combined cycle PHCCel.  

 
Eqn. (9) provides a way to calculate how much of the power output from the 

overall HCC is actually based on the bottoming fuel, assuming that the topping fuel 
could be utilised separately in a highly efficient straightforward combined cycle with 
a certain ηCCel. If the result from Eqn. (9) for a given HCC configuration is higher 
than the efficiency of the BC working separately (at the corresponding scales), 
then this HCC configuration leads to improvement in energy utilisation of the 
bottoming fuel itself. Furthermore, this would also prove that the given HCC 
configuration provides higher electrical efficiency relative to the efficiency of the 
sum of two separate single-fuel units. 

 
The possibility to repower old steam plants by adding a topping cycle to the 

existing steam unit calls for a definition of the efficiency attributable to the topping 
fuel only. This can also be expressed as the efficiency of “additional” power 
production by the topping fuel, which comprises the installed power of the topping 
heat engine and the increase of power output from the bottoming cycle due to 
transfer of energy from the TC to the BC. Various authors define this efficiency as 
“added power efficiency” [Galletti, 1990], “marginal efficiency” [Pfost et al., 1997], 
or “incremental efficiency” [Stenhede, 2001; MackShelor, 1995]. It can also be 
designated as “topping fuel electrical efficiency”, implying involvement of a thermal 
connection between the TC and BC, where part of the energy content of the 
topping fuel is converted to electrical power by the BC. The formulation can be 
defined (not derived) in a form of a generalized equation as follows (here the 
topping fuel is natural gas, NG): 
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The above equations are useful for calculation of efficiencies of hybrid dual-
fuel combined cycles in terms of basic energy relations. The definitions of electrical 
efficiency attributable to the topping or to the bottoming fuel within the overall HCC, 
Eqns. (10) and (9), can be applied as comparison of various combined cycle 
configurations. The calculation of these efficiencies, however, is dependent on the 
availability of exact values for the quantities represented in the equations. These 
quantities can be found only after simulations of the HCCs performance or by 
direct measurements on existing configurations. Data from existing single-fuel 
units can be used as reference, or certain assumptions must otherwise be 
adopted.  

 
The exact numerical representation of ηTCel and ηBCel within the HCC is 

somewhat arbitrary and conditional. Various assumptions are usually involved, in 
order to have a set of reference values. For example, the values of relevant ηCCel 
can be taken as the most representative efficiency of a straightforward combined 
cycle at the given scale and complexity, in order for ηBCel to be calculated by Eqn. 
(9). On the other hand, the exact calculation of ηNGel in Eqn. (10) requires a value 
for ∆PBC, which indirectly contains a reference to the power output of a single-fuel 
steam cycle fired with the bottoming fuel. If the bottoming unit does not exist in 
reality, this value can again be assumed as typical for steam units at the given 
scale, or the bottoming cycle can be separately simulated as a single-fuel unit.  

 
In connection to these two criteria, the efficiency (either electrical or total 

efficiency) of the overall hybrid plant can be compared to the average efficiency of 
two separate single-fuel plants: one straightforward combined cycle with efficiency 
ηNG,ref  based on the natural gas, and one simple steam cycle with efficiency ηBC,ref 
based on the bottoming fuel. One way of creating this reference is to assume that 
these efficiencies have a constant representative value irrespective of scale, 
leading to an average of the summed performance of the two, based on the 
individual fuel inputs (dashed lines on all figures with results later in this text): 

 
    
                     

where φNG is same as in Eqn. (5), with natural gas as topping fuel:  
 
        
 
 
A major drawback of this method lies in the fact that practical issues 

(economics and increased relative losses) place a limit on performance with 
respect to capacity. For example, a 30 MWel simple steam unit may have electrical 
efficiency of 35% LHV, which is the reference in this study, while a smaller steam 
plant would show poorer performance even if the steam parameters are kept high. 
Referring to Eqn. (11), this means that ηNG,ref and ηBC,ref may also be assumed to 
vary as a function of the fuel input, representing variations with scale. A logarithmic 
relationship has been assumed: 
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where A and B are constants fitted to a logarithmic curve as exemplified in Fig. 4.1.    

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1 a): Performance variation with scale for a straightforward GTCC fired with natural 
gas in cold-condensing mode (two pressure levels in the HRSG without reheat), providing 
input data for Eqn. (13). The reference output points building up the logarithmic curve are 
at 3, 30 and 300 MWel. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1 b): Performance variation with scale for a simple steam Rankine cycle fired with 
biomass or coal in cold-condensing mode, providing input data for Eqn. (14). Steam 
parameters change with scale. The reference output points building up the logarithmic 
curve are at 3, 30 and 300 MWel. 
 
 

Exact values for A and B for the different single-fuel reference cases are 
listed in Tables 5.1 through 5.4 and Tables 5.7 through 5.9 (see the following 
chapter), together with the key output values matched by the logarithmic curve. 
The average efficiency of two individual single-fuel reference units whose summed 
power output equals that of the particular hybrid configuration can be computed via 
Eqn. (11) using the more realistic efficiency values from Eqns. (13) and (14), thus 
incorporating the effects of scale. The reference efficiency curves appearing in 
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subsequent figures with results (solid curves) are the result of such scale 
consideration and are used for the evaluation of efficiency advantages of the 
hybrid configurations. The same approach for deriving a reference curve is used 
not only for the electrical efficiency in cold-condensing mode, but also for the 
electrical and total efficiency in CHP mode and for the CO2 emissions evaluation. 
Fig. 4.2 gives one example of a reference curve in order to ease the understanding 
of all figures with results further below and to clarify the comparative approach. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
  
 
 
 
 
 

Fig. 4.2:  Reference curves calculated via Eqn. (11), representing the electrical efficiency 
range for two separate single-fuel power units: one biomass-fired simple steam cycle and 
one NG-fired straightforward GTCC, both in cold-condensing mode. Scale effects are 
accounted for by Fig. 4.1 a & b and Eqns. (13) & (14), data from Tables 5.1 & 5.3.  
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5. RESULTS 
 
 

5.1. Reference cycles in cold-condensing mode 
 
 
It is first necessary to properly define the reference single-fuel cycles before 

presenting the simulation results. The basic steam cycles for the three types of 
bottoming fuels (biomass, MSW and coal) represent typical steam parameters for 
the specific fuel and scale, with generous application of feedwater preheating. 
Their main parameters are shown in the appended publications: the basic MSW-
fired steam cycle in Paper I (Table 2), the biomass-fired steam cycle in Papers II 
(Table 2) and III (Table 1), and the coal-fired large-scale steam cycle in Paper II 
(Table 1). The reference values for NG utilisation refer to straightforward combined 
cycles based on the gas turbine or internal combustion engine. Scale effects are 
considered according to the data in Tables 5.1 to 5.4, verified by simulations. The 
reference efficiency ηref of two separate single-fuel units is used for evaluation of 
any efficiency advantages a hybrid configuration may offer and is computed via 
Eqn. (11). The reference values can be plotted on a graph at varying ratio of 
topping-to-total fuel energy, φNG, together with values for the hybrid configurations. 
This approach is used in all figures with results. 

 
 

Table 5.1: Reference values for electrical efficiency of separate single-fuel straightforward 
combined cycles at varying scales, based on a gas turbine fired with NG (Fig 4.1a). 
Gas turbine combined cycle, scale 3 MWel 30 MWel 300 MWel 
Electrical efficiency, LHV, cold-cond. 46 % 50 % 54 % 
Coefficient values for Eqn. (13)  ANG = 1.7372,  BNG = 44.092 

 
 

Table 5.2: Reference values for electrical efficiency of separate single-fuel straightforward 
combined cycles, based on an internal combustion engine fired with NG. 
Piston engine combined cycle, scale 3 MWel 9 MWel 30 MWel 
Electrical efficiency, LHV, cold-cond. 47 % 48 % 49 % 
Coefficient values for Eqn. (13)  ANG = 0.868,  BNG = 46.062 

 
 

Table 5.3: Reference values for electrical efficiency of separate single-fuel simple steam 
cycles at varying scales, fired with biomass (or coal at large scales), see also Fig. 4.1b.  
Simple biomass-fired steam cycle, scale 3 MWel 30 MWel 300 MWel 
Electrical efficiency, LHV, cold-cond. 25 % 35.2 % 45.3 % 
Coefficient values for Eqn. (14)  ABC = 4.4081,  BBC = 20.174 

 
 

Table 5.4: Reference values for electrical efficiency of separate single-fuel simple steam 
cycles at varying scales, fired with municipal solid waste. 
Simple MSW-fired steam cycle, scale 5 MWel 50 MWel 100 MWel 
Electrical efficiency, LHV, cold-cond. 20 % 26.4 % 28.3 % 
Coefficient values for Eqn. (14)  ABC = 2.7728,  BBC = 15.54 
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5.2. Gas Turbine as topping cycle 
 
 

5.2.1. Biomass (woodchips) as bottoming fuel 
 
As mentioned above, the different hybrid configurations of a GT plus a 

biomass-fired bottoming boiler are limited to the five basic types of arrangements: 
fully-fired, parallel-powered with feedwater preheating and with parallel steam 
generation, and the two mixed (cold windbox) types. The simplified layouts of the 
different hybrid configurations are featured in Paper II, where the cold-windbox 
with feedwater preheating (FF-PPFP) is not included. Simulation results are 
presented in Fig. 5.1 and Table 5.5, more comprehensively than in Paper II. 

 
Calculated efficiency values for the biomass-fired bottoming cycles topped by 

a gas turbine (Fig. 5.1) show that the thermodynamic advantages of such hybrid 
configurations are present, though may be marginal or even non-existent at certain 
topping-to-bottoming fuel ratios if scale effects for the reference separate single-
fuel units are not taken into account.  

 

Fig. 5.1: Electrical efficiency (LHV) as a function of fuel energy input ratio φNG for the five 
different configurations of hybrid combined cycles with a topping GT and biomass as 
bottoming fuel, in cold-condensing mode. 

 
 
When scale effects for the summed output of the reference units are 

accounted for, the efficiency advantages of certain hybrid combined units can 
measure up to 3-3.5 %-points. Certain configurations are more advantageous than 
others. Logically, the two feedwater preheating configurations are the least 
promising, due to the large destruction of exergy by the highly inefficient transfer of 
energy from the GT exhaust to the feedwater of the steam bottoming cycle. In 
particular, the cold windbox feedwater preheating cycle (FF-PPFP) allows for only 
marginal increase in efficiency with limited integration spectrum and is unattractive 
in terms of electrical efficiency. The three other configurations are more promising, 
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featuring performance basically similar to each other. The fully-fired and parallel-
powered with parallel steam generation allow for extended integration limits. The 
performance of the parallel-powered configuration with parallel steam generation 
(PP-PSG) is worth noticing. Despite the only one pressure level of steam 
generation in the heat recovery steam generator behind the gas turbine, the good 
electrical efficiency of this hybrid arrangement shows that the exergy contained in 
the GT exhaust flow is utilised at least as good as in the fully-fired hybrid cycle.  

 
 

Table 5.5: Tabulated results from cycle simulations, GT + Biomass.  
GT  

share  
of total 
power 

PGT   
MWel 

PST 
MWel 

Cycle  
el. eff. 

ηel 
(% LHV) 

Fuel flow 
biomass 

kg/s 

Fuel flow 
NG 
kg/s 

φNG  
 

(LHV) 

ηNG 
% 

(LHV) 

ηBC 
% 

(LHV) 

∆η= 
ηel-ηel,ref 

Fully-fired cycle (hot windbox), FF: 
0.1 3 27 37.2 8.97 0.19 0.11 58.3 36.0 1.4 %pts 
0.2 6 24 39.3 7.33 0.37 0.24 57.9 36.6 2.3 %pts 
0.3 9 21 41.6 5.68 0.55 0.37 57.1 37.4 3.2 %pts 
0.4 12 18 43.8 4.14 0.73 0.52 55.8 37.9 3.5 %pts 
0.5 15 15 45.5 2.64 0.92 0.68 53.5 36.7 2.7 %pts 

Parallel-powered cycle with feedwater preheating by GT exhaust, PP-FP: 
0.1 3 27 36.6 9.11 0.19 0.11 53.3 35.3 0.8 %pts 
0.2 6 24 38.3 7.60 0.37 0.23 54.1 35.5 1.4 %pts 
0.3 9 21 40.4 5.95 0.55 0.36 54.4 35.7 2.1 %pts 
0.35 10.5 19.5 41.1 5.17 0.64 0.43 53.4 35.1 1.9 %pts 

Mixed parallel-powered/fully-fired cycle with feedwater preheating by GT exhaust, FF-PPFP: 
0.1 3 27 36.6 9.09 0.19 0.11 53.3 35.3 0.8 %pts 
0.2 6 24 38.1 7.61 0.37 0.23 53.2 35.2 1.2 %pts 
0.3 9 21 38.8 6.30 0.55 0.35 50.4 33.5 0.6 %pts 

Parallel-powered cycle with parallel steam generation and feedwater preheating, PP-PSG: 
0.1 3 27 37.1 9.00 0.19 0.11 57.6 35.9 1.3 %pts 
0.2 6 24 39.0 7.40 0.37 0.24 56.7 36.2 2.0 %pts 
0.3 9 21 41.0 5.83 0.55 0.37 55.8 36.5 2.6 %pts 
0.4 12 18 43.5 4.15 0.74 0.52 55.1 37.2 3.2 %pts 
0.5 15 15 45.9 2.55 0.92 0.69 53.9 37.7 2.9 %pts 

Mixed parallel-powered/fully-fired with parallel steam generation by GT exhaust, FF-PSG: 
0.1 3 27 37.3 8.93 0.19 0.11 58.9 36.1 1.5 %pts 
0.2 6 24 39.2 7.30 0.37 0.24 57.2 36.4 2.2 %pts 
0.3 9 21 41.4 5.67 0.56 0.38 56.5 37.0 2.9 %pts 
0.4 12 18 42.4 4.29 0.74 0.52 53.3 35.1 2.1 %pts 

 
 
The different configurations have an optimum efficiency advantage at 

different ratios of natural gas to total fuel energy φNG. This is directly connected to 
their integration limits, where the rejected energy of the topping cycle can most 
efficiently be utilised by the bottoming cycle, or cannot be utilised at all. For the two 
feedwater-preheating configurations an optimum can hardly be defined. The cold 
windbox configuration with parallel steam generation (FF-PSG) shows an optimum 
at around 0.35 of NG-to-total fuel energy ratio. The two most promising 
configurations (FF and PP-PSG) perform best in an extended interval between 0.4 
and 0.7 of NG-to-total fuel energy ratios.  

 
Care should be taken when reading the values for fuel conversion efficiencies 

within the hybrid cycle (ηNG and ηBC in Table 5.5 and in subsequent tables with 
results further below). They do not complement each other and should not be 
regarded as representative, i.e. they do not show the actual efficiency for the given 
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fuel within the overall combined cycle. They only show the potential for efficiency 
improvement for one of the fuels if the other fuel is utilised with efficiency typical 
for a separate single-fuel cycle at the relevant scale, as explained in Chapter 4. 
Exact assessment of the amount of power produced from a specific fuel within the 
actual hybrid combined cycle (and thus deriving exact efficiency values attributable 
to each fuel) is not possible. Therefore, the estimation gives efficiency values for 
one of the fuels, assuming the other fuel to be utilised with efficiency typical for a 
single-fuel unit. The simulated hybrid cycles are less susceptible to variations with 
scale than the reference single-fuel units, which also has an influence on the 
calculated values for ηNG and ηBC. Nevertheless, the results for ηBC in Table 5.5 
undoubtedly show that hybrid combined cycles do offer increased efficiency of 
utilisation for the bottoming fuel, reaching up to 8 %-points for the more 
advantageous configurations. Reference values for ηNG,ref  and ηBC,ref  from Eqns. 
(13) & (14) are not shown in the tables due to redundancy.  

 
 

5.2.2. Municipal Solid Waste as bottoming fuel 
 
As previously mentioned, conventional incineration of municipal solid waste 

with energy recovery in steam (Rankine) power cycle configuration provides quite 
poor efficiencies due to severe limitations in steam parameters. Superheat 
temperatures are limited to 380-400oC at the most, providing net electrical 
efficiencies around 20-24% depending on scale and complexity. Some older 
MSW-fired power units have extremely low steam superheat temperatures (300oC) 
in order to avoid corrosion as much as possible, leading to net electrical 
efficiencies below 20%. Additionally, flue gases are usually not cooled below 
200oC, again to avoid corrosion of heat-exchange surfaces, unless further heat 
recovery is integrated with wet flue gas scrubbing.  

 
There is plenty of room for efficiency improvements in MSW-fired steam 

cycles. Raising the efficiency of energy recovery at the lowest possible financial 
burden is an attractive opportunity. Integration of the steam boiler/incinerator into a 
hybrid combined cycle is one such low-cost option, without involvement of 
sophisticated technologies or complicated equipment. The most attractive types of 
hybrid dual-fuel combined cycle configurations are governed by the possibility to 
employ superheating of the steam in the gas turbine exhaust. Once generated in 
the MSW-fired boiler, the steam can be superheated to higher temperatures by the 
non-aggressive exhaust gases coming out of the gas turbine. This simple 
arrangement provides substantial increase in the efficiency of energy conversion of 
MSW, easily avoiding the corrosion problems.  

 
Paper I is dedicated to MSW-bottomed hybrid cycles, though only the three 

most representative and least complicated hybrid configurations are presented 
there. Three other hybrid configurations were also simulated within the course of 
the project, two of them featuring heat recovery steam generators with single 
pressure level behind the gas turbine. Simplified layouts for all six configurations 
are included here below for clarity, see Fig. 5.2 “a” through “f”. The parameters of 
the basic reference MSW-fired steam cycle are listed in Table 2 in Paper I. 
Simulation results are presented in Fig. 5.3 and Table 5.6. 
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a): Fully-fired cycle with superheating     b): Fully-fired cycle with superheating 
entirely by GT exhaust. All steam is     partly by GT exhaust. All steam is 
generated in the MSW incinerator.      generated in the MSW incinerator. 
(FFS)           (FFpS) 

 
 

 
c): Parallel-powered hybrid cycle with       d): Parallel-powered hybrid cycle with 
superheating entirely by GT exhaust.       superheating partly by GT exhaust. 
All steam is generated in the MSW       All steam is generated in the MSW 
incinerator. (PPS-FP)           incinerator. (PPpS-FP) 

 
 
 

 
e): Parallel-powered cycle with parallel             f): Parallel-powered cycle with parallel 
steam generation and superheating          steam generation and superheating 
partly by GT exhaust. Additional steam           partly by GT exhaust. Additional steam 
is generated and superheated in the            is generated and superheated by GT 
HRSG at a lower pressure level than            exhaust at the same pressure level as 
the MSW incinerator. (PPpS-PSG)           in the MSW incinerator. (PPpS-PSG-S) 
 
Fig. 5.2: Schematics of hybrid configurations with MSW-fired bottoming cycle. 
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Fig. 5.3: Electrical efficiency (LHV) as a function of fuel energy input ratio φNG for the six 
different configurations of hybrid combined cycles with a topping GT and MSW as 
bottoming fuel, in cold-condensing mode.  

 
 
Simulation results (Fig. 5.3 and Table 5.6) clearly show that hybrid combined 

cycles of any configuration deliver considerable efficiency advantages over the 
average of separate single-fuel units firing the same fuels at the same fuel energy 
ratio and with the same combined power output. The increase in electrical 
efficiency reaches 4-5 %-points. The optimum values for highest efficiency 
increase can be located around an energy ratio of NG to total fuel of 0.4 to 0.6. 
Certain configurations are more promising than others in thermodynamic 
performance and allow for extended integration limits. The fully-fired configuration 
with partial superheat by GT exhaust (FFpS), provides good performance featuring 
a small number of heat exchangers and low level of complexity. However, it may 
not be a practical solution due to the specific design requirements for the MSW 
incinerator (using GT exhaust gas as combustion air) and the necessity to treat a 
mixed and voluminous flue gas flow in the flue gas scrubbing system. The parallel-
powered configuration with partial superheat by GT exhaust (PPpS-FP) shows 
large efficiency advantages as well, again with low level of complexity, allowing for 
easiest practical implementation whether as new developments or as restructured 
(repowered) old MSW incinerators into hybrid cycles by adding a gas turbine. The 
last two configuration types employing parallel steam generation from GT exhaust 
at a single pressure level together with partial superheat of the MSW-generated 
steam feature remarkable efficiency advantages with generous integration limits 
for the topping and bottoming cycles. This can be explained with the fact that the 
generally low steam pressure in the MSW-fired boiler/incinerator is close to the 
optimum pressure level for the single-pressure HRSG behind the GT, allowing for 
a good match between the expansion capacities of the MSW-generated and 
HRSG-generated steam flows. Both configurations with parallel steam generation 
have highest degree of complexity (in terms of number of heat exchangers) and 
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highest heat exchange area per unit power, despite the simple HRSG with only 
one pressure level behind the gas turbine. They, however, allow for the most 
efficient utilisation of the thermal energy contained in the GT exhaust (in terms of 
matching with heat users from the bottoming cycles and lower exergy losses), 
which translate into highest efficiency advantages. 

 
 
Table 5.6: Tabulated results from cycle simulations, GT + MSW.  

GT  
share 
of total 
power 

PGT   
MWel 

PST 
MWel 

Super 
heat 

oC 

ηel 
% 

(LHV) 

Fuel flow 
MSW 
kg/s 

Fuel flow 
NG 
kg/s 

φNG  
 

(LHV) 

ηNG 
% 

(LHV) 

ηBC 
% 

(LHV) 

∆η= 
ηel-ηel,ref 

Fully-fired cycle with superheating entirely in the GT exhaust, FFS: 
0.35 17.5 32.5 422 36.3 7.70 1.12 0.40 55.0 27.3 1.9 %pts 
0.40 20 30 475 39.9 5.83 1.27 0.50 56.8 29.7 3.2 %pts 
0.45 22.5 27.5 530 42.3 4.42 1.43 0.60 55.9 30.3 3.1 %pts 
0.50 25 25 530 43.1 3.50 1.59 0.67 53.6 27.8 2.1 %pts 

Fully-fired cycle with superheating partly in the GT exhaust, FFpS: 
0.25 12.5 37.5 450 34.6 9.65 0.80 0.27 60.5 29.0 3.1 %pts 
0.30 15 35 473 36.9 8.13 0.96 0.35 60.4 30.0 3.7 %pts 
0.35 17.5 32.5 498 39.2 6.71 1.12 0.43 59.7 31.0 4.1 %pts 
0.40 20 30 530 41.7 5.30 1.27 0.52 58.8 32.4 4.5 %pts 
0.45 22.5 27.5 530 42.4 4.37 1.43 0.60 55.9 30.4 3.2 %pts 
0.50 25 25 530 43.2 3.48 1.59 0.67 53.7 28.0 2.2 %pts 

Parallel-powered cycle with superheating entirely in the GT exhaust, PPS-FP: 
0.35 17.5 32.5 414 35.7 8.11 1.06 0.38 55.2 27.3 1.8 %pts 
0.40 20 30 458 39.0 6.32 1.21 0.47 56.9 29.3 3.0 %pts 
0.45 22.5 27.5 500 42.1 4.79 1.37 0.56 57.1 31.4 3.9 %pts 
0.50 25 25 520 44.4 3.53 1.52 0.66 56.1 32.5 3.7 %pts 
0.55 27.5 22.5 520 43.5 3.08 1.66 0.71 52.7 26.1 1.5 %pts 

Parallel-powered cycle with superheating partly in the GT exhaust, PPpS-FP: 
0.25 12.5 37.5 442 34.3 9.97 0.76 0.26 61.4 29.1 3.0 %pts 
0.30 15 35 460 36.2 8.58 0.91 0.33 60.5 29.7 3.4 %pts 
0.35 17.5 32.5 485 38.5 7.15 1.06 0.40 60.0 30.8 4.1 %pts 
0.40 20 30 506 40.2 5.95 1.21 0.48 58.4 31.0 4.0 %pts 
0.45 22.5 27.5 520 42.2 4.73 1.37 0.57 57.2 31.5 3.8 %pts 
0.50 25 25 520 41.7 4.19 1.52 0.62 53.7 27.3 2.0 %pts 

Parallel-powered cycle with parallel steam generation, lower second steam pressure, PPpS-PSG: 
0.25 12.5 37.5 450 34.3 9.96 0.77 0.26 61.1 29.0 3.0 %pts 
0.30 15 35 471 36.3 8.51 0.92 0.33 60.4 29.7 3.5 %pts 
0.35 17.5 32.5 498 38.3 7.15 1.07 0.41 59.5 30.4 3.7 %pts 
0.40 20 30 521 40.3 5.87 1.23 0.49 58.3 30.9 3.8 %pts 
0.45 22.5 27.5 521 42.0 4.76 1.38 0.57 56.8 31.0 3.6 %pts 
0.50 25 25 521 43.6 3.65 1.53 0.65 55.1 30.4 3.1 %pts 
0.55 27.5 22.5 521 44.8 2.71 1.68 0.74 53.4 28.4 2.0 %pts 

Parallel-powered cycle with parallel steam generation at same pressure level, PPpS-PSG-S: 
0.25 12.5 37.5 445 34.4 9.92 0.77 0.26 61.4 29.2 3.1 %pts 
0.30 15 35 470 36.6 8.44 0.92 0.33 61.1 30.1 3.8 %pts 
0.35 17.5 32.5 498 39.2 6.91 1.07 0.41 61.0 31.6 4.6 %pts 
0.40 20 30 521 41.5 5.62 1.23 0.50 60.0 32.9 4.8 %pts 
0.45 22.5 27.5 521 43.1 4.51 1.38 0.58 58.0 33.0 4.4 %pts 
0.50 25 25 521 44.5 3.46 1.53 0.67 56.0 32.4 3.5 %pts 
0.55 27.5 22.5 521 45.4 2.59 1.68 0.75 53.9 29.9 2.3 %pts 

 
 
In all hybrid configurations, steam pressure level in the MSW-fired boiler is 

adjusted in order to make use of the possibility to superheat the steam to higher 
temperatures by GT exhaust. The larger the amount of available thermal energy in 
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the GT exhaust (the larger the gas turbine), the higher the superheat temperature 
for the bottoming cycle, consequently the higher the steam pressure in the MSW-
fired bottoming cycle. The efficiency of MSW utilisation in the overall hybrid cycle 
rises with up to 10 %-points for the more advantageous configurations, if separate 
NG utilisation is assumed with efficiency typical for a single-fuel GTCC. The 
increase in MSW efficiency offered by the less advantageous configurations at 
their optimum value for φNG is 6-7 %-points. Alternatively, if all merit from the 
synergy of thermal integration is assigned to the topping fuel (i.e. the MSW is 
assumed without efficiency increase in the hybrid cycle), the efficiency of NG 
utilisation, ηNG, would reach 60%.  

 
 

5.2.3. Coal as bottoming fuel, large scales 
 
As a matter of comparison and aiming at better understanding of cycle 

thermodynamics on a broader perspective, it would be interesting to investigate 
whether the hybrid concept would improve the electrical efficiency for large-scale 
units with advanced steam parameters, fired with high-quality solid fuel (coal). 
Again, the efficiency of any hybrid configuration can be compared to the average 
efficiency of two separate single-fuel units, one coal-fired simple steam cycle with 
its advanced steam parameters, and one NG-fired straightforward combined cycle 
with its own dual-pressure bottoming cycle based on the topping gas turbine, both 
in larger scales. The fuel for the reference steam cycle (or the bottoming cycle 
within the hybrid configuration) in large scales can very well be also biomass, 
provided that fuel availability and fuel price permit feeding a large-scale boiler with 
biomass fuel sufficient for uninterrupted operation.  

 
For simplicity and higher reliability of the simulation procedures, steam 

parameters were chosen to be slightly subcritical, with one stage of reheat. The 
resulting steam cycle would represent a contemporary power unit employing 
modern technology, but with lower specific investments (transcritical steam 
pressure, one stage of reheat and not very high superheat temperatures). The 
parameters of the reference simple steam cycle are listed in Table 1 in Paper II. 

 
Five different hybrid combined configurations based on the large-scale steam 

cycle were simulated. They are presented in Paper II, Figs. 1 through 5. In steam 
cycles with reheat, gas turbine exhaust can be utilised at a high temperature level 
for partial or full reheat of the bottoming steam. In the cases considered here, two 
configurations employ reheat by GT exhaust, being derivatives of the fully-fired 
cycle and the parallel-powered feedwater-preheating cycle. The temperature of the 
exhaust gas behind the gas turbine is not high enough to allow for full steam 
reheat (even if the topping GT is large enough to deliver the necessary amount of 
thermal energy), so certain portion of heat for steam reheating to the required 
temperature level (560oC) is provided by the bottoming fuel in the steam boiler. 
The additional steam in the last configuration (FF-PSG, Fig. 5 in Paper II) is 
generated in the HRSG behind the GT at the reheat pressure and directly mixed 
with the reheated steam, while reheat is provided entirely by the bottoming boiler. 

 
Simulation results for large-scale hybrid units are presented in Fig. 7 and 

Table 4 in Paper II. They add to the general picture of hybrid cycle performance. 
Fig. 7 from Paper II is adapted and reprinted here below for clarity as Fig. 5.4.  
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Fig. 5.4: Electrical efficiency (LHV) as a function of fuel energy input ratio φNG for the five 
different configurations of hybrid combined cycles with a topping GT and coal as 
bottoming fuel, in cold-condensing mode.  

 
 
The presence of reheat and the generally complicated bottoming cycle (high 

steam parameters, seven feedwater preheaters) offer new perspectives on hybrid 
cycle thermodynamics and confirm the trends identified above for the other BCs. 
The simplest fully-fired configuration and the ones involving reheat by TC exhaust 
(FF, FF-R, PP-RFP), Fig. 5.4, offer significant efficiency advantages and allow for 
broad integration limits. The thermodynamic performance constantly improves with 
rising NG-to-total fuel energy ratio φNG up until 0.6-0.7, where the integration limits 
are reached and the rejected heat from the toping cycle cannot be utilised fully by 
the bottoming cycle. The efficiency of bottoming fuel utilisation can increase with 
up to 6-8 %-points for the more advantageous configurations, when all synergy 
merit is assigned to the bottoming fuel and scale effects are accounted for. 
Alternatively, the natural gas can be utilised with up to 60% efficiency if the 
bottoming fuel is assumed without efficiency increase.  

 
 
 

5.3. Internal Combustion Engine as topping cycle 
 
 
Within the small-scale perspective, modern gas or diesel internal combustion 

engines (ICE) are serious competitors to gas turbines in terms of efficiency, 
operational costs, lifetime and specific investment. As simple-cycle prime movers 
the engines are unrivaled in efficiency in their power range. Gas-fired engines with 
electrical efficiencies above 40% (LHV) are commercially available and typically 
have shorter delivery times than gas turbines. A gas engine is often the primary 
choice for small-scale quick-response power applications when low-cost natural 
gas is available locally.  

 
The necessary heat sinks for the engine at very low temperature levels for 

jacket water cooling, lube oil cooling and charge air cooling restrict the potential for 
engine integration into hybrid cycles in all scales. Freedom in configuring hybrid 
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arrangements relates solely to variations in utilising the energy from the engine 
exhaust gas stream, while heat released with cooling media can be utilised only at 
low temperature levels in the condensate line of the bottoming steam cycle, usually 
below 100oC. These low temperature levels are however well suited to combined 
heat and power (CHP) applications for district heat supply. 

 
Paper III is dedicated entirely to hybrid cycles with internal combustion 

engines as topping cycle and biomass as bottoming fuel. The simplified layouts of 
the six simulated hybrid configurations are presented in Figs. 1 through 6, 
simulation results appear in Fig. 7 and Table 5 in Paper III. All configurations have 
been modeled also beyond their optimum integration limits, meaning that at high 
NG-to-total fuel energy ratios part of the low-value heat rejected from the gas 
engine by cooling media cannot be utilised in the bottoming cycle and is dumped. 
The integration limit occurs around 0.25-0.3 (φNG of 25% to 30%) where the low-
temperature heat rejected by the topping gas engine is most optimally transferred 
to the bottoming cycle for preheat of the condensate. Beyond that level, the energy 
in the engine cooling streams exceeds the requirements of the bottoming cycle 
and cannot be fully utilised. Despite this, the performance of all hybrid 
arrangements resembles that of the similar configurations with GT as TC up to 
similar values of maximum φNG. Fig. 7 from Paper III is adapted and reprinted here 
for clarity as Fig. 5.5. 

 

Fig. 5.5: Electrical efficiency (LHV) as a function of fuel energy input ratio φNG for the six 
different configurations of hybrid combined cycles with a topping ICE and biomass as 
bottoming fuel, in cold-condensing mode.  

 
 
One of the most interesting findings from the simulation results (Fig. 5.5) is 

that the electrical efficiency of any hybrid configuration is nearly independent of the 
specific type of configuration. At the lower NG-to-total fuel energy ratios (up to 
around 0.4) there is virtually no difference in performance among the various 
hybrid arrangements. This leads to the conclusion that selection of configuration 
type for practical implementation is not influenced by efficiency considerations, 
rather that it can be simplified to only economic, site-specific and reliability 
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considerations. At high ratios of natural gas to total fuel input, the difference 
among the various configuration types starts to be clearly visible. Beyond φNG of 
around 0.4, the efficiency advantages of certain configurations are well 
pronounced, while others quickly reach their integration limit. As a general 
observation, the cold-windbox arrangements (FF-PPFP and FF-PSG) typically 
show poorer performance, as is the case also with gas turbines as topping cycle. 
However, when the topping engine is an internal combustion engine, the poorer 
performance of cold-windbox configurations appears only beyond the optimum 
integration limits for the topping engine.  

 
The improvement in electrical efficiency for the hybrid configurations reaches 

up to 3 %-points relative to the sum of the reference single-fuel biomass-fired 
simple steam cycle and straightforward combined cycle based on the gas engine, 
at the relevant scale. The optimum efficiency improvement lies at φNG around 0.3 
to 0.4 for the more complicated arrangements, just as is the case with GTs as TC. 
The two simpler configurations (FF and PP-FP), however, show an optimum 
around φNG of 0.5 to 0.6 (Fig. 5.5). Logically, the FF configuration allows for best 
performance levels at all fuel ratios, even though it can be regarded as 
complicated and difficult to implement due to various technical difficulties in 
practical applications. Nevertheless, another hybrid configuration with small 
number of components and minimum complexity, namely the PP-FP case, shows 
remarkably good performance closer to that of the FF, with highly extended limits 
of engine integration if compared to gas turbines as TC. Furthermore, the last of 
the configurations (PP-AP, Fig. 6 in Paper III), where the exhaust gas energy from 
the engine is transferred to the bottoming cycle simply by preheating the 
combustion air, also shows good performance with extended integration limits. It 
indicates again the fact that all simple types of hybrid arrangements feature 
generally better thermodynamic performance than the more complex configuration 
types when the topping cycle is a piston engine. The efficiency of biomass 
utilisation in the overall hybrid cycle can increase with up to 7 %-points for the 
more advantageous configurations with scale effects accounted for. 

 
 
 

5.4. General discussion on electrical efficiencies 
 
 
It is clear that highest efficiency advantages can be achieved if topping cycle 

exhaust is utilised at highest possible temperature level in the bottoming cycle. The 
fully-fired configuration, where the topping exhaust is directly fed to the bottoming 
boiler, achieves a high-level utilisation of the heat rejected by the topping cycle 
with minimum complexity (for any type of topping engine or bottoming steam cycle) 
and can be used as basis for comparison among various hybrid arrangements. If, 
however, the bottoming cycle employs steam reheat (with advanced steam 
parameters), or can avail of steam superheating by topping cycle exhaust (very low 
steam parameters in the boiler), the possibility to transfer thermal energy from the 
topping to the bottoming cycle at high temperature level exists even without using 
a hot windbox configuration. The resulting clusters of parallel-powered hybrid 
configurations demonstrate substantial efficiency advantages, similar to or even 
higher than the hot windbox case. The complexity may increase slightly (additional 
heat exchanger and more crucial controls), but the practical problems are less than 
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when hot exhaust is directly fed to the bottoming boiler. On the other hand, hybrid 
cycles with poor exergetic utilisation of rejected heat from the topping cycle, like 
the feedwater preheating case and its derivatives (where topping cycle exhaust is 
first used to preheat feedwater, with huge temperature difference between the gas 
and water side), are not necessarily disadvantageous. If the topping cycle employs 
an internal combustion engine, with its typically low temperature heat rejection 
streams and generally lower temperature exhaust gas, the thermodynamic 
obstacles for increased efficiency are overcome and the overall efficiency result is 
close to that for any other more promising configuration. Furthermore, parallel-
powered hybrid cycles that make use of topping cycle exhaust for steam reheat or 
superheat before the feedwater preheating, with any type of bottoming cycle, can 
prove to be thermodynamically advantageous while keeping the additional merit of 
low level of complexity.  

 
In connection to the observations mentioned above, another interesting fact 

arising from the simulation results is that the optimum efficiency advantage for any 
hybrid configuration, over the average efficiency of separate single-fuel units, 
closely corresponds to the values of φNG for most efficient energy conversion of the 
bottoming fuel. The improvement in electrical efficiency attributable to the 
bottoming fuel within the hybrid cycle is well pronounced, although only marginal 
for certain configurations at certain φNG. Hybrid cycles in small scales with modest 
steam parameters provide improvement in energy conversion for the bottoming 
fuel of around 7 to 8 %-points at maximum, if scale effects for the reference 
separate single-fuel units are accounted for (reference values are not included in 
the tables of results). In bottoming cycles with very low steam parameters where 
superheat by topping cycle exhaust is applied, improvement in bottoming fuel 
efficiency can reach 10 %-points at the most favourable conditions, again with 
scale effects for the reference units taken into account. In large-scale cycles with 
high steam parameters, bottoming fuel efficiency can increase with up to 8 %-
points for the three most promising configurations. All steam bottoming cycles in 
the hybrid simulations kept their steam parameters with changing φNG, meaning 
that they were less dependent on scale effects, which may slightly exaggerate the 
values for efficiency improvements presented herein. Nevertheless, the steam 
bottoming cycle within any hybrid configuration is always larger than the reference 
single-fuel steam cycle, implying lower losses, which justifies the comparative 
approach of scale effect consideration.  

 
The increase in efficiency of energy conversion for the NG is enormous in all 

cases, if all merit from the synergy effect is assigned to the topping fuel. Electrical 
efficiency for the natural gas can reach up to 60% LHV. This NG-based electrical 
efficiency is steadily above the best possible efficiency of NG energy conversion at 
the relevant scales even with straightforward (unfired) combined cycles, while in 
hybrid cycles these high efficiencies are obtained with a simple low-cost heat 
exchanger arrangement behind the gas engine, or with a heat recovery steam 
generator with a single pressure level.  

 
The optimum increase in efficiency for NG energy conversion in small-scales 

appears at the lowest φNG, where the increase is substantial, especially keeping in 
mind the small size of the topping cycle at such low fuel ratio. The efficiency of NG 
energy conversion in small-scale cycles with moderate or low steam parameters 
follows a steady downward trend, independent of type of TC, while φNG increases 
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with increasing share of topping power output in the hybrid cycle. If the bottoming 
steam cycle has high steam parameters, all types of hybrid arrangements produce 
a steady upward trend in efficiency of NG utilisation with increasing φNG (increasing 
topping cycle size), until the optimum efficiency advantage is reached. In other 
words, hybrid cycles with high steam parameters in the bottoming cycle offer an 
optimum for topping fuel conversion efficiency well coinciding with the optimum for 
the bottoming fuel conversion efficiency, with a slight dependence on type of 
hybrid configuration. This can be explained by keeping in mind that a bottoming 
cycle with advanced steam parameters always offers a better degree of utilisation 
for the heat rejected from the topping cycle, in any hybrid configuration. In small-
scale units with moderate steam parameters, on the contrary, the rejected heat 
from the topping cycle is more susceptible to exergy losses in the transfer process, 
even in more favourable hybrid configurations, which gives the advantage in terms 
of ηNG to the small values of φNG (small topping cycles) where losses are always a 
smaller percentage, rather than larger ones.   

 
 
 

5.5. Reference cycles and results in CHP mode 
 
 
Electrical efficiency is the proper indication of thermodynamic advantages for 

any power cycle, however total efficiency (power plus possible heat output) is also 
important. Combined heat and power (CHP) operation for any thermal unit is to be 
preferred to a cold-condensing mode. CHP helps for better overall utilisation of the 
energy contained in the fuel, producing an additional (and sometimes quite 
valuable) product, namely heat output in the form of hot water for district heating 
(DH) or steam to industrial processes.  

 
District heat production avoids the waste of low-value energy (low-

temperature heat) to the environment by replacing the cold condenser at the 
bottom end of the steam cycle with a higher-temperature condensing unit (one or 
several). The cooling water in the condenser/s plays the role of a heat transport 
medium, delivering its thermal energy to the end user. CHP mode of operation with 
district heat supply can offer the highest possible efficiencies of total energy 
utilisation from the fuel, power plus heat, which is referred to as total efficiency. 
CHP plants are broadly used for both industrial and utility services, provided that 
the heat output is of a value.  

 
In the present study, simulations of hybrid configurations in CHP mode offer a 

more complete view on thermodynamic advantages and technical feasibility. 
Conversion of a cold-condensing power unit (pure electricity producing unit) into a 
CHP unit for the purpose of achieving simulation results at design load and steady 
state, does not involve any complicated procedures. The cold condenser of the 
steam turbine can simply be replaced with one or more higher temperature 
condensers, changing slightly also the tail of the steam turbine and tolerating 
certain decrease in electrical output and electrical efficiency. In a hybrid cycle 
perspective, nothing in the overall thermal connection between topping and 
bottoming cycle needs to be changed. If rejected heat from the topping cycle is 
available at low temperature levels (which cannot be utilised by the bottoming 
cycle), it can directly be used for enhancing the district heat output. 
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The work here concentrated on small- to middle-scale hybrid cycles with 
biomass (woodchips) as bottoming fuel. CHP mode simulations were performed 
for the GT- and ICE-topped hybrid combined configurations. One of the goals was 
to include flue gas condensation in the simulations as much as possible, utilising 
the high moisture content of the biomass fuel for heat output. The high moisture 
content of fresh biomass decreases the calorific value of the fuel, but adds 
substantially to the low-temperature heat output if it is condensed from the boiler 
exhaust gases. The moisture in a gas mixture is under the influence of its partial 
pressure in the mixture. The temperature of condensation is set by any specific 
moisture content (any specific partial pressure), which decreases when more 
moisture is condensed and extracted from the gas mixture. This means that the 
temperature of condensation of moisture from a gas mixture is sliding constantly 
downwards as the amount of condensed moisture increases. The typical 
temperatures in the return branch of a DH system allow for condensation of only a 
certain part of the moisture content in the exhaust gas.   
  

The performance (electrical and total efficiency) of the basic reference single-
fuel cycles in CHP mode is presented in Tables 5.7 through 5.9. These are the 
straightforward combined cycles based on a gas turbine or internal combustion 
engine, and the simple steam biomass-fired unit, all in CHP mode with DH output.  

 
 

Table 5.7: Reference values for electrical and total efficiency of separate straightforward 
single-fuel combined cycles at varying scales in CHP mode, based on a gas turbine fired 
with NG. 
Gas turbine combined cycle CHP, scale Small Middle Large 
Electrical efficiency, LHV 42 % 46.2 % 50.4 % 
Coefficient values for Eqn. (13)  ANG = 1.824,  BNG = 39.996 
Total efficiency, LHV 82.5 % 85.3 % 88.1 % 
Coefficient values for Eqn. (13)  ANG = 1.216,  BNG = 81.164 

 
 

Table 5.8: Reference values for electrical and total efficiency of separate straightforward 
single-fuel combined cycles at varying scales in CHP mode, based on an internal 
combustion engine fired with NG. 
Piston engine combined cycle CHP, scale Small Small to Middle Middle 
Electrical efficiency, LHV 41.9 % 42.2 % 42.5 % 
Coefficient values for Eqn. (13)  ANG = 0.2736,  BNG = 41.57 
Total efficiency, LHV 85.4 % 85.4 % 85.4 % 
Coefficient values for Eqn. (13)  ANG = 0.0,  BNG = 85.4 

 
 

Table 5.9: Reference values for electrical and total efficiency of separate single-fuel 
simple steam cycles at varying scales in CHP mode, fired with biomass. 
Biomass-fired steam cycle CHP, scale Small Middle Large 
Electrical efficiency, LHV 19.3 % 28.3 % 37.2 % 
Coefficient values for Eqn. (14)  ABC = 3.8869,  BBC = 15.046 
Total efficiency, LHV, with flue gas cond. 101.3 % 106.9 % 112.5 % 
Coefficient values for Eqn. (14)  ABC = 2.432,  BBC = 98.628 
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The intention was to apply CHP mode of operation to exactly the same 
configurations at exactly the same conditions as the one presented above for the 
cold-condensing mode, by converting and tailoring only the low-temperature parts 
of the circuits for district heat production. The attempt to keep the original 
parameters and to avoid major changes in the overall heat balance and layout of 
the hybrid combined configurations required the use of same ambient conditions 
for the CHP operation as for the cold-condensing operation. This deviates from 
reality, since it implies that district heat output is delivered while the ambient 
temperature is 25oC (although such conditions can very well exist in practice). 
Lower temperature and lower humidity of the ambient air (plus higher convection 
losses from components) would be more reasonable values for CHP simulations, 
however they affect significantly the heat balance of the thermodynamic cycle and 
can require undesired alterations in the layout of the original hybrid configuration, 
which was to be avoided. Furthermore, the CHP cycles were simulated at steady 
ambient conditions and steady temperatures of supply and return for the DH 
network. The major parameters influencing the CHP mode simulations were 
chosen as follows: 

 
Return temperature for the DH network -  45oC 

 Supply temperature for the DH network -  90oC 
 Number of steam condensers supplying DH -  2 in series 
 Pinch point in the flue gas condenser -   5oC 
 Final temperature of boiler exhaust gases -  50oC 
 
The specific layout of the DH circuit is optimized to utilise the various low-

temperature heat flows within the hybrid cycle with minimum sacrifice of electrical 
output. Exhaust gases from the bottoming boiler are cooled down to around 90oC 
by the bottoming power cycle and are then ducted to the flue gas condenser. 
Exhaust gases from the topping cycle (be it a GT or an ICE) do not deliver any 
thermal energy to the DH circuit, unless they are mixed with boiler exhaust in fully-
fired configurations, where the total mixed exhaust stream enters the flue gas 
condenser. Cooling media from the ICE topping cycle transfers heat to the DH 
circuit if it cannot be utilised by the bottoming cycle for power production (this 
implies that the ICE delivers thermal energy to the DH network mostly at high 
shares of topping fuel).  

 
Simulation results for the various hybrid configurations in CHP mode are 

plotted in Fig. 5.6 “a” and “b”, and Fig. 5.7 “a” and “b”. Efficiency values are 
presented in a way similar to the figures above, with reference curves derived from 
electrical and total efficiencies of basic reference single-fuel units, using Eqns. 
(11), (13) & (14), and Tables 5.7, 5.8 & 5.9.  

 
Attempts to increase the electrical efficiency in a given single-fuel unit results 

normally in a decrease of the total efficiency, as less heat is available at suitably 
high temperature levels to support heat output. The converse is also true: an 
attempt to increase the total efficiency by supplying DH output from a given single-
fuel unit would generally lead to loss of electrical efficiency. In hybrid combined 
cycles, on the contrary, both electrical and total efficiencies are usually higher or at 
least equal to the corresponding average efficiency of two separate single-fuel 
units (see Figs. 5.6 and 5.7 below). This means that hybrid cycles offer wide 
selection of advantageous configurations suitable for any specific application 
where either electrical or total efficiency (or both) are prioritised.  



           November 2003 / KTH Energy Technology  
 
46

a): Electrical efficiency in CHP mode;        b): Total efficiency (LHV) in CHP mode. 
 

Fig. 5.6: Electrical and total efficiency (LHV) in CHP mode as functions of φNG for the five 
different configurations with a topping GT and biomass as bottoming fuel. Symbol legend 
corresponds to Fig. 5.1. 
 
 
 

a): Electrical efficiency in CHP mode;        b): Total efficiency (LHV) in CHP mode. 
 

Fig. 5.7: Electrical and total efficiency (LHV) in CHP mode as functions of φNG for the six 
different configurations with a topping ICE and biomass as bottoming fuel, same as Fig. 8 
in Paper III. Symbol legend corresponds to Fig. 5.5. 
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The relative performance of the various hybrid configurations in CHP mode 

(in comparison among each-other) is generally similar to their interrelations in cold-
condensing mode. For the electrical efficiency of GT-topped hybrid cycles (Fig. 5.6 
”a”), all configurations show slightly reduced advantages as compared to the two 
reference single-fuel units, relative to their cold-condensing mode. The fully-fired 
hot-windbox configuration again has highest efficiency advantages. High values of 
φNG are generally not promising for any type of configuration. One of the cold-
windbox arrangements (fully-fired with feedwater preheating, FF-PPFP) is actually 
disadvantageous in terms of electrical efficiency. This same configuration, 
however, allows for highest total efficiency at extended integration limits than its 
cold-condensing counterpart (Fig. 5.6 ”b”). 

 
For the ICE-topped hybrid cycles in CHP mode, the advantages in electrical 

efficiency steadily increase with rising fuel ratio for all hybrid configurations (Fig. 
5.7 ”a”). The presence of a highly efficient topping cycle (the engine) enhances the 
electrical efficiency in CHP mode substantially. Significant deviations in electrical 
performance among the various configurations appear only above NG-to-total fuel 
energy ratios of 0.4, similar to the cold-condensing mode. As a matter of fact, the 
reference value for topping fuel utilisation in an individual single-fuel cycle was 
taken as for a simple-cycle engine without its own bottoming steam cycle. This is 
justified by the lack of economical feasibility for practical straightforward combined 
cycles based on internal combustion engines in CHP mode, and by the fact that an 
unfired bottoming cycle behind the ICE would not provide considerable efficiency 
advantages when DH output is present. The results in Fig. 5.7 “a” are therefore 
slightly more optimistic than the corresponding results for electrical efficiency 
advantages in cold-condensing mode from Fig. 5.5, where the reference gas-fired 
engine was assumed to have its own straightforward combined cycle.  

 
Results for total efficiencies of all hybrid configurations in CHP mode with any 

topping cycle (Figs. 5.6 ”b” and 5.7 ”b”) show logical trends. The major division in 
types of hybrid configurations (fully-fired and parallel-powered) plays a significant 
role and is clearly visible. Within each of these groups of configuration types, the 
difference in total efficiency among the different configurations is negligible. The 
advantages in total efficiency for the fully-fired configurations (hot windbox and 
cold windbox in comparison to two separate single-fuel units) are substantial and 
can exceed 4 %-points, the optimum lying at φNG of around 0.3–0.5 for the GT-
topped hybrid cycles and 0.4–0.6 for the ICE-topped hybrid cycles. All windbox 
configurations have the possibility to condense a higher amount of moisture from 
the flue gas stream, which is a single flue gas stream, and thus feature higher total 
efficiencies. The parallel-powered types of configurations show minor advantages 
at low values of φNG which disappear at higher φNG. Logically, total efficiency in 
general decreases steadily with rising share of topping cycle output (rising share of 
natural gas fuel) for all hybrid configurations, while allowing for higher electrical 
efficiency at full DH output. 
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5.6. Evaluation of CO2 emissions reduction 
 
 
Whether or not the hybrid combined cycles would offer advantages in terms 

of CO2 emissions (as compared to the reference two individual single-fuel units) 
could be directly assessed through their efficiency advantages. Higher electrical or 
total efficiency achieved by the hybrid arrangement translates into lower amount of 
fuel input per unit power or heat output and consequently lower CO2 production. 
Additional issues such as lower number of components or lower intensity of fossil 
fuels application for construction and maintenance of hybrid plants, compared to 
two individual single-fuel units of the same total output, may also play a role. 
However, the present study can quantify and take into account only the reduction 
of CO2 emissions derived directly from efficiency improvements.  

 
Reduction of CO2 emissions was evaluated for all clusters of simulated HCC 

configurations: these are the biomass-fired hybrid cycles with a GT or ICE (both in 
cold-condensing mode and CHP mode); the MSW-incineration hybrid cycles; and 
the large-scale coal-fired bottoming cycles, where the bottoming fuel is extremely 
carbon-intensive. Results are presented in Figures 5.8, 5.9, 5.10 and 5.11. The 
specific production and release of carbon dioxide per unit output was calculated 
through the known fuel input mass flows and the given carbon content in the fuel, 
verified by comparisons with the CO2 volume flow in the exhaust gas from the 
simulations. This applies also to the reference curves, whose values are estimated 
from fuel flows for the two reference single-fuel units at the given fuel ratio φNG. 

 
Biomass is 95% carbon-neutral on a life-cycle basis [Mann and Spath, 1999], 

meaning that 5% of the carbon dioxide content of the biomass-derived exhaust 
gases contributes to the net fossil CO2 emissions from the power plant. Data from 
Gustavsson and Johansson [1994] and Otoma et al. [1997] were used for the 
estimation of the carbon neutrality of MSW on life cycle basis: around 33% of the 
total CO2 emissions from incineration of unsorted waste are of fossil origin, which 
implies that MSW is 67% carbon-neutral. The net CO2 emissions from coal and 
natural gas are assumed equal to their gross emissions. Additional fossil fuel-
derived carbon dioxide emissions involved in production and transportation of coal 
and natural gas are not taken into account. Carbon dioxide emitted from limestone 
used for desulphurisation of coal is included in the calculations.  

 
The emission advantages of biomass-bottomed hybrid configurations are not 

obvious at first glance. This can be explained with the complex effect of the 
integration between biomass (nearly CO2-neutral fuel) and natural gas (fossil fuel) 
in terms of exhaust gas mass flows as a function of the overall cycle efficiency. 
There may exist also some visual misinterpretation due to the wide scale range of 
the figure graphics below. Logically, higher shares of natural gas lead to increase 
of the overall CO2 emissions from biomass-bottomed hybrid cycles.  

 
In general, hybrid configurations at their optimum performance deliver a 

decrease in CO2 emissions of the order of 20 to 40 kilograms per MWh electrical 
output (roughly a 10% reduction), or 4 to 10 kg/MWh total output. This may seem 
small, but it translates into hundreds of thousands of tons saved CO2 along the 
lifetime of the power plant, millions of tons for the large-scale coal units.  
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a): Cold-condensing mode. The net CO2 emissions from the reference single-fuel simple 
biomass-fired steam unit are 58.6 kg/MWhel. 
 

b): CHP mode. The net CO2 emissions from the reference single-fuel biomass-fired CHP 
steam unit are 19.3 kg per MWh total output.  

 
Fig. 5.8: Net CO2 emissions as a function of φNG for the five different hybrid configurations 
with topping GT and biomass as bottoming fuel in cold-condensing and CHP modes. 
Symbol legend corresponds to Fig. 5.1. The logic of the reference curves (with or without 
scale effects) is the same as in all figures of efficiency results, explained in Chapter 4. 
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a): Cold-condensing mode. The net CO2 emissions from the reference single-fuel simple 
biomass-fired steam unit are 58.6 kg/MWhel.  

 

b): CHP mode. The net CO2 emissions from the reference single-fuel biomass-fired CHP 
steam unit are 19.3 kg per MWh total output. 

 
Fig. 5.9: Net CO2 emissions as a function of φNG for the six different hybrid configurations 
with topping ICE and biomass as bottoming fuel in CHP and cold-condensing modes. 
Symbol legend corresponds to Fig. 5.5. The logic of the reference curves (with or without 
scale effects) is the same as in all figures of efficiency results, explained in Chapter 4. 
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Fig. 5.10: Net CO2 emissions as a function of φNG for the six different configurations with 
topping GT and MSW as bottoming fuel, in cold-condensing mode. Symbol legend 
corresponds to Fig. 5.3. The net CO2 emissions from the reference single-fuel MSW-fired 
simple steam unit are 436 kg/MWhel. The logic of the reference curves (with or without 
scale effects) is the same as in all figures of efficiency results, explained in Chapter 4. 
 
 
 
 

Fig. 5.11: Net CO2 emissions as a function of φNG for the five different large-scale 
configurations with topping GT and coal as bottoming fuel, in cold-condensing mode. 
Symbol legend corresponds to Fig. 5.4. The net CO2 emissions from the reference single-
fuel coal-fired simple steam unit are 736.8 kg/MWhel.  
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For the hybrid cycles with biomass-fired bottoming cycle (Figs. 5.8 and 5.9), 

the increasing share of natural gas implies increasing fossil carbon emissions. This 
trend is softened by the increasing efficiency of the hybrid configurations. The CO2 
emissions reduction per unit total output in CHP mode is promising only for the 
windbox configurations of all subtypes, while for all parallel-powered configurations 
is only marginal, yet still exists (Figs. 5.8”b” and 5.9”b”). The figures present the 
results in a very compact scale in order to encompass the whole spectrum of φNG, 
and the advantages of the hybrid configurations are not easily recognizable. 
Emission advantages in cold-condensing mode reach 20 kg CO2/MWhel at the 
optimum φNG (corresponding to around 6-7 % decrease in CO2 emissions), and 
around 5 to 8 kg CO2 per MWh total output in CHP mode for the windbox 
configurations (2-4 % decrease). 

 
The hybrid configurations with MSW incineration in the bottoming cycle show 

highest CO2 reduction capabilities (Fig. 5.10), due to the high electrical efficiency 
advantages in comparison to two individual single-fuel units. The specific fossil 
carbon emissions per unit electric power from the MSW fuel (67% CO2 neutrality) 
are only slightly higher than those from the reference NG-fired straightforward 
combined cycle, which produces a slightly decreasing reference curve with rising 
φNG and allows for a closer scale of the figure presented here. Emission 
advantages can reach more than 40 kg CO2/MWhel at the optimum values for φNG 
for most of the configurations (up to 11 % decrease in CO2 emissions), as 
compared to the sum of two reference single-fuel units and with scale effects taken 
into account. 

 
The emissions of carbon dioxide per unit power output from coal- and natural 

gas-fired hybrid cycles (Fig. 5.11) are steadily decreasing with increasing share of 
natural gas (decreasing share of coal), following the behaviour of the two reference 
separate units. The substitution of coal (high carbon content per unit energy value) 
with natural gas (low carbon content per unit energy value) plays the most 
important role in the reduction of total carbon emissions. The improvement in 
electrical efficiency for the hybrid cycles with rising share of natural gas fuel is 
another important addition to the improvement in CO2 performance. Emission 
advantages reach more than 30 kg CO2/MWhel at the optimum values for φNG as 
compared to the sum of two reference single-fuel units and with scale effects taken 
into account (up to 7 % decrease in CO2 emissions). 
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6. CONCLUSIONS AND FUTURE WORK 
 

 
From a general perspective, the hybrid combined cycle concept enhances the 

energy conversion efficiency for both the bottoming and topping fuels, without 
introducing any complication of their utilisation technology (common combustion 
process, standard gas turbine or piston engine and conventional steam cycle). 
Furthermore, increased efficiency of energy conversion for both fuels is achieved 
with comparatively simple cycle arrangements, involving less components than the 
sum of the reference single-fuel units; the reference being one separate simple 
steam cycle based on the bottoming fuel, plus one separate straightforward unfired 
combined cycle based on the natural gas with its own steam bottoming cycle with 
two pressure levels in the HRSG. The BC in most hybrid configurations utilises the 
thermal energy rejected from the TC in a very efficient way, despite the technically 
simplified methods of energy transfer between the two sub-cycles: combustion air 
preheating, feedwater preheating or parallel steam generation at a single pressure 
level. Incorporation of the topping engine into a HCC should be the preferred way 
of constructing a combined cycle, especially in small scales.  

 
The results show that:  
 
• Both topping and bottoming fuel efficiency can be raised substantially by 

hybrid integration in large scales when the bottoming cycle is highly efficient by 
itself, certain configurations being more advantageous than others;  

• Smaller scale hybrid cycles improve the electrical efficiency of bottoming 
fuel utilisation slightly less than the electrical efficiency of topping fuel utilisation, 
independent of type of topping cycle. The variations in efficiency among different 
configurations are less severe than in large-scale units; 

• Highly efficient topping cycles provide a very high electrical efficiency for 
the topping fuel in any hybrid configuration, and a reasonably high electrical 
efficiency attributable to the bottoming fuel. The variations in performance among 
the different hybrid configurations are almost non-existent, when the topping cycle 
is an internal combustion engine; 

• Hybrid configurations based on a very low steam parameter bottoming 
cycle, using superheat by rejected heat from the topping cycle, can deliver highest 
comparative improvements of bottoming fuel electrical efficiency. Variation in 
performance among different hybrid configurations is small in terms of maximum 
value for efficiency improvement at optimum φNG, though certain configurations are 
restricted severely by short integration limits; 

• Hybrid configurations at their optimum performance deliver a decrease in 
CO2 emissions of the order of 20 to 40 kg/MWh electrical output, or 5 to 8 kg/MWh 
total output (6-11 %, respectively 2-4 % decrease). This translates into millions of 
tons of saved CO2 along the lifetime of the power plant. 

 
As a final conclusion, it must be explicitly pointed out that combination of 

natural gas and biomass in a hybrid combined cycle is a beneficial way for utilising 
both fuels together, proving that these two fuels are not competitors for the heat 
and power market, they rather complement each-other in a positive way. This is 
relevant to the situation in Sweden, and especially to the ongoing discussion within 
Swedish industry and society whether expansion of natural gas would overrule and 
suppress the expansion of biomass energy utilisation. 
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Keeping in mind also the very high specific investments typical for 

straightforward combined cycles in small scales, the integration of the topping 
turbine or engine into a hybrid combined cycle arrangement allows for flexible, 
trouble free and low cost construction of a bottoming cycle to the given topping 
cycle. Integration in hybrid combined cycles should be the preferred utilisation 
method for the topping fuel in small scales. This suggests the need for a careful 
economic evaluation of hybrid cycles as compared to the sum of two separate 
single-fuel units, especially keeping in mind the fact that actual hybrid installations 
should allow also for separate operation of the topping or bottoming subunits. 
Independent operation of topping or bottoming subunits requires investments in 
stand-by or bypass equipment, most probably duplication of crucial heat 
exchangers. This implies also that tolerating the presence of underutilised 
components would be inevitable. 

 
Techno-economic aspects are a very important issue for the general 

promotion and practical implementation of hybrid combined cycles. The literature 
survey within this study proved that actual hybrid cycle installations have been 
regarded as preferable to any other option, either for new developments or for 
upgrading and repowering old steam units. A general approach is not readily 
applicable to economic analysis of the full variety of hybrid configurations, due to 
extreme dependence on local conditions, specific local energy policies and 
legislation, varying fuel and emission taxes, geographical diversity of component 
manufacturers and others, demanding separate studies for every specific case. 
With other words, the thermodynamic advantages are in most cases not directly 
corresponding to the economic advantages for certain power unit developments, 
where capital investments and especially fuel price trends and taxes are often the 
critical factor. Certain economic considerations have already been included in 
some previous works on hybrid cycles, both for Swedish conditions as well as on a 
more global perspective. Reasonably accurate data can be acquired and used for 
a specific case study, at specific local conditions and preferably in collaboration 
with industrial partners. A more general comparative approach among different 
hybrid configurations can be further added to the case study, producing results in 
line with the goals of a project like the present one.   

 
One other interesting feature of hybrid combined cycles would require further 

and deeper investigation, namely their part-load performance. The inherent 
flexibility in layout and fuel ratios for hybrid cycles of any configuration allow for 
flexible performance at part-loads. The existence of two different fuel inputs, plus a 
thermal integration between them, presents a perfect possibility to vary fuel ratio 
within the hybrid unit, thus optimising fuel utilisation according to fuel availability, 
prices, required output, preferred operation points, etc. The hybrid cycle will go into 
part-load if any, or both, of the fuel inputs are decreased. This introduces an 
enormous amount of possible variations of part-loads, which together with the fact 
that off-design performance is greatly influenced by the specific parameters of the 
topping engine and the bottoming steam cycle, make the general approach used in 
this study not readily applicable to part-load simulations. Yet, the approach used 
for the design load may be applied also to off-design simulations, building on the 
theoretical comparison of the various hybrid configurations only among each other, 
avoiding any negative influence of specific cycle parameters or divergence from 
practical values. One of the most important topics of investigation for the part-
loads of hybrid cycles is the different off-design behaviour, depending on whether 
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the topping or the bottoming fuel input is decreased. This can be regarded also as 
a typical deviation from design parameters, where the performance of the hybrid 
configuration is displaced along the fuel energy ratio line, bringing it closer to or 
further away from a straightforward combined cycle with higher electrical efficiency. 
Indeed, a decrease of bottoming fuel input might not always be a preferred 
operation point, but it would increase the electrical efficiency of the overall HCC. 
Decrease of topping fuel input would suggest a constant drop in efficiency for the 
overall hybrid arrangement, resembling the behaviour of any of the two separate 
single-fuel cycles (though probably less sensitive).  

 
Another topic for future work is the insight into hybrid cycles that allow 

transfer of energy/exergy from the bottoming fuel to the topping cycle. This can be 
accomplished by partial external firing of the TC air, or by advanced GT cycles like 
for example a chemically-recuperated GT using heat from the bottoming cycle for 
steam reforming of NG. In both cases the work expands into the field of novel non-
conventional technologies for the TC. This would require a whole new cluster of 
simulations. Furthermore, the hybrid cycle concept can be extended to encompass 
possible arrangements of multiple fuel inputs and/or multiple energy outputs, for 
example production of upgraded fuels integrated into a CHP unit. One interesting 
point would be to look at a chemically-recuperated GT in hybrid configurations 
optimised for both CHP service and hydrogen production. It is hoped that such 
follow-on studies will further illustrate the benefits of the hybrid combined cycle 
concept and its potential both near-term and in the distant future.  
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ABSTRACT 
Hybrid dual-fuel combined cycles optimised for 

energy utilisation of Municipal Solid Waste (MSW) as 
fuel for heat and power generation can prove to be very 
competitive in efficiency and economics and easy to 
control and maintain. The positive effect of adding a gas 
turbine as a topping cycle to a MSW fired steam boiler 
has already been pointed out in several publications by 
different authors. Still more work remains to be done on 
cycle configuration modelling, performance analysis and 
wider promotion of such power cycles. 

This paper aims to assess the performance of MSW 
and natural gas fired hybrid combined cycles. Three 
configurations of a natural gas fired gas turbine as a 
topping cycle and a MSW fired fluidized bed steam 
boiler as a bottoming cycle have been modelled and 
analysed. Study of the effects of different gas turbine to 
MSW boiler power ratios on the optimal cycle 
configuration and on the efficiency of MSW energy 
utilisation itself, for each different cycle configuration, 
is provided. Part-load efficiencies are also investigated. 
 

NOMENCLATURE  
LHV  Lower Heating Value (MJ/kg) 
m  mass flow of fuel (kg/s) 
P  Power output (MW) 

Greek letters 
η  Electric efficiency 

Subscripts 
MSW  regarding Municipal Solid Waste 
CC  regarding pure (unfired) Combined Cycle 
GT  regarding the Gas Turbine 
NG  regarding the Natural Gas  
ST  regarding the Steam Turbine 
 

INTRODUCTION 
The importance of finding environmentally benign 

methods for handling and disposal of municipal solid 
waste (MSW) is constantly increasing. Dumping in 
landfills is not a sustainable solution, it leads to leakage 
of toxic effluents in underground aquifers and methane 
to the atmosphere. These facts (together with the 
destruction of land) are already well recognised and 

pressure against landfilling is constantly rising in many 
countries. The trend to limit landfill operations will 
inevitably continue, especially in Europe and Japan.      

Having in mind that sustainable development 
implies rational use of resources, utilisation of MSW as 
energy source with highest possible efficiency becomes 
a crucial issue. Furthermore, incineration of MSW is 
undisputedly the best way to dispose it of. However, 
conventional incineration of MSW with energy recovery 
in steam (Rankine) power cycle configuration provides 
quite poor efficiencies, due to severe limitations in 
steam parameters, in order to avoid high rate of 
corrosion of the steel tubing in the boiler. Improving the 
efficiency of energy recovery at the lowest possible 
financial burden is an attractive opportunity.  

One low-cost option for improving the efficiency of 
energy recovery from MSW, without involvement of 
sophisticated technologies or complicated equipment, is 
the hybrid dual-fuel combined cycle arrangement. The 
term “hybrid dual-fuel combined cycle” is used here to 
denote a configuration of a gas turbine topping cycle 
and a steam turbine bottoming cycle, thermally coupled 
to each-other in various ways, featuring fuel input both 
in the gas turbine combustion chamber and in a separate 
steam generator. The bottoming cycle utilises a low-
quality fuel. The overall configuration can be regarded 
as a gas turbine combined cycle with additional steam 
generation by low-grade fuel (MSW in this case) in a 
separate boiler (standard steam generator) for the 
bottoming cycle.  

The most attractive types of hybrid dual-fuel 
combined cycle configurations for improved energy 
conversion efficiency of MSW are governed by the 
possibility to employ superheating of the steam in the 
gas turbine exhaust. Once generated in the MSW-fired 
boiler, the steam can be superheated to much higher 
temperatures by the non-aggressive exhaust gases 
coming out of the gas turbine. This simple arrangement 
provides substantial increase in the efficiency of energy 
conversion of MSW.  

Three particular types of configurations of a gas 
turbine and a MSW-fired steam generator with final 
superheat by the gas turbine exhaust will be presented 
and discussed here.  
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MSW AS FUEL 
MSW is currently produced at a rate of 

approximately 500 kg or more, per person per year, in 
industrialised nations. This is a quite substantial amount, 
which constitutes a “renewable” energy resource, 
supplied with minimal fluctuations throughout the year. 
MSW cannot be stored for a long time, as decaying 
processes immediately start, so its quick incineration is 
essential also for sanitary purposes. Municipal (non-
industrial or domestic) wastes can be considered as 
biofuels, as long as their main constituents are biomass 
materials of non-fossil origin, with the exception of 
plastics, paints and other similar products of chemical 
industry. An average composition of MSW is presented 
in Fig. 1. Utilisation of wastes as energy source leads to 
reduction of carbon dioxide emissions. Net CO2 
emissions reduction by energy extraction from 
incinerated MSW, including hybrid combined cycles, 
has been carefully investigated and evaluated in [6].  

  
Figure 1: Composition of MSW. Average values for 

wastes from urban centers. Hazardous materials, glass 
and metals are sorted out to some extent. [3], [1] 

 
Plastics constitute a small mass percentage, but are 

a large contributor to raising the energy value of the 
wastes. Their amount in MSW is constantly rising and 
consequently the heating value of MSW is constantly 
rising too. This makes the wastes even more attractive as 
fuel. Though, incineration of plastics has to compete 
with the possibility for their separation and recycling 
and with the danger of emitting harmful pollutants.  

Plastics and other chemicals are the main source of 
aggressive compounds in the flue gases after combustion 
of MSW. These aggressive compounds (inorganic acids, 
mostly hydrogen chloride) are the obstacle to raising the 
steam parameters in conventional MSW fired steam 
cycles. Superheating temperatures are limited to 380-
400oC at the most, providing net electric efficiencies 
around 22-24% (depending on scale and complexity). 
High corrosion rates start at temperatures above 320oC, 
so certain level of corrosion cannot be avoided. Some 
older MSW-fired power units have extremely low steam 
superheat temperatures (300oC), in order to avoid 
corrosion as much as possible, leading to net electric 
efficiencies below 20% [9]. Furthermore, superheaters 
are situated far from the furnace, down in the flue duct, 
behind bundles of evaporation tubes, so that flue gases 
entering the superheating heat exchangers are already 

cooled down to 600-650oC. Additionally, flue gases are 
usually not cooled below 200oC, again to avoid 
corrosion of heat-exchange surfaces [3], [1]. Flue gas 
scrubbing is always required for treatment of the exhaust 
(dangerous organic or inorganic compounds and heavy 
metals must not be released to the atmosphere), which 
also consumes energy and decreases the net electric 
output of the power unit.  

In recent years, incentives are established for lifting 
up the steam parameters in newly constructed MSW-
fired steam cycles, mostly in Japan [9] and Europe [8]. 
Superheat temperatures can be raised up to 450-480oC. 
This of course requires much higher corrosion rate to be 
tolerated, shortening the lifetime of superheater tubes 
and sharply increasing costs. One successful approach in 
the quest for higher superheat temperatures deserves 
attention. The flux of hot bed material after the cyclone 
in a circulating fluidized bed can be used to lock the 
final superheater tubes away from the reach of flue gases 
and to safely increase the steam temperature up to 
480oC, without risk of corrosion or erosion. This idea 
has been successfully implemented in a trademarked 
superheater design INTREXTM [2] for a circulating 
fluidized bed boiler (firing a mixture of MSW and 
biomass) in operation in Sweden (Stockholm).  

The elementary structure and heating value of 
MSW used in the calculations in this study are presented 
in Table 1 below. 

 
Table 1: Elementary structure and lower heating 

value of MSW, average values for wastes from urban 
centers. Glass, metals and hazardous materials are sorted 
out to some extent before delivery to the power plant. 
 

Constituents: Percentage (per dry mass): 
Carbon, C 40.55 % 
Hydrogen, H 5.9 % 
Oxygen, O 29.22 % 
Nitrogen, N 1.04 % 
Sulphur, S 0.2 % 
Chlorine, Cl 0.99 % 
Phosphorus, P 0.1 % 
Ash 22 % 
Moisture 30 % (per total mass) 
Lower Heating Value 10.8 MJ/kg   

 

CALCULATION MODELS 
The power cycles presented below are modelled 

and calculated (heat-balanced in steady state) with the 
help of a computer programme, PROSIM [7].  

MSW (as that from Table 1) is combusted in a 
fluidized bed boiler. Compared to conventional grate 
incinerators for MSW, fluidized bed boilers have the 
advantages of better fuel burnout, low NOx emission 
levels, possibility to capture SOx by limestone directly 
in the furnace (circulating fluidized bed), and lower 
maintenance costs. Disadvantages are higher pressure 
losses on the gas side (higher fan power needed), slower 
start-up from cold state, danger of plugging the bed by 

30%
29%

12%
3% 3% 5% 11%

7%

food and garden waste 30%

paper and paperboard 29%

plastics 12%

glass 3%

metals 3%

textiles 5%

other combustibles 11%

other non-combustibles 7%
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low-melting ash and necessity to shred the fuel before 
introducing it into the furnace. It is assumed that MSW 
is collected and delivered without separation or material 
recycling procedures, except for some of the metals, 
glass and hazardous chemicals. The basic steam cycle 
model calculated here is a trade-off between a low-
investment solution and a well-optimized condensing 
mode power cycle with given restrictions for superheat 
temperature. Its parameters are presented in Table 2.  

Table 2: Parameters of a MSW-fired simple steam 
power cycle, used as basis for comparison. 

 
Parameter: Value: 

Boiler type Fluidized Bed 
Superheat temperature 380oC 
Evaporation pressure 36 bar 
Turbine inlet pressure 33 bar 
Condenser parameters 0.056 bar / 35oC 
Deaerator pressure 3.6 bar 
Feedwater preheaters 3 + deaerator 
Combustion air preheating 190oC, by exhaust gas 
Exhaust gas temperature 200oC after air-heater 
O2 in exhaust gas 6.5 %vol. 
Gross electric output  51 MWel 
MSW fuel input  17.2 kg/s,  ~500’000 t/a 
Net electrical efficiency 
for the power cycle 

26.4 % (LHV) 

 
Pressure losses, thermal energy radiation and 

convection to surroundings, mechanical losses, electric 
generator losses and energy consumption for major 
pumps and fans are taken into account in the results for 
electrical efficiencies in the simulations. Thermal losses 
and electricity consumption in exhaust gas treatment 
equipment, as well as additional in-house electric 
consumption (fuel handling and feeding, controls, lights, 
conditioning and others) could not be simulated and are 
not included in the calculations (these are more or less 
independent of cycle scale and type).  

The gas turbine is a fictional one (simulated one). 
At ISO conditions and in simple cycle mode it has 34 % 
electrical efficiency (LHV) and 545oC exhaust gas 
temperature. The gas turbine used in the calculations 
varies in size, having the same electrical efficiency, 
which is indeed far from real world situation. However, 
with some approximation it can be assumed that this 
does not lead to huge errors in the performance of the 
overall hybrid combined configurations, especially as 
compared to each other. The exhaust from the gas 
turbine is cooled down to 90oC, unless it is mixed with 
the MSW incinerator exhaust. 

Natural gas (NG) has been selected as fuel for the 
gas turbine. It is combusted with very low emissions of 
nitrogen oxides and carbon monoxide in modern gas 
turbine combustion chambers. Natural gas provides the 
highest energy conversion efficiency achievable today, 
in gas turbine combined cycles with a bottoming steam 
turbine without supplementary firing. The electrical 
efficiency of such pure NG-fired combined cycle, with 

net electric power output of around 50 MWel (same as 
the basic MSW-fired steam cycle), is used as basis for 
comparison of the modelled hybrid cycles. Its value for 
two pressure levels of steam generation is taken as 51% 
(LHV) for the 50 MWel combined output. This figure is 
assumed to decrease at smaller scales according to a 
general logarithmic relation, down to 48% (LHV) at 10 
MWel design output. It denotes the upper limit of 
practically achievable energy conversion efficiency for 
NG at the given scale and complexity. The reference 
basic MSW-fired steam cycle also looses efficiency at 
smaller scales, down to 22% at 10 MWel design output. 

All hybrid combined cycle configurations below are 
simulated in cold-condensing mode, 50 MWel net power 
output, optimized for highest electrical efficiency. The 
common restrictions for the MSW-fired boiler (steam 
superheat and exhaust gas temperatures, Table 2) are 
valid for all configurations, aiming at lowest possible 
costs, using only conventional technology. Evaporation 
pressure in the MSW-fired boiler is raised according to 
the superheat temperature achievable in the gas turbine 
exhaust. The stress is put on simplified configurations 
with small total amount of heat-exchange surfaces, i.e. 
not on cycles with additional steam generation from gas 
turbine exhaust. 

Three types of hybrid configurations have been 
modelled. Simplified layouts are shown in Fig. 2 a), b) 
and c), cases “a”, “b” and “c” respectively. The share of 
NG out of total fuel energy input into the hybrid cycle is 
varied in each configuration.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 a): Simplified flowchart of a parallel-
powered cycle with superheating entirely in the gas 
turbine exhaust. All steam is generated in the MSW 
incinerator. 

 
The cycle on Fig. 2a) has the advantage of 

simplicity and lowest cost (no superheater in MSW flue 
gas duct). Its range of possible NG-to-MSW ratios is not 
large. At low ratios the steam can be superheated only to 
a limited temperature, depending on the available heat in 
the gas turbine exhaust. At high NG ratios (large gas 
turbine), additional steam must be generated in the gas 
turbine exhaust, in order to utilise the available heat in it 
(such configurations have been omitted here). The other 
two configurations, with partial superheating by MSW 
flue gases, allow for a broader span of NG-to-MSW fuel 
energy ratios. Gas turbine share of total power output is 
also used for presentation of results. 

MSW 

NG 
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Figure 2 b): Simplified flowchart of a parallel-
powered cycle with superheating partly in the MSW 
incinerator and partly in the gas turbine exhaust. All 
steam is generated in the MSW incinerator. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 c): Simplified flowchart of a fully-fired 
cycle with partial superheating by the gas turbine 
exhaust. All steam is generated in the MSW incinerator. 

 

RESULTS 
The calculation results for cycle efficiencies are 

summarized and presented in Fig. 3 and Table 3. 
 

 
Figure 3: Efficiency results for the three hybrid 

combined cycle configurations and the reference line. 
 
The solid line in Fig. 3, used as a reference, shows 

the expected average efficiency for the summed output 
of two separate power units, one MSW-fired steam cycle 
and one NG-fired pure combined cycle at the given ratio 
of NG to MSW fuelenergy. The reference line takes into 
account small variations of efficiency with actual scales, 
as mentioned above. All hybrid configurations allow for 
higher efficiency than the average efficiency of two 

separate single-fuel units of relevant sizes, at the same 
NG to MSW fuel energy input ratio. This is the general 
advantage of hybrid dual-fuel combined cycles. They 
allow increase in the overall efficiency (improvement in 
the efficiency of energy conversion for both fuels), 
compared to separate single-fuel cycles. 

The evaluation of the exact efficiency improvement 
is somewhat arbitrary and conditional. Usually, various 
assumptions are made. The fact that electrical efficiency 
changes with scales and sizes is often overlooked. Right 
choice of basis for comparison is critical as well.  Some 
authors prefer to point out the so-called “incremental” 
[8] or “added capacity” efficiency. It defines the 
efficiency of energy conversion of the topping fuel only, 
after adding a topping engine to the bottoming cycle. 
The additional (incremental) power comprises the 
output of the topping engine plus the additional output 
of the bottoming cycle (due to the thermal connection 
with the topping cycle), related to the fuel energy input 
in the topping cycle. An equation for the cases presented 
here can be defined as: 

 
A more useful approach is to define the efficiency 

attributable to the bottoming cycle fuel [1], [3]. Such 
value would show how much the hybrid configuration 
improves the energy conversion efficiency for the 
bottoming fuel itself. The MSW-based efficiency for the 
cases presented here can be defined as: 
 

 
It measures how much of the output of the hybrid 

combined cycle can be attributed to the MSW. To 
evaluate it, the maximum possible power output 
achievable by natural gas fuel alone (i.e. the output of a 
pure unfired combined cycle at a relevant scale) can be 
subtracted from the total power output of the hybrid 
combined cycle, and the result can be divided by the 
fuel energy input in the form of MSW. Both efficiency 
definitions for the cases investigated here are calculated 
and presented in Table 3. 

The results show that the fully-fired cycle with final 
superheating in the gas turbine exhaust (Case c)) can 
work at the lowest NG-to-MSW ratios and features a 
reasonable efficiency improvement, despite the fact that 
the gas turbine works with heavy backpressure when 
exhausting into the fluidized bed boiler (gas turbine 
electrical efficiency falls with 2 percentage points). One 
big disadvantage of this arrangement is the necessity for 
treatment of the whole exhaust gas flow.  

The parallel-powered cycle with final superheating 
in the gas turbine exhaust (Case b)) can also operate at 
low NG-to-MSW ratios and is to be preferred, due to the 
fact  that  heat  from GT exhaust can be utilised down to 
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Table 3: Calculation results, cycle comparison.   
Cycle type, 

GT  share of 
total output 

PGT  
output 
MWel 

PST 
output 
MWel 

Super- 
heat 
oC 

Cycle el. 
efficiency 
% (LHV) 

Fuel flow 
MSW 
kg/s 

Fuel flow 
NG 
kg/s 

NG to total 
fuel energy 

Ratio 

ηNG 

% 
ηMSW 

% 

Difference 
to refer.  

effic. line 

Case a): Parallel-powered cycle with superheating entirely in the GT exhaust 
0.35 17.5 32.5 414 35.7 8.105 1.064 0.38 55.2 27.3  1.8 %pts 
0.40 20 30 458 39.0 6.323 1.214 0.47 56.9 29.3  3.0 %pts 
0.45 22.5 27.5 500 42.1 4.792 1.366 0.56 57.1 31.4  3.9 %pts 
0.50 25 25 520 44.4 3.531 1.516 0.66 56.1 32.5  3.7 %pts 
Case b): Parallel-powered cycle with superheating partly in the GT exhaust 
0.25 12.5 37.5 442 34.3 9.971 0.761 0.26 61.4 29.1  3.0 %pts 
0.30 15 35 460 36.2 8.576 0.913 0.33 60.5 29.7  3.4 %pts 
0.35 17.5 32.5 485 38.5 7.146 1.064 0.40 60.0 30.8  4.1 %pts 
0.40 20 30 506 40.2 5.953 1.214 0.48 58.4 31.0  4.0 %pts 
0.45 22.5 27.5 520 42.2 4.725 1.365 0.57 57.2 31.5  3.8 %pts 
Case c): Fully-fired cycle with superheating partly in the GT exhaust 
0.25 12.5 37.5 450 34.6 9.654 0.800 0.27 60.5 29.0  3.1 %pts 
0.30 15 35 473 36.9 8.125 0.958 0.35 60.4 30.0  3.7 %pts 
0.35 17.5 32.5 498 39.2 6.706 1.117 0.43 59.7 31.0  4.1 %pts 
0.40 20 30 530 41.7 5.298 1.274 0.52 58.8 32.4  4.5 %pts 
0.45 22.5 27.5 530 42.4 4.370 1.434 0.60 55.9 30.4  3.2 %pts 

 
90oC without any risks, while the exhaust flow from the 
incinerator is treated separately. The configuration with 
full superheating by GT exhaust (Case a)) can operate at 
higher NG-to-MSW ratios and within a small range. 
 

PART-LOAD PERFORMANCE 
Another very important advantage of hybrid 

combined cycles is their operational and fuel flexibility. 
This is also connected to the possibility to operate the 
topping or bottoming cycle independently, or to lower 
the load on only one part of the cycle while the other 
runs at full load. One possibility is to run the gas turbine 
(topping cycle) at full load, while lowering the fuel input 
to the bottoming steam boiler. This directly improves 
the thermodynamic circumstances for increased 
efficiency of the overall hybrid cycle, which would lead 
to increased electrical efficiency at loads of 80% - 99% 
of full power output. Indeed, this is strongly dependent 
on type of configuration, gas turbine characteristics and 
operational strategies. In the cases considered here, the 
topping and bottoming cycle have a very low degree of 
independence (high degree of integration), so their 
separate operation may be difficult or simply inefficient 
(meaning the separate operation of the MSW-fired 
boiler, while the GT can always work in simple-cycle). 
The accent here is put on low-investment construction 
and low NG-to-MSW ratios, without steam generation 
by gas turbine exhaust heat. Utilisation of all available 
GT exhaust heat when only the MSW fuel flow is 
lowered can be problematic in these configurations.  

Fig. 4 shows the simulated part-load behaviour of 
the three types of cycle arrangements from above. Only 
one representative of each case has been calculated, with 
low share of NG fuel, in order to better visualise the 
trend in part-load efficiency for the cases when only the  
MSW-fired boiler is at part load, while GT exhaust 
energy can be fully utilised.  

It must be noted that such part-loads may not be 
practical, as the MSW incinerator should run at full load 
as much as possible, in order to treat the steady supply 
of MSW. Part-loads when only the GT fuel is decreased 
would show a steady downward trend in overall hybrid 
cycle efficiency.  

 

Figure 4: Part-load efficiency behaviour. The 
figure presents efficiencies for selected configurations 
within each modelled case, with small NG-to-MSW fuel 
energy ratio. Only the MSW-fired boiler is at part load. 
 

DISCUSSION AND CONCLUSIONS  
The advantages of superheating the steam in hybrid 

dual-fuel combined cycle configurations with MSW as 
bottoming fuel are more than obvious. Electrical 
efficiency is sharply increased in all configurations, with 
only small complications of the cycle layout. The 
improvement in electrical efficiency of MSW energy 
conversion is up to 5 - 6 percentage points, of course at 
the expense of a high-quality fossil fuel for the gas 
turbine. Actual installations of this type depend on the 
availability of gas turbine fuels at reasonable prices. On 
the other hand, the efficiency of energy conversion for 

Part-load performance 
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the topping fuel (NG in this case) in hybrid 
configurations reaches high above the achievable 
efficiency in pure NG-fired combined cycles at the 
relevant scales. Though, it should be noted that the 
values for fuel conversion efficiencies within the hybrid 
cycle (ηNG and ηMSW in Table 3) must not be taken as 
representative. They do not complement each other. 
They show only the potential for efficiency 
improvement for one of the fuels, if the other one is 
utilised with efficiency typical for a separate single-fuel 
cycle at the relevant scale. 

Part-load efficiency characteristics of such hybrid 
combined cycles are excellent, provided the gas turbine 
is run at full power, while only the output of the MSW-
fired steam boiler is decreased. This is a result of the 
fact that at MSW boiler part loads the cycle moves to a 
higher NG-to-MSW ratio. Part-load efficiency increases 
with reduced power to the point where the steam cycle 
efficiency drops too much or where the gas turbine 
exhaust heat cannot be fully utilised. 

The proposed MSW energy extraction power cycle 
in a hybrid combined cycle arrangements (Table 3) can 
handle the wastes generated in a city of around 100’000 
to 500’000 inhabitants. Thermodynamic and economic 
advantages, together with the possibility for widespread 
application of MSW boiler and GT hybrid combined 
cycles have already been addressed in various 
publications, a selection of which is included in the 
reference list below. 

Interest in such configurations will inevitably grow. 
The work presented here elaborates further on the work 
previously published by Korobitsyn et al. [3] and 
Consonni [1]. Wider promotion of this concept is 
necessary, if a larger share of MSW is to be incinerated 
with high efficiency of energy conversion at low costs. It 
should be noted though, that cold-condensing mode of 
operation is not the best solution. If high total efficiency 
is the goal, the cycle must work in a combined heat and 
power (co-generation) mode. 

In fact, there are existing installations of this type 
already in operation. A comparatively old such heat and 
power unit is the one in Linköping (Gärstad), Sweden 
[4]. New ones are close to completion in Spain [1], and 
in Germany (Mainz). A patent on such configuration is 
held in USA [5], another patent is claimed in Europe by 
a Spanish company [1].  

Hybrid cycles in parallel configuration with only 
feedwater preheating (without superheating in topping 
exhaust) have also been suggested. Internal combustion 
engines are particularly suitable for such configuration 
[8]. Efficiency increase is reasonably high, due to the 
fact that actual MSW-fired steam cycles are small-scale 
low-cost installations without feedwater preheaters, and 
also to the fact that internal combustion engines have 
electrical efficiencies much higher than those of gas 
turbines. One such configuration is in operation in The 
Netherlands (Alkmaar), with an internal combustion 
engine as a topping cycle, whose exhaust gases and 
jacket water are used for preheating the steam cycle 
feedwater [8]. 

It must be mentioned that coal- or biomass-fired 
steam cycles could also run as “topping cycles” for 
MSW-fired boilers. In such configurations, the steam 
generated in the MSW incinerator can be superheated in 
the coal- or biomass-fired boiler.  
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ABSTRACT 
 The hybrid dual-fuel combined cycle concept is a 

promising technology for increasing the energy utilisation of 
low-grade (solid) fuels. Important advantages such as enhanced 
electrical efficiency, favorable economics and relative ease of 
construction and operation have been pointed out by various 
authors in previous studies. The present investigation aims to 
assess the performance of natural gas and coal- or biomass-fired 
hybrid combined cycles, with a gas turbine as topping cycle and 
a steam boiler/turbine as bottoming cycle. A parametric analysis 
considers the impact of the natural gas/solid fuel energy ratio on 
the electrical efficiency of various hybrid system configurations. 
Results show that significant performance improvements (in the 
order of several percentage points in electrical efficiency) can 
be achieved by these hybrid configurations when compared to 
the reference (two independent, single-fuel power plants at the 
relevant scales). In large-scale power plants with coal-fired 
bottoming cycle, efficiencies continuously rise as the share of 
natural gas fuel is increased up to the cycle integration limits, 
while an optimum can be seen for the small-scale biomass-fired 
bottoming cycles (with modest steam parameters) at a certain 
share of natural gas fuel input. 

NOMENCLATURE 
LHV   Lower Heating Value of fuel (MJ/kg) 
HHV   Higher Heating Value of fuel (MJ/kg) 
m   mass flow of fuel (kg/s) 
P   Power output (MWel) 
FR    Fuel energy ratio 
η   Electrical efficiency 

subscripts 
BC   regarding bottoming cycle fuel 
GT   regarding the Gas Turbine 

NG   regarding Natural Gas fuel 
ST   regarding the Steam Turbine 

INTRODUCTION 
Energy efficiency, operational flexibility, and cost of 

electricity are of the utmost importance now more than ever in 
the field of power generation. These concepts are paramount in 
both new power plant designs and in repowering of older steam-
based units. Hybrid combined cycle plants employing two fuels 
(high-quality gaseous and low-quality solid) are one of the most 
promising technologies for fulfilling these critical requirements 
in the very near future. Although many hybrid system 
configurations are possible, one common feature is the strong 
potential for relatively higher electrical efficiency at low cost, 
especially when compared to more sophisticated technologies 
like integrated gasification combined cycles or externally fired 
cycles with ceramic heat exchangers. 

In the present paper, the term “hybrid dual-fuel combined 
cycle” refers to various configurations of a gas turbine plus a 
standard steam generator, where the steam generator utilises a 
solid fuel. Various types of hybrid dual-fuel combined cycle 
configurations are technically feasible, depending to some 
extent on the features of the topping engine and on the structure 
of the solid fuel bottoming steam cycle. The main overall 
arrangements of a topping and a bottoming cycle into a hybrid 
combined cycle are usually termed “fired/fully-fired/windbox” 
and “parallel-powered/compound”. The fired configurations can 
be further divided into hot windbox (topping cycle exhaust is 
directly fed to the bottoming cycle boiler and used as 
combustion air) and warm/cold windbox types (heat from the 
topping cycle exhaust is utilised elsewhere in the plant before 
being fed into the bottoming boiler). Often a combination of 
arrangements is considered; for example, parallel steam 
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generation from topping cycle exhaust can be supplemented by 
feeding the exhaust to the bottoming cycle boiler (which is 
actually a type of a cold-windbox configuration). In steam 
cycles with reheat, the hybrid arrangements can make use of 
possible reheating by gas turbine exhaust.  

One of the strongest arguments for hybrid cycles is the 
potential to cost-effectively improve the efficiency of a steam 
power plant burning solid fuels. For large-scale plants, even 
small efficiency gains translate into measurable CO2 reductions, 
thus making hybrid cycles an attractive alternative. The same 
can be said for small-scale plants, which typically have much 
lower efficiencies. Numerous hybrid cycle configurations have 
been proposed throughout the years, mostly in the form of 
specific case studies for repowering of older coal-fired plants, 
examples are [1-8]. More general presentations of hybrid 
combined cycle plants can be found in e.g. Termuehlen [9] and 
Walters [10]. At this stage there is a need for a more systematic 
comparison of the key hybrid dual-fuel configurations. In 
addition, small-scale hybrid units have usually not been 
considered, even though they may fill an important niche for 
biomass fuels (hybrid cycles for biomass have been mentioned 
at international venues only by Spath and Overend [11]). 

This paper presents a thermodynamic performance analysis 
of several hybrid dual-fuel combined cycle configurations for 
power generation. These configurations feature substantial 
integration between topping and bottoming cycles, yet at the 
same time are chosen as the most representative designs for 
implementation. An emphasis has been placed on hybrid cycles 
for the improvement of traditional coal-fired (large scale) and 
biomass-fired (small scale) power plants. Findings from this 
investigation will be used as a basis for future techno-economic 
studies of hybrid dual-fuel cycle power plants. 

CALCULATION MODELS 
The results presented below are obtained via computer 

simulations of various hybrid dual-fuel combined cycle 
configurations. The main goal has been the estimation of the 
overall performance (electrical efficiency) of each cycle 
configuration with varying ratios of gas turbine to steam turbine 
power outputs. The power cycles have been modeled for steady 
state conditions (at full-load) using the heat-balance computer 
program PROSIM [12].  

In order to establish a basis for comparison, two simple 
steam-Rankine power cycles have been selected: (1) large-scale 
coal-fired power unit (300 MWel); and (2) a small-scale unit 
fired with wet biomass residues (30 MWel). Five different 
hybrid combined cycle configurations are considered for the 
coal-fired plant, while the biomass-based plant includes four 
different cases (see Figs. 1-6 for the simplified layouts). All 
cycles have been modeled in cold-condensing mode, optimized 
for highest possible electric efficiency. The primary operational 
parameters (see Tables 1 and 2) are chosen to represent a trade-
off between advanced high-efficiency, investment-intensive 
arrangements and modest low-cost solutions. Major internal 
electricity consumption within each power cycle is taken into 

account, along with major pressure losses, mechanical and 
electrical losses in turbine and electric generator, boiler blow-
down, incomplete combustion, and various heat losses to 
surroundings. Steam losses from sealings are not considered. 
Modeling of energy consumption for fuel handling and feeding 
and various small electricity consumers within the power plant 
infrastructure was not possible at this stage. The final values for 
electrical efficiency fall between the gross cycle electrical 
efficiency and the net efficiency of the overall power plant.  

Table 1: Main parameters of the basic coal-fired simple 
steam power cycle. 

Parameter: Value: 
Fuel type High-quality coal 
Turbine inlet parameters 550oC (1022oF), 180 bar 
Reheat parameters 560oC (1040oF), 36 bar 
Evaporation pressure 200 bar, 2900 psi 
Condenser pressure 0.038 bar, 1.12 in.HgA 
Deaerator pressure 6.2 bar, 89.9 psi 
Feedwater preheaters 7 + deaerator 
Final feedwater temperature 250oC (482oF) 
Combustion air preheating 250oC (482oF) 
Exhaust gas temperature 100oC (212oF) 
O2 in exhaust gas 3 %vol. (wet basis) 
Gross electric output  310 MWel 
Fuel input  26.56 kg/s, 210800 lb/h   
Lower heating value of fuel 25 MJ/kg (10748 Btu/lb) 
Higher heating value of fuel 26.2 MJ/kg (11264 Btu/lb) 
Net electric efficiency 
for the power cycle 

45.3 % (LHV) 
43.2 % (HHV) 

Table 2: Main parameters of the basic biomass-fired 
simple steam power cycle. 

Parameter: Value: 
Fuel type Wood residues, 50% wet 
Turbine inlet parameters 540oC (1004oF), 90 bar 
Evaporation pressure 100 bar, 1450 psi 
Condenser pressure 0.056 bar, 1.65 in.HgA 
Deaerator pressure 3.6 bar, 52.2 psi   
Feedwater preheaters 3 + deaerator 
Final feedwater temperature 170oC (338oF) 
Combustion air preheating 160oC (320oF) 
Exhaust gas temperature 90oC (194oF) 
O2 in exhaust gas 3 %vol. (wet basis) 
Gross electric output  31 MWel 
Fuel input  10.68 kg/s,  84780 lb/h 
Lower heating value of fuel 8 MJ/kg (3439 Btu/lb) 
Higher heating value of fuel, 
(all moisture condensed 
from exhaust gas) 

 
9.9 MJ/kg (4256 Btu/lb) 

Net electric efficiency 
for the power cycle 

35.2 % (LHV) 
28.4 % (HHV) 
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Fig. 1: Simplified schematic of the fully-fired hybrid 
combined cycle (hot-windbox type). Both coal and biomass are 
considered as bottoming fuels (biomass-fired bottoming cycle 
without reheat, small-scale). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Simplified schematic of the fully-fired hybrid 
combined cycle with partial reheat by gas turbine exhaust. 
Based on large-scale coal-fired bottoming cycle only.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Simplified schematic of a parallel-powered hybrid 
combined cycle with feedwater preheating by gas turbine 
exhaust. Both coal and biomass are considered as bottoming 
fuels (biomass-fired bottoming cycle without reheat). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Simplified schematic of a parallel-powered hybrid 
combined cycle with partial reheat and feedwater preheating 
by gas turbine exhaust. The bottoming fuel is coal, large-scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Simplified schematic of a mixed parallel-powered/ 
fully-fired hybrid combined cycle with one pressure level 
parallel steam generation by gas turbine exhaust (cold-
windbox type). Both coal and biomass are considered as 
bottoming fuels (biomass-fired bottoming cycle without reheat). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6: Simplified schematic of a parallel-powered hybrid 

combined cycle with parallel steam generation by gas turbine 
exhaust (one pressure level). The bottoming fuel is biomass. 
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The gas turbine (GT), used as topping cycle with varying 
size in the simulations, is a fictional (simulated) one. At ISO 
conditions it has 34% electric efficiency (LHV) and 540oC 
exhaust temperature in simple cycle mode. This performance is 
constant regardless of size, which is indeed far from the real-
world situation. However, with some approximation it can be 
assumed that this does not lead to huge discrepancies in the 
performance of the overall hybrid combined cycles, as 
compared to each other. The GT exhaust is cooled down to 
90oC unless it is mixed with the coal boiler exhaust. Natural gas 
(NG) with lower heating value of 49.1 MJ/kg (21110 Btu/lb) 
and higher heating value of 54.6 MJ/kg (23474 Btu/lb) is used 
as fuel for the gas turbine. 

EFFICIENCY DEFINITIONS 
The evaluation of efficiency advantages or disadvantages 

of hybrid configurations is somewhat arbitrary and various 
assumptions are usually made. Some authors prefer to point out 
the so-called “incremental” [13], “marginal” [8] or “added 
power” [3] efficiency. It defines the efficiency with which the 
additional power is generated, after adding a topping engine to 
a bottoming steam cycle. The additional (incremental) power 
comprises the output of the topping engine plus the additional 
output of the bottoming cycle (due to the thermal connection 
with the topping cycle), related to the fuel energy input in the 
topping engine. An equation for the cases presented here can be 
defined as: 
 

NGNG

STGT
NGincr LHVm

PP ∆+
== ηη    (1) 

 
The incremental efficiency can be interpreted as the 

efficiency of utilisation of the topping fuel in a hybrid combined 
cycle. A different approach defines the efficiency attributed to 
the bottoming cycle fuel. Such value would show whether the 
hybrid configuration improves the energy conversion efficiency 
of the fuel for the bottoming cycle [2], [4]. The electric 
efficiency based explicitly on the bottoming fuel, for the cases 
presented here, can be defined as: 
 

BCBC

refNGNGNGTOTAL
BC LHVm

LHVmP ,η
η

−
=   (2) 

 
This definition of efficiency attempts to measure how much 

of the output of the hybrid combined cycle is actually based on 
the bottoming fuel, by taking into account the fact that the 
topping fuel could be utilised in a separate single-fuel 
straightforward combined cycle with highest possible 
efficiency.  

In connection to these two criteria, the efficiency of a 
hybrid plant can be compared to the average efficiency of two 
separate plants, one pure combined cycle with efficiency ηNG,ref  
and one simple steam cycle with efficiency ηBC,ref. One way of 

creating this reference is to assume that these efficiencies have a 
constant representative value, leading to an average of the 
summed performance of the simple solid-fuel fired steam plant 
and the NG-fired combined cycle GT plant based on the 
individual fuel inputs (dotted line on Figs. 7 & 8), i.e. 
 

( ) refBCNGrefNGNGref FRFR ,, 1 ηηη −+=  (3) 

 
where FRNG is the fuel energy ratio of natural gas to total fuel 
energy input: 
 

NGNGBCBC

NGNG
NG LHVmLHVm

LHVm
FR

+
=   (4) 

 
A drawback of this method lies in the fact that practical 

issues (economics and thermal losses) place a limit on 
performance with respect to capacity. For example, a 300 
MWel natural gas pure combined cycle plant may have an 
efficiency above 54% (LHV), but a 3 MWel plant would have 
much poorer performance. Referring to Eqn. (3), this means 
that �NG,ref and �BC,ref may also be taken to vary as a function of 
the fuel input, representing variations with scale (solid line on 
Figs 7 & 8). A logarithmic relationship has been assumed: 
 

[ ]( ) NGNGelNGrefNG BPA += MWln ,,η   (5) 

[ ]( ) BCBCelBCrefBC BPA += MWln ,,η   (6) 

 
where A and B are constants fitted to the data listed in Table 3. 
The overall reference efficiency �ref is then computed via Eqn. 
(3) with these more realistic efficiency values.  

 
Table 3: Assumed reference values for electrical efficiency 

(LHV) of separate cycles utilising the topping fuel or the 
bottoming fuel at varying scales. 

 300 MWel 30 MWel 3 MWel 
GT combined cycle 54 % 50 % 46 % 
Solid fuel steam cycle 45.3 % 35.2 % 25 % 

Coefficient values for Eqn. (5) and (6): ANG =1.737, ABC 

=4.408; BNG =44.092, BBC =20.174. 
 

It should be noted again that the assumption of reference 
values for comparison of thermodynamic performance is 
arbitrary and conditional. At large-scales, the reference 
efficiency value for a pure combined cycle is taken for a 
comparatively low specific cost arrangement with two-pressure 
levels in the heat recovery steam generator, for example.  

RESULTS AND DISCUSSION 
The calculation results for electrical efficiencies of the 

modeled hybrid cycle configurations are shown in Fig. 7 and 
Fig. 8; detailed results for each case are listed in Table 4.  
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Table 4: Calculation results, cycle comparison.  

Cycle type, 
GT  share of 
total el. output 

PGT  
net 

output 
MWel 

PST  
net 

output 
MWel 

NG share of 
total energy  

input 
 (LHV) 

Net Cycle 
efficiency 

% 
(LHV) 

Net Cycle 
efficiency 

% 
(HHV) 

NG 
Fuel 
flow 
kg/s 

BC 
Fuel 
flow 
kg/s 

ηNG 
% 

(LHV) 

ηBC 
% 

(LHV) 

Difference 
to reference  

curve 
(LHV) 

Bottoming cycle fired with high-quality coal, large-scale: 
As of Fig. 1: Fully-fired configuration (hot windbox), FF: 
0.1 30 270 0.140 46.7 44.2 1.837 22.168 59.8 46.0 1.3 %pts 
0.2 60 240 0.285 48.3 45.3 3.602 17.803 60.2 46.8 2.3 %pts 
0.3 90 210 0.440 50.2 46.7 5.341 13.470 60.3 48.2 3.3 %pts 
0.4 120 180 0.602 51.9 47.7 7.105 9.248 59.4 49.8 3.7 %pts 
As of Fig. 2: Fully-fired configuration with partial reheat by GT exhaust (warm windbox), FF-R: 
0.1 30 270 0.140 46.6 44.1 1.837 22.168 59.1 45.9 1.2 %pts 
0.2 60 240 0.286 48.3 45.3 3.621 17.810 60.1 46.8 2.3 %pts 
0.3 90 210 0.441 50.2 46.6 5.379 13.403 60.2 48.2 3.3 %pts 
0.4 120 180 0.604 51.8 47.6 7.146 9.203 59.2 49.5 3.6 %pts 
As of Fig. 3: Parallel-powered configuration with feedwater preheating by GT exhaust, PP-FP: 
0.1 30 270 0.137 46.2 43.7 1.818 22.475 56.4 45.5 0.8 %pts 
0.2 60 240 0.277 47.4 44.5 3.591 18.323 57.0 45.7 1.5 %pts 
0.3 90 210 0.428 49.2 45.8 5.330 14.009 58.3 46.6 2.4 %pts 
0.35 105 195 0.497 48.8 45.2 6.222 12.406 56.0 44.7 1.5 %pts 
As of Fig. 4: Parallel-powered configuration with partial reheat and feedwater preheating by GT exhaust, PP-R&FP: 
0.1 30 270 0.138 46.4 43.9 1.822 22.349 57.7 45.7 1.0 %pts 
0.2 60 240 0.281 47.8 44.8 3.600 18.106 58.4 46.2 1.8 %pts 
0.3 90 210 0.430 49.3 45.9 5.341 13.913 58.4 46.7 2.5 %pts 
0.4 120 180 0.600 51.6 47.5 7.103 9.329 59.0 49.1 3.4 %pts 
As of Fig. 5: Fully-fired configuration with parallel steam generation by GT exhaust (cold windbox), FF-PSG: 
0.1 30 270 0.138 46.2 43.7 1.837 22.392 56.2 45.5 0.8 %pts 
0.2 60 240 0.281 47.3 44.4 3.636 18.303 56.7 45.5 1.3 %pts 
0.3 90 210 0.429 48.7 45.3 5.397 14.133 57.0 45.7 1.9 %pts 
Bottoming cycle fired with wet biomass, small-scale, modest steam parameters:  
As of Fig. 1: Fully-fired configuration (hot windbox), FF: 
0.1 3 27 0.112 37.2 30.4 0.187 8.974 58.3 36.0 1.4 %pts 
0.2 6 24 0.237 39.3 32.5 0.369 7.326 57.9 36.6 2.3 %pts 
0.3 9 21 0.373 41.6 34.9 0.551 5.684 57.1 37.4 3.2 %pts 
0.4 12 18 0.518 43.8 37.3 0.732 4.139 55.8 37.9 3.5 %pts 
As of Fig. 3: Parallel-powered configuration with feedwater preheating by GT exhaust, PP-FP: 
0.1 3 27 0.112 36.6 29.9 0.187 9.106 53.3 35.3 0.8 %pts 
0.2 6 24 0.228 38.3 31.6 0.367 7.597 54.1 35.5 1.4 %pts 
0.3 9 21 0.360 40.4 33.9 0.549 5.954 54.4 35.7 2.1 %pts 
0.35 10.5 19.5 0.428 41.1 34.8 0.640 5.173 53.3 35.1 2.0 %pts 
As of Fig. 5: Fully-fired configuration with parallel steam generation by GT exhaust (cold windbox), FF-PSG: 
0.1 3 27 0.113 37.3 30.6 1.188 8.927 58.9 36.1 1.5 %pts 
0.2 6 24 0.238 39.2 32.5 0.373 7.297 57.2 36.4 2.2 %pts 
0.3 9 21 0.380 41.4 34.8 0.557 5.671 56.5 37.0 2.9 %pts 
0.4 12 18 0.520 42.4 36.1 0.742 4.289 53.3 35.1 2.1 %pts 
As of Fig. 6: Parallel-powered with parallel steam generation and feedwater preheating by GT exhaust, PP-PSG&FP : 
0.1 3 27 0.113 37.1 30.3 0.187 8.998 57.6 35.9 1.3 %pts 
0.2 6 24 0.236 39.0 32.3 0.371 7.395 56.7 36.2 2.0 %pts 
0.3 9 21 0.366 41.0 34.5 0.553 5.833 55.8 36.5 2.6 %pts 
0.4 12 18 0.520 43.5 37.0 0.737 4.149 55.2 37.2 3.2 %pts 
0.5 15 15 0.675 45.1 39.1 0.92 2.72 52.4 36.4 2.0 %pts 

 



 

Copyright © 2002 by ASME 6

Fig. 7: Calculation results for the large-scale hybrid combined cycles with coal-fired bottoming cycle. Reference lines represent the 
average efficiency of two separate single-fuel units at a given ratio of natural gas to total fuel energy input. Dotted reference line does 
not take into account variations with scale, solid reference line (curve) assumes certain variations of achievable electrical efficiency 
with scale (Eqns. 5 & 6, Table 3), when the same “mixture” of two fuels is utilised in separate single-fuel power units. 
 
 

Fig. 8: Calculation results for the small-scale hybrid combined cycles with biomass-fired bottoming cycle. 
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In large scale power units (Fig. 7), the advantages of 
adding a topping cycle are generally more evident with growing 
share of gas turbine output out of total hybrid combined cycle 
output (up to the process integration limits). In small-scale 
power units with modest steam parameters (Fig. 8), the 
improvement in efficiency due to the increasing share of the gas 
turbine is also well pronounced. The reference curves (solid 
lines) for comparison of efficiency improvement in the two 
figures are derived from Eqns. (5) and (6), with the coefficients 
shown under Table 3.  

Regardless of scale, fully-fired configurations yield the best 
performance, as logic suggests. The amount of improvement 
over the reference does, however, depend on plant size. Higher 
natural gas fuel input results in enhanced efficiencies for the 
large-scale coal plants up to the integration limit, while an 
optimum appears for the small-scale biomass plants at a ratio of 
GT power output to overall power output of around 0.3 to 0.4. 
The parallel-powered configuration with only feedwater 
preheating features lowest improvement of efficiencies, as can 
be expected. In general, all configurations promise electric 
efficiencies above the reference curve, implying that both 
topping fuel and bottoming fuel are utilised with higher 
efficiencies than in separate single-fuel units firing the given 
fuels at the same ratio and at the same scales. These results are 
reflected in the values for incremental and bottoming-cycle 
efficiencies (ηNG and ηBC), listed in Table 4. Improvement in 
efficiency of topping fuel energy conversion is slightly more 
pronounced than the improvement of bottoming fuel energy 
conversion efficiency. High electrical efficiencies for the 
topping fuel (NG) in the configurations studied hereby are 
obtained with a simple low-cost heat exchanger arrangement 
behind the gas turbine, or with a heat recovery steam generator 
with a single pressure level. Furthermore, the hybrid concept 
provides increase of bottoming fuel energy conversion 
efficiency without any complication of its utilisation technology 
(common combustion process and standard steam cycle). 

It must be noted again that all configurations presented in 
this paper feature a high degree of integration between the 
topping and bottoming cycles and are selected as representative 
for the given scales and steam parameters. In contrast, the most 
basic type of hybrid configuration would be the combination of 
a simple steam cycle plus a separate gas turbine pure combined 
cycle (at least two pressure levels in the heat recovery steam 
generator) feeding a common steam turbine but operating 
independently. In such a case, the degree of integration between 
the two cycles is very small, yet the overall performance values 
would still lie slightly above the reference line in Figs. 7 and 8. 
The efficiency advantages would come solely from the fact that 
the steam turbine is common for the two separate cycles 
(implying fewer losses).  

Results from the calculations herein show that augmenting 
the level of integration leads to considerable performance 
improvements, in the order of several percentage points. Exact 
values strongly depend on scales, component arrangement and 
parameters of the bottoming steam cycle. In large-scale hybrid 

units with advanced steam parameters the efficiency 
improvement is remarkable. Next point of comparison is 
economics: which configuration has the most favorable specific 
installed costs and cost of electricity? It would seem logical that 
the hybrid dual-fuel combined cycle configurations with high 
degree of integration presented herein are more cost 
competitive than either two separate power plants or the most 
basic hybrid dual-fuel plant with low level of integration 
mentioned shortly above. Especially in small scales (biomass 
fuel), integration of a topping engine into a hybrid combined 
cycle should be the preferred utilisation method for the topping 
fuel, with efficiencies significantly higher than those achievable 
in a straightforward NG-fired combined cycle at the same scales 
(not to mention the high specific investment for straightforward 
combined cycles at small scales). This suggests the need for a 
careful economic evaluation of hybrid cycles as compared to 
the sum of two separate cycles, especially keeping in mind the 
fact that actual hybrid installations should allow also for 
separate operation of the topping or bottoming subunits. 
However, economic calculations are quite case-specific and 
cannot be generalized.  

CONCLUDING REMARKS 
The hybrid dual-fuel combined cycles considered in this 

study typically have performance levels better than the 
reference case of two separate single-fuel units. High efficiency 
increase was achieved in any arrangement, where an 
improvement of several percentage points beyond the average 
efficiency of two separate units is possible, utilising standard 
technology. Certain hybrid arrangements show higher efficiency 
improvement over others. This can be interpreted also as a 
substantial increase of energy conversion efficiency for both the 
topping and bottoming fuels. Such gains mean that hybrid 
plants are promising with respect to environmental performance 
and cost of electricity. It should be noted that the values for fuel 
conversion efficiencies within the hybrid cycle (ηNG and ηBC in 
Table 4) must not be taken as representative. They do not 
complement each other. They only show the potential for 
efficiency improvement for one of the fuels, if the other one is 
utilised with efficiency typical for a separate single-fuel cycle at 
the relevant scale. 

Hybrid cycles also have an inherent flexibility in plant 
layout, which aids in the identification of low-cost system 
arrangements. Furthermore, common features are the wider 
operational range, promising part-load performance and easy 
fitting of standard gas turbine models into cycles with desired 
power-to-heat output ratio. Aside from economic aspects, this 
study must be extended further to investigate the off-design 
performance of the different configurations at different fuel 
ratios and different loads on the topping and bottoming cycles. 
Especially for the configurations presented here (with high level 
of integration between the topping and the bottoming cycle), 
part-load performance and fuel flexibility is a critical feature. 
However, part-load performance is greatly influenced by the 
specific parameters of the topping and the bottoming cycles, 
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which makes the general approach used in this study not 
applicable to part-load simulations. It would also be of interest 
to investigate CO2 reduction in more depth.  
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ABSTRACT 
 Hybrid dual-fuel combined cycle power plants employ two 

or more different fuels (one of which is typically a solid fuel), 
utilised by two or more different prime movers with a thermal 
coupling in between. Major thermodynamic and economic 
advantages of hybrid combined cycle configurations have been 
pointed out by various authors in previous studies. The present 
investigation considers the performance of natural gas and 
biomass hybrid combined cycles in small scale, with an internal 
combustion engine as topping cycle and a steam boiler/turbine 
as bottoming cycle. A parametric analysis evaluates the impact 
of natural gas to biomass fuel energy ratio on the electrical 
efficiency of various hybrid configurations. Results show that 
significant performance improvements with standard technology 
can be achieved by these hybrid configurations when compared 
to the reference (two independent, single-fuel power plants at 
the relevant scales). Electrical efficiency of natural gas energy 
conversion can reach up to 57-58 % LHV, while the efficiency 
attributed to the bottoming fuel rises with up to 4 percentage 
points. In contrast to hybrid cycles with gas turbines as topping 
cycle, hybrid configurations with internal combustion engines 
show remarkably similar performance independent of type of 
configuration, at low shares of natural gas fuel input. 

NOMENCLATURE 
LHV   Lower Heating Value of fuel (MJ/kg) 
HHV   Higher Heating Value of fuel (MJ/kg) 
m   mass flow of fuel (kg/s) 
P   Power output (MWel) 
FR      Fuel energy Ratio 
η   Electrical efficiency 

subscripts 
BC   regarding Bottoming Cycle fuel 

GE  regarding the Gas Engine 
NG  regarding Natural Gas fuel 
ST  regarding the Steam Turbine 

INTRODUCTION 
Hybrid dual-fuel combined cycles feature a thermal link 

between a combustion turbine or engine as topping cycle and a 
solid fuel fired bottoming steam cycle. The synergy effect from 
such integration provides thermodynamic advantages for both 
the topping and the bottoming cycle. Many different hybrid 
configurations are feasible, depending to some extent on the 
type of the topping cycle and on the structure and parameters of 
the bottoming steam cycle. A broad general overview of the 
main hybrid arrangements in large and small scales, together 
with specific simulation data and evaluation of efficiency 
advantages for hybrid cycles with a gas turbine topping cycle, 
were presented by the authors of this paper in a similar 
publication in 2002 [1], where also a representative list of 
references was provided. 

The present paper focuses on various hybrid configurations 
of a topping natural gas-fired internal combustion engine plus a 
bottoming biomass-fired steam boiler. The two fuels are chosen 
as representative of contemporary trends for distributed power 
generation at small scales. Small-scale hybrid units may fill an 
important niche for biomass fuels in the perspective of utilising 
local resources for distributed power generation, provided that 
natural gas is available. One of the strongest arguments for 
hybrid cycles at any scale is the potential to cost-effectively 
improve the efficiency of energy conversion for both the 
topping and the bottoming fuels, while utilising basically the 
same components. This directly translates into reductions of 
electricity cost and CO2 emissions.  

Within the small-scale perspective, modern gas or diesel 
internal combustion engines are serious competitors to gas 
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turbines in terms of efficiency, operational costs, lifetime and 
specific investment. As simple-cycle prime movers the engines 
are unrivaled in efficiency in their power range. Gas-fired 
engines with electrical efficiencies above 40% (LHV) are 
commercially available from several producers and typically 
have shorter delivery times than gas turbines. A gas engine is 
often the primary choice for small-scale power applications 
when low-cost natural gas is available locally.  

Straightforward combined cycles without supplementary 
firing, based on internal combustion engines, provide only 
limited increase in electrical efficiency as percentage of that of 
the basic engine. This is due to the specific features of engines, 
namely that large amount of heat is rejected at low temperature 
levels with the cooling media. However, engines are suitable 
topping cycles for integration into hybrid combined cycles of all 
scales, where the bottoming cycle with its own fuel input can 
help to substantially enhance the energy utilisation from all 
engine heat rejection streams. Apart from supplementary-fired 
configurations, application of engines (gas or diesel) into hybrid 
dual-fuel combined cycles has been suggested or reported at 
major forums by only a few authors. Several representative 
publications in favor of engine integration into hybrid cycles are 
included in the reference list below [2 - 6]. 

Internal combustion engines are especially suited to small-
scale hybrid units with moderate steam parameters in the 
bottoming cycle [2], [4], [5]. Integration in large-scale steam 
cycles with advanced steam parameters is also technically and 
economically feasible ([3], [6]), even though engines cannot fit 
in some promising configurations, where gas turbines are more 
suitable. Moreover, the necessary heat sinks for the engine at 
very low temperature levels for jacket water cooling, lube oil 
cooling and charge air cooling restrict the potential for engine 
integration into hybrid cycles in all scales. Freedom in 
configuring hybrid arrangements relates solely to variations in 
utilising the energy from engine exhaust gas stream, while heat 
released with cooling media can be utilised only at low 
temperature levels in the condensate line of the bottoming steam 
cycle, usually below 100oC (below 210oF). These low 
temperature levels are however well suited to combined heat 
and power (CHP) applications for district heat supply.  

CALCULATION MODELS 
The results presented below are obtained via computer 

simulations of various hybrid configurations, heat-balanced at 
steady state. All cycles have been modeled at design load, using 
the commercial computer code for power plant simulations 
PROSIM [7]. The main goal has been the estimation of the 
overall performance (electrical efficiency) of each cycle 
configuration with varying ratios of gas engine to steam turbine 
power outputs (corresponding quite closely to the ratio of 
natural gas to biomass energy input into the cycle).  

In order to establish bases for comparison, a reference 
biomass-fired simple steam-Rankine cycle has also been 
modeled, as well as a reference unfired combined cycle based 
on the internal combustion engine. The primary operational 

parameters for the steam circuit (see Table 1) are chosen to 
represent a trade-off between advanced high-efficiency, 
investment-intensive arrangements and modest low-cost 
solutions. Major internal electricity consumption within the 
power cycle is taken into account, along with major pressure 
losses, mechanical losses in shaft bearings, boiler blow-down, 
incomplete combustion, and various heat losses from heat-
exchangers and electric generator to surroundings. Steam losses 
from sealings are not considered. Modeling of energy 
consumption for biomass handling and feeding or for various 
small electricity consumers within the power plant was not 
possible at this stage. The final value for electrical efficiency 
falls therefore between the gross cycle electrical efficiency and 
the net efficiency of the overall power plant, so it can be 
referred to as “net cycle efficiency”.  

Table 1: Main parameters of the reference biomass-fired 
simple steam power cycle. 

Parameter: Value: 
Fuel type Wood residues, 50% wet 
Turbine inlet parameters 540oC (1004oF), 90 bar 
Evaporation pressure 100 bar, 1450 psi 
Condenser pressure 0.056 bar, 1.65 in.HgA 
Deaerator pressure 3.6 bar, 52.2 psi 
Preheaters - cond./feedwater 3 + deaerator 
Final feedwater temperature 170oC (338oF) 
Combustion air preheating 160oC (320oF) 
Exhaust gas temperature 90oC (194oF) 
O2 in exhaust gas 3 %vol. (wet basis) 
Gross electric output 31 MWel 
Fuel input 10.68 kg/s,  84780 lb/h 
Lower heating value of fuel 8 MJ/kg (3439 Btu/lb) 
Higher heating value of fuel 9.9 MJ/kg (4256 Btu/lb) 
Net electrical efficiency 
for the power cycle 

35.2 % (LHV) 
28.4 % (HHV) 

Six different hybrid combined cycle configurations are 
considered in this study. Their simplified layouts are presented 
in Figs. 1 through 6. They cover basically all major solutions 
for integration of an internal combustion engine into a 
bottoming steam cycle. The basic steam parameters have been 
kept the same in all configurations, and the net combined power 
output is always 30 MWel.  The low-temperature heat released 
from the engine with cooling streams is used as much as 
possible for preheating the condensate of the steam cycle.  

All hybrid configurations are modeled and compared to the 
individual single-fuel units in (a): power production mode with 
maximum possible electrical efficiency; and (b): CHP mode, 
delivering heat for district heating purposes at supply and return 
temperatures of 90oC and 45oC, respectively. The CHP cycles 
are simulated at design load for maximum heat output, with the 
purpose, again, to evaluate the influence of varying fuel ratio on 
electric and total efficiency. Due to the high moisture content of 
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the biomass fuel, condensation of moisture from exhaust gases 
for enhanced energy recovery into the district heating system is 
applied as much as possible (not shown in Figs. 1 – 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Simplified schematic of the fully-fired (FF) hybrid 
combined cycle (hot-windbox type). The engine exhaust gases 
are directly fed to the biomass-fired boiler and used as 
combustion air. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Simplified schematic of a parallel-powered hybrid 
cycle with feedwater preheating by engine exhaust (PP-FP). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Simplified schematic of a cold-windbox (mixed 
parallel-powered/fully-fired) hybrid combined cycle with 
feedwater preheating by engine exhaust plus using engine 
exhaust as combustion air in the biomass boiler (FF-PPFP). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Simplified schematic of a parallel-powered hybrid 
combined cycle with parallel steam generation (single pressure 
level) by engine exhaust (PP-PSG). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Simplified schematic of a cold-windbox (mixed 
parallel-powered/fully-fired) hybrid cycle with single-pressure 
parallel steam generation by engine exhaust plus using engine 
exhaust as combustion air in the biomass boiler (FF-PSG). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Simplified schematic of a parallel-powered hybrid 
combined cycle with air preheating for the bottoming boiler by 
engine exhaust (PP-AP). 
 

The performance parameters of the gas-fired internal 
combustion engine (GE) used as topping cycle with varying size 
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NG 
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are based on an existing unit: the lean-burn natural gas fired 
genset engine 20V34SGB from Wärtsilä Corporation. At ISO 
conditions the engine model has 42.3% electrical efficiency 
LHV (38.1% HHV) and 388oC exhaust gas temperature. The 
distribution of energy streams in the engine at full load is 
presented in Table 2. In the simulations, engine’s performance 
is assumed to be constant regardless of size, which is far from 
reality. With some approximation though, it can be assumed 
that this does not lead to large errors in the results for the 
overall hybrid combined cycle performance, especially in terms 
of comparison among different configurations at a specified 
scale. Moreover, the shaft efficiency of modern heavy-duty 
lean-burn turbocharged gas engines actually does not vary much 
with engine size, as compared to gas turbines for example.  

Natural gas (NG) with lower heating value of 49.1 MJ/kg 
(21110 Btu/lb) and higher heating value of 54.6 MJ/kg (23474 
Btu/lb) is used as fuel for the gas engine in the simulations. A 
final exhaust temperature of 90oC has been used in all models 
for all exhaust gas streams. In CHP mode, the boiler flue gas (or 
the single exhaust stream in fully-fired configurations) is cooled 
down to 50oC in the flue gas condenser.  

Table 2: Energy distribution within the gas engine model. 
Energy stream: 
(fuel energy = 100%) 

Percentage of fuel 
input energy LHV:  

Temperature 
level: 

Exhaust gases 31.3 % 388oC 
“High-temperature“ 
cooling circuit 

12.9 % 96 – 83 oC 

“Low-temperature” 
cooling circuit 

5 % 69 – 30 oC 

Losses with radiation 
and unburned fuel  

5.7 % - 

Shaft power 43.7 % - 
Losses in el. generator 1.4 % - 

The high-temperature cooling circuit includes jacket water 
and first stage charge air coolers. The temperature level in the 
first stage charge air cooler is much higher than that of the 
jacket water, but these two cooling circuits in genset engines are 
often combined for simplicity and smaller footprint (first stage 
charge air cooler sinks heat to the jacket water). This restricts to 
a certain extent the optimum engine integration in hybrid cycles. 
However, the work presented herein keeps the original 
arrangement of the engine with combined jacket water and first 
stage charge air coolers, as this contributes to simpler and 
cheaper solutions in real applications with shorter construction 
times. The low-temperature cooling circuit includes the lube oil 
cooler and the second stage charge air cooler. Heat from the 
lube oil (as well as the jacket water) is directly utilised by the 
condensate of the steam bottoming cycle. Heat from the second 
stage charge air cooler is dumped to the environment and is not 
used in the bottoming cycle. The final temperature of the charge 
air is crucial for the engine operation stability and should be 
kept independent of any integration arrangements.  

EFFICIENCY DEFINITIONS 
Considerations for evaluation of efficiency advantages of 

hybrid configurations are presented in [1] and in some of the 
references therein. The main point of interest is the calculation 
of energy conversion efficiency attributable to the topping or 
the bottoming fuel within the given hybrid combined cycle:  
 

NGNG

STGE
NG LHVm

PP ∆+
=η   , and   (1) 

 

BCBC

refNGNGNGSTGE
BC LHVm

LHVmPP ,η
η

−+
=   (2) 

 
where ∆PST denotes the additional power output from the 
bottoming steam turbine, due to the transfer of heat from the 
topping engine. Eqn. (2) takes into account the fact that natural 
gas could be utilised in a separate single-fuel combined cycle 
with high efficiency, instead of hybrid integration.  

In connection to these two criteria, the efficiency (both 
electrical or total efficiency) of the overall hybrid plant can be 
compared to the average efficiency of two separate single-fuel 
plants, one pure combined cycle with efficiency ηNG,ref  and one 
simple steam cycle with efficiency ηBC,ref. One way of creating 
this reference is to assume that these efficiencies have a 
constant representative value, leading to an average of the 
summed performance of the two, based on the individual fuel 
inputs (dashed line on Figs. 7 & 8): 
 

( ) refBCNGrefNGNGref FRFR ,, 1 ηηη −+=  (3) 

 
where FRNG is the fuel energy ratio of natural gas to total fuel:  
 

NGNGBCBC

NGNG
NG LHVmLHVm

LHVm
FR

+
=   (4) 

 
A drawback of this method lies in the fact that practical 

issues (economics and increased relative losses) place a limit on 
performance with respect to capacity. For example, a 30 MWel 
simple steam unit may have electrical efficiency of 35.2% LHV, 
which is the reference in this study, while a smaller steam plant 
would show poorer performance. Referring to Eqn. (3), this 
means that ηNG,ref and ηBC,ref may also be assumed to vary as a 
function of the fuel input, representing variations with scale. A 
logarithmic relationship has been assumed: 
 

[ ]( ) NGNGelNGrefNG BPA += MWln ,,η   (5) 

[ ]( ) BCBCelBCrefBC BPA += MWln ,,η   (6) 

 
where A and B are constants fitted to the data listed in Tables 3, 
4a and 4b.  
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The reference efficiency ηref  (either electrical or total 
efficiency) is then computed via Eqn. (3) with these more 
realistic efficiency values for separate single-fuel units (solid 
curve on Figs. 7 & 8). The performance of the internal 
combustion engine in CHP mode calculations is again assumed 
independent of size. 
 

Table 3: Reference values for electrical efficiency (LHV) of 
separate single-fuel cycles at varying scales, Fig. 7. 

Power production mode 30 MWel 3 MWel 
Combined cycle based on the engine 49 % 47 % 
Simple steam cycle (biomass-fired) 35.2 % 25 % 

Coefficient values for Eqn. (5) and (6): ANG =0.868, ABC =4.408; 
BNG =46.062, BBC =20.174. 
 

 
 
Table 5: Selected results, power production mode. 

Table 4a: Reference values for electrical efficiency (LHV) 
of separate single-fuel cycles at varying scales, Fig. 8a. 

CHP mode, electrical efficiency larger smaller 
Gas engine in simple-cycle 42.5 % 41.9 % 
Simple steam cycle (biomass-fired) 28.3 % 19.3 % 

Coefficient values for Eqn. (5) and (6): ANG =0.274, ABC =3.887; 
BNG =41.57, BBC =15.046. 
 

Table 4b: Reference values for total efficiency (LHV) of 
separate single-fuel cycles at varying scales, Fig. 8b. 

CHP mode, total efficiency larger smaller 
Gas engine in simple-cycle 85.4 % 85.4 % 
Simple steam cycle (biomass-fired) 106.9 % 101.3% 

Coefficient values for Eqn. (5) and (6): ANG =0.0, ABC =2.432; 
BNG =85.4, BBC =98.628. 

Cycle type,  
Engine share of 
total el. output 

PGE  
net 

output 
MWel 

PST  
net 

output 
MWel 

NG share of 
total energy  

input 
 (LHV) 

Net Cycle 
efficiency 

% 
(LHV) 

Net Cycle 
efficiency 

% 
(HHV) 

NG 
Fuel 
flow 
kg/s 

BC 
Fuel 
flow 
kg/s 

ηNG 

% 
(LHV) 

ηBC 

% 
(LHV) 

Difference 
to reference   

 curve  
(LHV) 

As of Fig. 1: Fully-fired configuration (hot windbox): 
0.1 3 27 0.09 36.8 30.0 0.147 9.322 59.3 35.8 1.1 %pts. 
0.25 7.5 22.5 0.24 39.3 32.5 0.373 7.285 57.6 36.5 2.3 %pts. 
0.4 12 18 0.40 41.8 35.2 0.582 5.421 56.5 37.4 3.2 %pts. 
0.6 18 12 0.64 45.2 39.0 0.868 3.006 54.3 38.9 3.5 %pts. 
As of Fig. 2: Parallel-powered configuration with feedwater/condensate preheating by engine exhaust: 
0.1 3 27 0.09 36.7 29.9 0.147 9.328 58.1 35.7 1.0 %pts. 
0.25 7.5 22.5 0.24 39.1 32.3 0.373 7.346 56.9 36.3 2.1 %pts. 
0.4 12 18 0.40 41.4 34.8 0.582 5.496 55.7 36.8 2.8 %pts. 
0.6 18 12 0.63 44.6 38.5 0.868 3.092 53.5 37.4 3.1 %pts. 
As of Fig. 3: Mixed parallel-powered/fully-fired configuration with feedwater preheating by engine exhaust (cold windbox): 
0.1 3 27 0.09 36.7 29.9 0.147 9.336 58.2 35.7 1.0 %pts. 
0.25 7.5 22.5 0.24 38.9 32.1 0.373 7.378 56.1 36.1 1.9 %pts. 
0.4 12 18 0.39 41.0 34.5 0.582 5.595 54.7 36.3 2.5 %pts. 
0.55 16.5 13.5 0.54 41.1 35.1 0.796 4.246 50.3 32.4 0.8 %pts. 
As of Fig. 4: Parallel-powered configuration with parallel steam generation by engine exhaust: 
0.1 3 27 0.09 36.6 29.8 0.147 9.365 57.1 35.6 0.9 %pts. 
0.25 7.5 22.5 0.24 38.8 32.1 0.373 7.412 55.8 35.9 1.8 %pts. 
0.4 12 18 0.39 41.0 34.5 0.582 5.602 54.8 36.3 2.5 %pts. 
0.6 18 12 0.63 44.2 38.1 0.868 3.171 53.1 36.5 2.7 %pts. 
As of Fig. 5: Mixed parallel-powered/fully-fired configuration with parallel steam generation (cold-windbox): 
0.1 3 27 0.09 36.7 29.9 0.147 9.362 58.2 35.7 1.0 %pts. 
0.25 7.5 22.5 0.24 38.8 32.1 0.373 7.394 55.8 35.9 1.8 %pts. 
0.4 12 18 0.39 41.0 34.5 0.582 5.606 54.8 36.3 2.5 %pts. 
0.6 18 12 0.60 42.2 36.3 0.868 3.590 50.6 32.5 1.1 %pts. 
As of Fig. 6: Parallel-powered configuration with air preheating by engine exhaust: 
0.1 3 27 0.09 36.7 29.9 0.147 9.359 58.2 35.7 1.0 %pts. 
0.25 7.5 22.5 0.24 39.2 32.4 0.373 7.309 57.2 36.4 2.2 %pts. 
0.4 12 18 0.39 41.1 34.6 0.582 5.575 55.0 36.4 2.6 %pts. 
0.6 18 12 0.62 43.5 37.5 0.868 3.303 52.2 35.0 2.1 %pts. 
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Fig. 7: Calculation results for the various hybrid combined cycle configurations in power production mode. Reference lines represent 
the average efficiency of two separate single units at a given ratio of natural gas to total fuel energy input. Dashed reference line does 
not take into account variations with scale, while solid reference curve assumes certain variation of achievable electric efficiency with 
scale (according to Eqns. 5, 6 and 3, and Table 3), when the two fuels are utilised in separate single-fuel power units. 
 
 

Fig. 8 a): Calculation results for electrical efficiency of hybrid       Fig. 8 b): Calculation results for  total efficiency  of  all hybrid 
configurations in CHP mode with maximum district heat output.         configurations in CHP mode with maximum district heat output. 
Configuration types and fuel inputs are the same as presented           Configuration types and fuel inputs are the same as presented 
in Table 5 and Fig. 7 above.                          in Table 5 and Fig. 7 above. 
Symbol legend corresponds to Fig. 7.                        Symbol legend corresponds to Fig. 7. 
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RESULTS AND DISCUSSION 
Fig. 7 shows calculation results for electrical efficiencies of 

hybrid configurations in power production mode. Detailed 
results for selected cases are listed in Table 5. The performance 
of the same configurations in CHP mode is presented in Fig. 8. 

Electrical efficiency in power mode or CHP mode  
It should be noted that all configurations in pure power 

production mode have been modeled beyond their optimum 
integration limits, meaning that at high NG-to-total fuel energy 
ratios part of the heat rejected by the gas engine cannot be 
utilised in the bottoming cycle and is dumped. The integration 
limit occurs around 0.25-0.3 (ratio of NG to total fuel energy of 
around 25 to 30%) where the low-temperature heat rejected by 
the topping gas engine is most optimally transferred to the 
bottoming cycle for preheat of the condensate. Beyond that 
level, the energy in the engine cooling streams exceeds the 
requirements of the bottoming cycle and cannot be utilised. At 
very high ratios of NG-to-total fuel, some of the energy content 
of the engine exhaust gases cannot be utilised either.  

One of the most interesting findings from the results (Fig. 7 
and Fig. 8a) is that the electrical efficiency of any hybrid 
configuration is nearly independent of the specific type of 
configuration. At the lower NG-to-total fuel energy ratios (up to 
around 0.4) there is virtually no difference in performance 
among the various hybrid arrangements. This calls for the 
conclusion that selection of configuration type for practical 
implementation is not influenced by efficiency considerations, 
rather than it can be simplified to only economic, site-specific 
and reliability considerations.  

At high ratios of natural gas to total fuel input, the 
difference among the various configuration types starts to be 
clearly visible. Beyond the integration limits for optimum 
utilisation of energy by the bottoming cycle, the efficiency 
advantages of certain configurations are well pronounced. As a 
general observation, the cold-windbox arrangements typically 
show quite poorer performance, as is the case also with gas 
turbines as topping cycle or with advanced steam parameters in 
the bottoming cycle [1]. However, when the topping engine is 
an internal combustion engine, the poorer performance of cold-
windbox configurations appears only beyond the optimum 
integration limits for the topping engine.  

The improvement in efficiency of bottoming fuel energy 
conversion (biomass) reaches up to 4 - 5 percentage points, 
relative to a reference simple steam cycle at the relevant scale. 
The increase in efficiency of energy conversion for the topping 
fuel is enormous, especially at low ratios of NG-to-total fuel. 
Electric efficiency for the natural gas (Table 5) can reach 58 % 
LHV. This NG-based electric efficiency is steadily above the 
best possible efficiency of NG energy conversion at the relevant 
scales even with straightforward (unfired) combined cycles, 
while in hybrid cycles these high efficiencies are obtained with 
a simple low-cost heat exchanger arrangement behind the gas 
engine, or with a heat recovery steam generator with a single 
pressure level. Looked from another perspective, the hybrid 

cycle concept enhances the bottoming fuel energy conversion 
efficiency without any complication of its utilisation technology 
(common combustion process and standard steam cycle). This 
suggests the need for a careful economic evaluation of hybrid 
cycles as compared to the sum of two separate single-fuel units, 
especially keeping in mind the fact that actual hybrid 
installations should allow also for separate operation of the 
topping or bottoming subunits. 

The optimum efficiency advantage for hybrid 
configurations with internal combustion engines as compared to 
the average of separate single-fuel units lies at ratios of around 
0.3 to 0.4 (ratio of NG to total fuel of 30% to 40%) for the more 
complicated arrangements, just as is the case with gas turbines 
as topping cycle in small scales [1]. The two simpler 
configurations (hot windbox and parallel-powered with 
feedwater preheating), however, show an optimum around 0.5 
to 0.6 (Fig. 7). In CHP mode, the efficiency advantages steadily 
increase with rising fuel ratio for all hybrid configurations (Fig. 
8a). The presence of a highly efficient topping cycle (the 
engine) enhances the electrical efficiency in CHP mode 
substantially. Logically, the hot windbox configuration (Fig. 1) 
allows for best performance levels at all fuel ratios and in all 
operational modes. It should be mentioned here that some 
developers may consider the windbox configurations 
complicated and difficult to implement due to various technical 
difficulties in practical applications, also steam boilers utilising 
exhaust gas directly as combustion air are not readily available 
and must be designed for every specific application. 
Nevertheless, another configuration with small number of 
components and minimum complication, namely the feedwater 
preheating one (Fig. 2), shows remarkably good performance 
closer to that of the hot windbox one, with highly extended 
limits of engine integration as compared to gas turbines. 
Furthermore, the last of the configurations (Fig. 6), where the 
exhaust gas energy from the engine is transferred to the 
bottoming cycle simply by preheating the combustion air (heat 
from the jacket water is also used for air preheat as much as 
possible), shows also remarkable performance with extended 
integration limits. This last configuration is proposed as a very 
practical choice in terms of simple arrangement with few 
additional heat exchangers for sites where other arrangements 
are not suitable. It indicates again the fact that all simple types 
of hybrid arrangements feature generally better performance 
than the complicated configuration types.  

In connection to the abovementioned observations, another 
interesting fact arising from the results is that the optimum 
advantage of any hybrid configuration over the average of 
separate single-fuel units closely corresponds to the values for 
most efficient energy conversion of the bottoming fuel (biomass 
in this case). The optimum increase in efficiency of the topping 
fuel (NG) energy conversion, however, appears at the lowest 
NG-to-total fuel energy ratio, where the increase is substantial, 
especially keeping in mind the small scale of the topping engine 
at such low fuel ratio. The efficiency of NG energy conversion 
follows a steady downward trend when the NG-to-total fuel 
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energy ratio increases with increasing share of engine power 
output in the hybrid cycle. This behavior is similar to that of gas 
turbines as topping cycles.  

Total efficiency in CHP mode (power plus heat output) 
The simulation of hybrid cycles in CHP mode had the 

purpose again to investigate the trends of electric and total 
efficiency with varying topping-to-bottoming fuel energy ratio. 
Heat rejected by the engine in cooling streams matches well 
with the temperature level in the district heating system and is 
directly utilised there. Low-pressure steam from the steam 
turbine supplies the main heat input for the district heating 
water circuit. The overall hybrid arrangements (and their main 
parameters) are the same as the ones presented above in power 
production mode.   

Results for total efficiencies of all hybrid configurations in 
co-generation mode (Fig. 8b) show logical trends. The major 
division in types of hybrid configurations (fully-fired and 
parallel-powered) plays a significant role. Within each of these 
groups of configuration types, the difference in total efficiency 
among the different configurations is negligible. The efficiency 
advantages in comparison to two separate single-fuel units for 
the fully-fired configurations (hot windbox and cold windbox) 
increase constantly with fuel ratio and are clearly visible. All 
fully-fired configurations have the possibility to condense a 
higher amount of moisture from the flue gas stream (which is a 
single flue gas stream) and thus feature higher total efficiencies. 
The parallel-powered types of configurations show certain small 
advantages at low NG-to-total fuel ratios, which disappear at 
higher fuel ratios and turn into disadvantages. Logically, total 
efficiency in general decreases steadily with rising share of 
engine output (rising share of natural gas to biomass fuel) for all 
hybrid configurations, while allowing for higher electric 
efficiency at full district heat output.  

CONCLUDING REMARKS 
Hybrid dual-fuel combined cycles with internal combustion 

engines typically have performance levels better than the 
reference case of two separate single-fuel units. Promising 
efficiency advantages can be achieved in all configurations, 
which translate into a substantial increase of energy conversion 
efficiency for either the topping or the bottoming fuel. It should 
be noted that the values for fuel conversion efficiencies within 
the hybrid cycle (ηNG and ηBC in Table 5) must not be taken as 
representative. They do not complement each other. They show 
only the potential for efficiency improvement for one of the 
fuels, if the other one is utilised with efficiency typical for a 
separate cycle at the relevant scale.  

Generally, the winning integration concept for practical 
implementation can be selected to be the simplest and the most 
reliable one, while it delivers a performance similar to any other 
more complicated arrangement.  Integration in hybrid combined 
cycles should be the preferred utilisation method for the topping 
fuel, with efficiencies significantly higher than those achievable 
in straightforward (unfired) combined cycles at the same scales, 

not to mention the high specific investments for straightforward 
combined cycles at small scales. High specific costs rule out the 
practical feasibility of straightforward combined cycles behind 
a piston engine, which is the reason for considering simple-
cycle engine in the CHP mode calculations in this study.  

Aside from future elaboration on techno-economic aspects, 
this study must be extended further to investigate the off-design 
performance of the different configurations at different fuel 
ratios and different loads on the topping and bottoming cycles. 
Part-load performance and fuel flexibility is a critical feature for 
any hybrid configuration. However, part-load performance is 
greatly influenced by the specific parameters of the topping 
engine and the bottoming steam cycle, which make the general 
approach used in this study not applicable to part-load 
simulations. It would also be of interest to investigate CO2 
reduction in more depth.  
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