
ABSTRACT 

MURPHY, ANDREW RICHARD. Model Development and Simulation for an Institutional 
Cogeneration Plant and Analyses of Waste Heat Recovery Systems for Seasonably Variable 
Loads. (Under the direction of Dr. Stephen Terry.) 
 

Current electrical rates, natural gas rates, and legislative measures have resulted in an 

increased interest in gas turbine powered cogeneration plants at various facilities in the 

United States.  North Carolina State University has partnered with an Energy Service 

Contractor to install such a system at its Raleigh, NC campus.  This 11 megawatt 

cogeneration plant will provide savings in the form of decreased net electricity consumption 

by the campus as well as savings resulting from steam creation from a 100,000 lb/hour heat 

recovery steam generator system. 

 

This thesis encompasses the development of a simple gas turbine cogeneration plant model 

using a simple spreadsheet as well as the TRNSYS software package.  The model allows 

simulation of the system to be installed at North Carolina State University and prediction of 

annual electricity, natural gas, and cost savings.  Savings were determined to be 

approximately 92 million kWh and $3.8 million (unescalated first year savings).   

 

Also, additions to the planned cogeneration plant that require minimal modification to the 

existing system were examined.  Energy and cost savings, as well as implementation costs 

and payback periods are developed for each as an indicator of financial benefit.  Though 

examined, a combined-cycle plant modification was deemed inappropriate due to the low 

steam cycle efficiencies resulting from using the existing low steam pressures.  Waste heat 

fired chillers were examined next and the existing steam turbine driven centrifugal chiller on 



campus was found to be capable of saving about $117,000 annually if operated during the 

summer season.  An Organic Rankine Cycle was also analyzed in an effort to capture more 

of the low quality waste heat from the end of the exhaust gas stream.  Modest savings were 

found, but a simple payback period of about 15 years indicates the possibility of inclusion of 

an Organic Rankine Cycle in future long term contracts. 
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Chapter 1  

Introduction 

Though the primary topic of discussion of this thesis is cogeneration plants, it is necessary to 

first understand the historical impacts from the development of the utility industry.  These 

impacts are the result of electric utility economics, anti-monopoly regulations, and legislation 

regarding efficiency and emissions.  These topics directly affect the design and financial 

viability of cogeneration plants as they are implemented today. 

 

1.1 Brief History of the Electric Utility Industry 

To understand the current state of the electric utility industry, it is necessary to have some 

knowledge of the historical conditions that affected changes in the industry in years past.  

The idea of the electric utility as we know it today was most notably popularized with the 

introduction of Thomas Edison’s Pearl Street steam plant in 1882.  The plant grew to supply 

as many as 500 entities with electricity, but this plant also inspired the licensing of Edison’s 

technology to other ventures in other cities.  It quickly became clear that the constant 

voltages supplied by Edison’s DC grids limited the range of electric grids supplied by these 

systems, and so an alternative technology gained popularity.  This alternative, known as AC 

power, was aggressively pushed by George Westinghouse and Nikola Tesla, and in 1885 the 
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first useful AC transformer was developed.  This allowed higher voltage transmission lines to 

be stepped down to lower voltages at end users devices.  Higher voltage transmission lines 

allowed electricity to be efficiently supplied at much further distances from the supplying 

power plant. 

 

An explosion of growth occurred in the utility industry after these developments.  Many 

ventures were started and pricing became aggressive and very competitive until several large 

holding companies began taking control by forcing many smaller competitors out of the 

market with lower costs and aggressive pricing.  The federal government became concerned 

with the monopolistic state of the utility industry and chose to intervene in 1935 with the 

passage of the Public Utility Holding Company Act (PUHCA), limiting the power of the 

large utility holding companies and introducing regulation by the SEC.[1] 

 

Nevertheless, a continued period of exponential growth followed these regulations.  This 

period (1945-1965) was known as the “Golden Age” for the electric utility industry.  Utilities 

faced massive load growth with decreased costs to serve.  This beneficial landscape was 

fueled by the benefit of economies of scale as well as technological advancement.  Larger 

and larger centralized power plants were produced at high capital costs, but thermal 

efficiencies were increasing and each plant was able to serve many customers at decreasing 

unit prices.  The state of the industry pleased customers and utilities alike. 
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1.2 Modern Difficulties and Regulations 

Major blackouts in 1965, however, ended this period of bliss for the industry.  These 

blackouts prompted an investigation by the Federal Power Commission (FPC) which later 

became known as the Federal Energy Regulatory Commission (FERC).  Questions about the 

reliability of the electric grid were raised and the North American Electric Reliability 

Council (NERC) was formed voluntarily by the utilities to help prevent further federal 

government intervention. 

 

A decade of regulations detrimental to the expansion of the utility industry followed.  The 

1970’s brought new environmental and emissions regulations, the oil embargo of 1973, and 

increased regulations and required changes for nuclear plant operation.  All of these measures 

as well as a slowdown in electric load growth led to the first increases in electricity costs that 

customers had ever seen.  A backlash would follow that would lead to an attempt to increase 

competition in electric generation. 

 

The Public Utility Regulatory Policies Act (PURPA) of 1978 was passed as part of a group 

of legislative measures intended to increase competition in electric generation.  PURPA 

introduced the “Qualifying Facility” (QF) as privately (partly) owned competitive electricity 

generators.  Provided these QFs met the requirements put forth in the bill (primarily 
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ownership requirements and thermal efficiency standards), then utilities were required to do 

the following [2]: 

 

• Utilities are required to buy cogenerated energy from QFs at “avoided costs” 

• Utilities are required to sell energy to QFs as needed 

• Also must offer supplementary power, backup and interruptible power. 

• Must give access to transmission lines to local utility as well as other utilities. 

 

This piece of legislation was very significant in its impact on the promotion of smaller 

facilities producing energy.  It is important to note that, in order to get efficiencies higher 

than large electric providers, QFs were required to utilize cogeneration to produce electricity 

as well as useful thermal energy.  PURPA and decisions made by state regulatory bodies 

made cogeneration a financially viable option to produce power on a small scale. 

 

Extensive legislation and regulatory motions were made after PURPA changing the electric 

utility industry landscape.  The Energy Policy Act of 1992 (EPAct92), FERC Orders 888 and 

889, and EPAct 2006 all took steps to increase competition in the wholesale electricity 

generation and purchasing markets.  While recent proposals have tended to support the large 

utility more than the small independent generator, PURPA still remains the most significant 

impetus for implementing small scale energy production and it requires the use of 

cogeneration. 
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1.3 Impetus for Installation of Cogeneration Plants 

The importance of finding economically sensible ways to produce additional power is of 

increasing significance given the current demand for electricity globally as well as 

domestically.  Domestically, growth has been low in the past several decades compared to 

the explosive growth of the past, but is beginning to increase once again.  The Energy 

Information Agency (EIA) predicts an annual growth of electricity demand of about 0.8% 

[3].  The figure below illustrates this growth in various sectors. 

 

 

Figure 1.1.  Delivered Energy Consumption by Sector 1980-2035 (quadrillion Btu) [3] 

 
 
It is clear from the above that industrial and commercial sector energy demands are on a 

steadily increasing trend according to projections.  This provides cause for facilities in such 
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sectors to look for ways to cut energy costs and find more economical sources of energy.  

Cogeneration can economically serve part of this demand, especially with technological 

advancements bringing increased efficiencies and legislative backing supplied by PURPA 

offering additional low risk financial benefits. 

 

1.4 Feasibility of Cogeneration Plants 

It is important to note that cogeneration plants are not feasible at every building site.  Many 

commercial and residential sites may have the necessary electricity demands to warrant a 

cogeneration plant, however, the facility thermal requirements may be too low.  

Cogeneration requires a balancing of both electric and thermal loads to obtain a high overall 

useful system efficiency.  A low PURPA calculated efficiency may disqualify the facility 

from being considered as a QF with all associated advantages being lost.  But more 

importantly, even for facilities that do not qualify through PURPA, higher overall useful 

efficiencies lead to better economics and faster payback periods. 

 

The conclusion to be drawn is that the thermal load of the facility (or group of facilities) must 

be in correct proportion to the electricity demands in order to provide economical operation.  

Large facilities with chilled water cooling and steam heating demands are definitely 

preferred.  In industrial facilities these loads may be required by the manufacturing process.  

In commercial, residential, or institutional buildings these loads may be for comfort cooling 
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and heating.  Design of a cogeneration depends on this thermal vs. electric load distribution 

and will be discussed in the next chapter. 

 

After discussion of the design and components of cogeneration systems in Chapter 2, Chapter 

3 will introduce methods of capturing and utilizing waste heat for the cogeneration plant.  

The first primary goal of this thesis, developing a gas turbine cogeneration plant model will 

be accomplished and discussed in Chapter 4.  Chapter 5 and Chapter 6 will begin to 

introduce the specific facility and plant in question, an 11 MW system to be installed at 

North Carolina State University in Raleigh, NC.  The next three chapters will contain 

detailed studies concerning possible additions to the planned cogeneration plant, presenting 

the associated energy savings and financial viability of each.  The focus of the additions will 

be on ease of implementation to an existing system, keeping installation cost and complexity 

low.  Finally, Chapter 10 will offer conclusions and present a more detailed long term 

financial analysis based on performance conditions and fuel/electricity price sensitivities. 
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Chapter 2  

Cogeneration 

2.1 Fundamental Design of a Cogeneration System 

Cogeneration involves the production of electricity using a prime mover, however, it also 

includes the use of waste heat from this process to serve some useful purpose.  The inclusion 

of additional energy from waste heat allows the overall plant energy utilization for 

cogeneration plants (typically 50% to 70%) to be significantly higher than that of typical 

power generation plants (typically around 40%) [4].  Cogeneration plants can make use of 

combustion engines, steam or gas turbines, or fuel cells as prime movers.  The decision of 

which technology to use generally hinges on the size of the plant and the desired 

thermal/electric composition of the output energy.  Waste heat can then be recovered from 

the system typically either directly through the exiting flue gas stream or through an 

intermediary process (usually steam production) depending upon the requirements of the end 

users. 

 

Cogeneration plants can also serve varying purposes.  Some facilities located in remote areas 

may require a cogeneration plant that produces all energy required for the facility at all times.  

It is much more common, however, for cogeneration plants to serve as partial peak demand 
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shaving devices.  This allows the facility to avoid some of the high electricity demand costs 

passed on by the utility that occur at times when load is highest on their generation systems, 

but reduce initial capital costs by not designing a system large enough to cover all power 

needs.  Cogeneration plants can also be used by certain facilities to act as backup power or to 

improve power quality. 

 
Figure 2.1.  Two Different Cogeneration Cycles [4] 

 

As shown in the diagram above, cogeneration systems can either be operated as a topping 
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cycle, bottoming cycle, or combined cycle.  This thesis will primarily discuss gas turbine 

cogeneration in which a topping cycle is used.  A topping cycle is the use of a prime mover 

to generate electricity as the primary output with the waste heat being released as a by-

product (and recovered to provide additional energy).  A bottoming cycle can also be used 

where steam or some other thermal energy is first produced and this energy supplies both a 

thermal load and an electric generator.  Combined cycles generally use a topping cycle and 

then send the waste heat to a Rankine or similar cycle in order to produce additional 

electricity. 

 

The initial design and selection of components for a cogeneration system is primarily based 

on the electric demands and the thermal needs of the facility.  These must be carefully 

matched by the thermal and electric outputs of the cogeneration system to ensure an 

economically viable system.  Typically, electric loads will be highly variable.  A commercial 

building may see large peaks at midday on a hot summer day when the air-conditioning 

systems are running at full load to cool the space.  An industrial facility may see highly 

variable loads from day to day depending on production schedules.  Thermal loads may or 

may not follow these electric loads.  Some facilities heat and cool with hydronic systems 

supplied by boilers and chillers, others may utilize only direct expansion units or self 

contained units powered directly by electricity.   
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The facility and its equipment must be analyzed carefully to determine if a cogeneration 

system is financially viable and what type of system is best.  A facility with a large steam and 

chilled water system may benefit from increased thermal waste heat production while others 

may benefit from a more efficient electricity generation process.  It is extremely important 

that whatever system is chosen, that both the electricity and thermal energy are utilized as 

much as possible so that very little is wasted.  This can be a challenge given seasonal and 

daily variations in energy demands, but it directly affects the payback of a cogeneration 

system. 

 

Essentially, there are two ways to achieve high efficiency and a desirable payback on a new 

cogeneration system design.  Either design the system to meet the demand for thermal energy 

and operate at full load output at all times while purchasing standby power from the utility, 

or size the unit for the entire facility electric demand and sell the excess electric energy 

(when demand dips) to the utility [4].  It is possible to use thermal load following by 

adjusting the load on the turbine to generate the needed amount of waste heat at any given 

time.  Because of these requirements for efficient design, the selection of what type of prime 

mover used is very important. 

 

Once the requirements of the particular facility are determined, the fundamental components 

can be selected.  When designing a cogeneration system, however, it is important to keep in 

mind that each part affects another.  For example, the interaction between compressor and 
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turbine outlets and inlets on a gas turbine is probably the most significant impact on electric 

performance, but heat recovery equipment can also have impact the electric performance of 

the gas turbine through duct losses in the system.  The next sections will discuss these 

interactions and the individual components. 

 

2.2 Prime Mover 

The choice of a prime mover or primary producer of shaft work from an energy source is 

most certainly the most significant selection in the design of a cogeneration plant.  The prime 

mover of a cogeneration plant may be a combustion engine, steam or gas turbine, or fuel cell.  

The particular demands on the cogeneration system directly impact which prime mover is 

best suited for the application. 

 

Reciprocating combustion engines are best used in packaged cogeneration systems (less than 

5 MW) in commercial or small industrial facilities and can produce hot water or low pressure 

steam (in addition to electricity).  Steam turbines are useful for applications where a large 

amount of electricity and thermal generation is desired.  They are commonly used in systems 

that are supplied by a plentiful quantity of waste fuel.  High pressure steam can be extracted 

from the turbine for thermal needs.  Fuel cells are a versatile technology that promises high 

efficiency, quieter, and cleaner electricity generation.  However, this technology is still very 

much in its infancy with regard to large industrial cogeneration systems. 
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Gas turbines provide a very well established technology with respect to use in cogeneration 

systems.  They require comparatively little maintenance and can offer high temperature 

waste heat.  These properties make them the preferred technology for most large industrial 

cogeneration systems.  The discussion encompassed in this thesis will focus exclusively on 

their use as the prime mover in cogeneration plants [5]. 

 

2.3 Gas Turbines 

In the most basic sense a gas turbine consists of a compressor, a combustor, and a turbine to 

produce power [4].  These elements combined with their outputs and inputs form the 

commonly referred to Brayton Cycle.  A diagram is shown below. 

 

 
Figure 2.2.  Open and Closed Brayton Cycles [6] 
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Brayton cycles can either operate on an open or closed basis.  The diagram on the left side of 

Figure 2.2 above illustrates an open cycle that is continually supplied by atmospheric air and 

that has fuel introduced in order to add energy to the system.  The image on the right shows a 

closed system that obtains heat from an external source and also includes a heat exchanger to 

cool turbine gases (to atmospheric conditions) which are then sent back to the compressor.  

The open cycle is most commonly used, but the closed cycle and the accompanying 

assumptions can be useful for analyses. 

 

The general operation of a gas turbine or Brayton cycle requires air to be compressed by the 

compressor, then fuel is injected and ignited in the combustor, gases are expanded through 

the turbine, and power is produced to power both the compressor and for work out (to an 

electric generator).  Ideally, the cycle would operate without the addition of fuel (or 

additional heat), but the first law of thermodynamics requires heat addition to produce work 

in a cycle.  The turbine produces power as a result of the pressure difference across it, but 

heating the working fluid produces additional energy (enough to overcome losses and 

produce power) [7]. 

 

Typically, air enters the compressor either at atmospheric conditions (filtered) or commonly 

inlet air cooling is employed.  The compressor is usually an axial flow compressor since high 

pressure ratios can be obtained with such compressors (with multiple stages).  Centrifugal 
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compressors are also sometimes used in smaller applications where the flow is not fast 

enough to achieve the aerodynamics necessary for proper operation of an axial compressor.  

The air is then sent through a combustion chamber (in an open cycle) where combustion of 

fuel is introduced.  Commonly, the cleanliness and availability of natural gas leads it to be 

chosen as the primary fuel to be fired.  But distillate oils, wood, and waste fuels have also 

been used with success.  These hot gases are then sent to the turbine and expanded.  The 

material strengths within the turbine put limits on the turbine inlet air temperature.  The 

desire to reach very high turbine inlet temperatures (>1400K) sometimes leads to the 

necessity of internally cooling of turbine blades which usually requires bleed off air from the 

compressor, but this is less common in smaller turbines used for cogeneration where only 

minor disc and blade root cooling is normally used [7]. 

 

Because of the properties of the cycle, there are two significant factors that affect gas turbine 

system performance:  losses associated with each individual component, and turbine 

temperature limits.  The higher the enthalpy change across the turbine, the more power can 

be produced on the output shaft.  Typically turbine air to fuel ratios have to be set very high 

to ensure that the turbine materials are not damaged by high temperatures.  If this number can 

be lowered, more power will be generated per unit fuel fired.  However, there is very limited 

flexibility with this adjustment as the creep strength of the turbine blades as well as other 

construction materials of the turbine prevent high temperatures especially if long component 

operating lives are desired. 
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The advantages of using a turbine cycle to provide power are numerous.  A lack of parts that 

can rub together, limited need for lubricating oil consumption, and good reliability top the 

list.  Also, although steam turbines are common in power generation, gas turbines offer 

several additional fundamental benefits in many generation applications.  Gas turbine 

systems allow for the direct use of the flue gas stream to produce power.  Steam turbine 

systems require the generation of steam by boiler or similar apparatus.  Generally, this 

process requires large equipment that wastes energy (through losses out the stack) to produce 

this necessary working fluid.  Thus, the use of a gas turbine as your power generator or prime 

mover can allow savings resulting from decreased size and amount of infrastructure required 

as well as a decrease in wasted energy (in producing the working fluid). 

 

2.4 Waste Heat 

The prime mover is a very important element in the design of a cogeneration plant, however, 

prime movers generally have relatively low efficiencies.  This thesis centers around the 

analysis of gas turbines as the prime movers which have efficiencies as high as about 40% 

[7].  As discussed earlier, to achieve favorable regulatory status and economical payback 

periods, it is common for cogeneration plants to achieve efficiencies of 50% to 70%.  Some 

of the wasted energy leaving through the exhaust of the gas turbine must be utilized to obtain 

these higher efficiencies. 
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The first consideration in waste heat recovery is to decide whether waste heat will be used 

directly or whether an additional working fluid will be used (such as steam).  A common 

direct use of exhaust waste heat is supplying an absorption chiller.  The lack of need for 

equipment to deal with steam production and additional heat exchanger can save on initial 

capital costs and reduce system complexity.  However, the use of a steam system allows for 

the possibility of more end uses for the waste heat. 

 

Commonly, cogeneration plants may be equipped with waste heat supplied boilers or heat 

recovery steam generators (HRSGs).  These units will take exhaust flue gas and send it 

through a boiler apparatus that may or may not be set up for supplementary firing.  High or 

low pressure steam can be produced and distributed to end use energy consumers. 

 

Various users for waste heat include additional power generation cycles (such as a Rankine 

cycle).  The inclusion of these additional power generation cycles is commonly called a 

combined cycle plant.  Many recently constructed large gas-fired power plants utilize this 

technology to provide increase thermal efficiencies, though it is less common in smaller 

cogeneration installations. 

 

Other uses for waste heat are of a more strictly thermal nature.  The facility may utilize a 

steam system for space or process heating demands, of which some or all can be supplied by 
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the HRSGs.  Chilled water systems can also be powered with single and dual effect 

absorption chillers or by a steam turbine driven chiller which may be supplied with steam, 

hot water, or exhaust gases.  Hydronic systems also include pumps that may consume a 

substantially amount of energy.  It may be possible to use steam turbine pumps in these 

applications and save on electricity costs.  Finally, when exhaust temperatures have dropped 

after higher quality heat has been utilized, it may be possible to install an Organic Rankine 

Cycle.  Organic Rankine Cycles, or ORCs, use a working fluid that can capture low quality 

waste heat and run a turbine to produce power.  This may provide a small improvement in 

electric efficiency and allow the cogeneration system to recover the last bit of recoverable 

waste heat from the exhaust stream. 

 

After some analyses, it becomes clear that multiple uses for waste heat may be necessary if 

high overall thermal efficiencies are desired.  The steam demand may vary seasonally, and 

may vary inversely with the chilled water system.  In which case, it may be beneficial to 

install an HRSG to supply steam to the heating system in the winter, but the system may also 

include a series of absorption chillers to make use of waste heat in months with less steam 

demand.  Such a system is sometimes called a trigeneration system (producing electricity, 

heating, and cooling).  Other combinations of equipment may prove beneficial depending on 

conditions at the facility in question.  The next section will focus on several specific types of 

waste heat recovery equipment and discuss each in some detail. 
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Chapter 3  

Waste Heat Recovery Applications 

Most of the analyses in this thesis will center around various technologies used for obtaining 

useful energy out of the waste heat from the prime mover (a gas turbine system in the case of 

this thesis).  It is important to note that this analysis will discuss a system that is already 

designed and installed.  This system was sold to a large institution (not a utility) that is not 

readily equipped to maintain additional numerous complex pieces of equipment.  As such, 

when examining the material in this section and the literature reviewed, it is important to 

keep in mind that there is a strong desire for simplicity (ie. packaged systems) and the ability 

to easily add on to an existing system without making significant modifications to existing 

equipment.  This will be a recurring theme in the upcoming review of existing research and 

literature. 

 

3.1 Steam/Hot Water 

Perhaps one of the simplest and most common uses for waste heat from a cogeneration plant 

is in the production of steam (or hot water).  Such steam can supply process loads in an 

industrial setting or may supply comfort heating needs in the winter.  Heat recovery steam 

generators (HRSGs) are used to facilitate the heat transfer from exhaust gases to water.  
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Generally of tubular construction, the HRSG distributes exhaust gases across a set of tubes 

filled with circulating water.  Recent designs allow for the generation of multiple pressures of 

steam from a single HRSG [4].  Even in the event that the facility has no direct steam needs, 

steam production equipment including HRSGs may be important because the steam may be 

distributed to power producing components (in combined cycle design) or to steam driven or 

dual effect absorption chillers to provide for cooling demands.  A typical HRSG design is 

shown in the figure below.  This design is intended for use with high temperature exhaust 

from a gas turbine.  The three drums on top connected to separate series of water tubes are 

indicative of the three different pressure of steam being produced:  high pressure (HP), 

intermediate pressure (IP), and low pressure (LP). 

 

Figure 3.1.  Heat Recovery Steam Generator (HRSG) [8] 
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3.2 Combined Cycle 

Combined cycle plants involve the combination of two power generating cycles to increase 

thermal efficiency beyond that of either single cycle alone.  A relatively common example is 

the combination of a gas turbine (Brayton) topping cycle and a steam turbine (Rankine) 

bottoming cycle.  The gas turbine cycle produces work out through the turbine and also high 

temperature exhaust heat.  This exhaust heat is then sent to a heat recovery steam generator 

or it may be used to heat feedwater for boiler that supplies a steam turbine.  Typical 

efficiencies approach 40% [10].  A theoretical thermodynamic example of a combined cycle 

plant is shown below. 

 

Figure 3.2.  Combine Cycle Thermodynamic Diagram 
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Combined cycle systems allow for an enthalpy increase in the feed water/steam side equal to 

the enthalpy decrease in the exhaust gas side.  However, limits on heat exchanger economics 

lead to a terminal temperature difference of at least 20°C.  The figure below from 

Saravanamuttoo [7] shows these processes as energy is transferred from gas turbine exhaust 

into the steam for the Rankine cycle process. 

 

 

Figure 3.3.  Temperature-Enthalpy Diagram for Combined Cycle Plant [7] 

 

Multiple installation types exist for combined cycle plants depending on the desired interface 

of waste heat recovery.  Some installations operate with a lower temperature exhaust and 

prefer to heat the feedwater entering the heat recovery steam generator.  This allows for an 

economical way to utilize waste heat, but heat recovery may be limited since the feedwater is 

not intended to change phase before entering the heat recovery steam generator (and is 
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therefore limited by the pressure in the pipes).  Another method (the one commonly 

discussed in this thesis) is to directly utilize the exhaust waste heat in the heat recovery steam 

generator across the entire enthalpy change in superheated steam production.  The diagram 

below shows an example of such a system and its associated components. 

 

Figure 3.4.  Combined-cycle Component Diagram [10] 
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Most combined-cycle systems are between 22 and 400 MW [10].  Typically, capital costs for 

steam and emissions equipment tend to outweigh the additional efficiency improvement seen 

over single cycle installations in smaller plant applications.  For this reason, most modern 

combined-cycle plants are large scale utility ventures where per unit generated cost can be 

made low and is easily recovered.  Combined-cycle technology is more difficult to make 

financially viable in smaller installations, but it still deserves analysis to determine if the 

addition of a Rankine cycle (to an existing gas turbine system) could ever be economically 

feasible with increasing fuel prices. 

 

3.3 Waste Heat-Fired Chillers 

Generally, most hydronic cooling systems operate electrically driven centrifugal chillers.  

These chillers provide good performance at low capital costs.  Other types of chillers, 

however, are powered by steam, hot water, or hot exhaust gases.  These chillers can provide a 

way to utilize cogeneration plant waste heat during weather when cooling is more preferable 

than heating. 

 

Absorption chillers can be powered by low quality waste heat or by steam.  Absorption 

refrigeration cycles utilize a somewhat similar process to the common vapor compression 

cycles with a few notable differences.  First an absorber is present to absorb refrigerant as it 

exits the evaporator.  The absorption process forms a liquid solution that can be pumped to a 

higher pressure with relatively little work (compared to compressing pure refrigerant vapor).  
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This liquid solution must be separated again in the generator, producing more absorbent to 

continue the cycle.  This process requires the addition of heat from a higher temperature 

reservoir which commonly takes the form of waste heat from another process.  The diagram 

below shows a simplified example of an absorption refrigeration cycle. 

 

 
Figure 3.5.  Simplified Absorption Cycle [6] 
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In an absorption cycle, the refrigerant is absorbed in the absorber after leaving the 

evaporator.  This process is exothermic so the absorber must be cooled with cooling water.  

After leaving the absorber, the mixed liquid solution is pumped (to a higher pressure) and 

sent to the generator.  The generator is exposed to a higher temperature reservoir that 

facilitates separation of the refrigerant vapor out of the mixed solution.  The remaining mixed 

liquid solution is sent back to the absorber while the refrigerant vapor is sent to the 

condenser.  The refrigerant vapor then rejects heat in the condenser, passes through an 

expansion valve, allowing refrigeration at the evaporator. 

 

Commonly used refrigerants and liquid mixtures in absorption chillers are an ammonia and 

water mix and a lithium bromide water mixture.  These cycles may be combined with 

additional cycles with different refrigerants to help improve efficiencies at low temperatures 

[6].  Generally these cycles are referred to as double effect or triple effect, whereas simple 

absorption cycles are known as single effect. 

 

Absorption chillers are important to cogeneration because waste heat recovery is important in 

all seasons.  If the summer steam demand is low (ie. typical for comfort heating 

applications), it may be necessary to find other uses for waste heat.  Absorption chillers can 

offer a way to recover this seasonally varying waste heat.  The amount of heat that can be 

recovered (and converted to refrigeration) varies and is dependent on the temperature and 

amount of waste heat present. 



 

 
 
 
 

27 

The least expensive option for absorber type when installing an absorption chiller is a single-

effect absorber.  Single effect absorption chillers have relatively low coefficients of 

performance (COP), but their cost savings and ability to recover low quality waste heat is 

desirable in many cases.  When high pressure steam is not or cannot be produced at a facility, 

a single effect absorption chiller can be a good way to convert waste heat to cooling. 

 

However, when high temperature waste heat is being produced, it may be possible to install a 

double effect absorption chiller.  Using additional condensers and evaporators (additional 

cooling cycles), these units can have higher COPs when compared to single effect units.  

These units, however, typically require steam production which is an added infrastructure 

cost in addition to the more complex and expensive chiller.  Table 3.1 illustrates the results of 

a study conducted on possibilities for recovering engine waste heat and provides associated 

COPs and relatively financial comparisons with a standard electrically powered vapor 

compression chiller. 
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Table 3.1.  Comparison of Waste Heat Powered Absorption Chillers [11] 

    
Heat 

Production, 
Btu/kWh 

Absorber 
COP 

Cooling 
Available, 
tons/kW 

gen. 

Percent Cost 
Above 

Electric     
(At 500 tons) 

Low 
Temp. 
System 

Min 3,800 Single Effect      
0.7 0.22 

25% 

Max 6,000 Single Effect 
0.7 0.35 

High 
Temp. 
System 

Min 1,500 Double Effect        
1.2 0.15 

100% 
Max 2,000 Double Effect 

1.2 0.2 

 

In many cases, one might assume that because the waste heat stream is capable of producing 

steam, that it might be beneficial to use a steam driven double effect absorption chiller.  

However, in some cases, more energy can be obtained using hot water than steam.  This 

increases the actual potential cooling provided by a hot water absorption cycle.  A study done 

by Poredos [12] presents an exergy analysis of absorption chillers and some of the data has 

been shown in the table below.  This exergy analysis shows the potential to utilize more heat 

effectively with a hot water powered absorption chiller than one powered by steam. 
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Table 3.2.  Comparison of Exergy Efficiencies of Chillers [12] 

Chiller Type Driving energy COP Exergy 
Efficiency, ζ 

Electric compressor Electricity 5.4 0.38 
Gas absorption (2 stage) Hi = 36 MJ/m3 1.06 0.08 
Steam absorption (1 stage) 1 bar, saturated 0.73 0.27 
Steam absorption (2 stage) 7.5 bar, saturated 1.2 0.25 
Hot-water absorption 90/75°C 0.73 0.37 

 

If desired, another step forward in efficiency can be taken.  Centrifugal chillers driven by 

steam turbines can be installed given the right conditions.  Generally, such chillers are used 

when steam pressure of about 200 psig or greater are being produced [4].  These chillers 

provide a higher COP, particular at part load conditions, which may be beneficial if chilled 

water demand is light or extremely variable.  The table below summarizes information found 

in Spanswick [13] which discusses the efficiency improvements and financial ramifications 

of various chiller types including steam driven turbine chillers. 

 

Table 3.3.  Comparison of Water-cooled Chiller Efficiencies [13] 

Chiller Type IPLV       
(COP Basis) 

Relative 
Capital Cost 

% 
Electric, Constant-Speed Centrifugal 7.0 Base 
Electric, Variable-Speed Centrifugal 9.9 +25 
Electric Screw 7.5 +0 
Steam/Hot-Water, Single-Stage Absorption 0.8 +35 
Steam, Two-Stage Absorption 1.3 +220 
Steam-Turbine Centrifugal 1.8 +210 
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The reviewed studies are informative in the sense that they provide a description of 

performance during operation.  In reality, however, chilled water systems may not be used at 

all times in all seasons.  As discussed before, facilities with cogeneration plants may have 

seasonally varying cooling (or heating) loads.  Because of this, efficiency values cited in 

most analyses are not a true indicator of how a chiller can impact waste heat recovery in a 

cogeneration system. 

 

3.4 Organic Rankine Cycles 

As discussed earlier, it is sometimes possible to utilize a Rankine cycle in addition to your 

prime mover topping cycle in an effort to increase electric generating efficiency (combined-

cycle).  Rankine cycles with water or steam as the working fluid, however, require relatively 

high temperature sources in order be used economically.  Typically, effective and economical 

use of waste heat in steam Rankine cycles requires waste heat temperatures in excess of 

370°C (~700°F) [14].  Since much of the waste heat generated in industry is low quality heat, 

different working fluids have been examined to increase effectiveness of Rankine cycles at 

these lower temperatures. 

 

Several alternative working fluids have been implemented including chlorofluorocarbons, 

halocarbons, isopentane, and ammonia [4].  Uses of these working fluids in a Rankine cycle 

allows capture of low temperature waste heat and these cycles are generally referred to as 

Organic Rankine Cycles or ORCs.  Different working fluids prove more effective at various 
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temperatures.  Efficiencies are estimated to range from 5% all the way to efficiencies 

approaching that of steam powered Rankine cycles at around 30% [4].  However, current 

economical packaged units from vendors generally range from 5-12% efficiency.  A simple 

example illustrating the general operation of an Organic Rankine cycle is shown in the figure 

below. 

 
Figure 3.6.  Simple Organic Rankine Cycle Diagram 

The Organic Rankine cycle is essentially identical to a standard closed Rankine cycle.  Low 

quality exhaust heat is used to heat the high pressure working fluid in the evaporator.  Then 
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the working fluid is expanded in a turbine to generate mechanical work.  The working fluid is 

then returned to a cooled condenser and pumped back up to pressure. 

 

The application of industrial low quality waste heat recovery has been examined in literature 

and Organic Rankine cycles are a relatively proven technology that have been in use in 

various applications for 100 years [4].  The application type (and the supplied waste heat 

stream) lead to an important consideration for implementation of an Organic Rankine cycles.  

The primary consideration for design of such systems is the choice of a working fluid.  The 

analyses supplied by Hung [14] indicates that various working fluids can be considered, but 

isentropic (or near isentropic) fluids provide better saturation conditions when undergoing 

expansion in the turbine.  Isentropic fluids are fluids that have a vertical (infinite) slope at the 

end of their saturation domes on a T-s diagram.  This indicates that entropy remains constant 

with decreasing temperature at the end of the saturation dome.  These properties and low 

critical temperatures make isentropic fluids ideal for low temperature waste heat recovery, 

though other substances can also be used [24]. 

 

Numerous studies have dealt with a waste-heat recovery from various prime movers using 

Organic Rankine cycles.  A study by Naijar [15] shows theoretical efficiency improvements 

with the addition of Organic Rankine cycles using refrigerants R12, R22, R113, and R114 to 

a gas turbine cycle ranging from 40% to 54%.  A more recent study analyzing a more 

economically feasible installation of a simple Organic Rankine cycle integrated with a gas 
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turbine cycle was conducted by Yari [16].  This study concludes that an efficiency 

improvement of about 10% could be seen beyond the efficiency of the gas turbine alone.  

Analyses presented by Vaja [17] involve utilizing waste heat from the engine jacket water 

coming from an internal combustion engine generator.  Upon exergy analysis, a 12% 

increase in efficiency was seen over a non-bottoming engine.  The report also indicates, 

however, that achieving these efficiencies may be unreasonable from an economic standpoint 

due to the assumed low terminal differences across the heat exchangers and subsequent 

increase in complexity and cost. 

 

It is important to note, however, that all of these studies examine only the operation of an 

Organic Rankine cycle integrated with a prime mover cycle in a cogeneration plant.  

Complex combinations with other forms of heat recovery (ie. chillers, heat recovery steam 

generators), are not discussed.  Studies of the feasibility of installing an Organic Rankine 

cycle in-line with a form of high quality heat recovery are lacking.  Another important 

consideration is the details of the integration of Organic Rankine cycles (and other forms of 

heat recovery).  If a cogeneration system is already designed and installed, it may be 

advisable to make additions to it that require little modification of existing parts.  This may 

increase the importance of considering packaged systems for use in additional waste heat 

recovery rather than many of the complex integrated systems (with various regenerators and 

recuperators) that are discussed in literature.  This will sacrifice efficiency for substantially 

decreased complexity and costs. 
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Chapter 4  

Model Development and Irreversibilities 

4.1 Ideal Cold Air Standard Brayton Cycle 

Analysis of the performance of gas turbine cycles can be performed in a simplified manner 

given a group of assumptions [9]. 

• The working fluid is air, which is assumed to be an ideal gas and rotates continuously 

in a closed cycle. 

• All processes within cycle are internally reversible. 

• As a result, no fuel interacts directly with the air loop (combustion is replaced by a 

heat exchanger supplying heat from a separate source). 

• The process following the turbine exhaust rejects heat to return the air to its initial 

state. 

 

This model leads to the simplified diagram below.  For additional simplicity, the specific heat 

of air at various states throughout the cycle is assumed to be constant and taken at ambient 

room temperature (25°C).  This assumption combined with the previous four, lead to the 

conception of the cold-air-standard Brayton Cycle. 
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Figure 4.1.  Ideal Cold Air Standard Brayton Cycle [6] 

 

Now, under the assumptions that the turbine operates adiabatically and kinetic and potential 

energies have negligible effects, the work of the turbine and compressor is as follows: 

 �̇�𝑡

�̇�
= ℎ3 − ℎ4 ( 4.1 ) 

 

 �̇�𝑐

�̇�
= ℎ2 − ℎ1 ( 4.2 ) 

The heat added (through combustion) and heat rejected is as follows: 

 �̇�𝑖𝑛
�̇�

= ℎ3 − ℎ2 ( 4.3 ) 
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 �̇�𝑜𝑢𝑡
�̇�

= ℎ4 − ℎ1 ( 4.4 ) 

 

We can now determine the thermal efficiency of the cycle as follows: 

 

𝜂 =

�̇�𝑡
�̇�� − �̇�𝑐

�̇��

�̇�𝑖𝑛
�̇��

=
(ℎ3 − ℎ4) − (ℎ2 − ℎ1)

ℎ3 − ℎ2
 ( 4.5 ) 

If we take our analysis further and assume no irreversibilities, we can develop p-v and T-s 

diagrams as follows. 

 

 

Figure 4.2.  T-s and p-v Diagrams for an Ideal Brayton Cycle [9] 

 

In the T-s diagram, the area under the line 2-3 is the heat added per unit mass while the area 

under the line 1-4 is the heat rejected per unit mass.  In the p-v diagram, the area to the left of 

the line 1-2 is the work input of the compressor per unit mass and the area to the left of line 



 

 
 
 
 

37 

3-4 is the work coming out of the turbine.  It follows that the area encompassed by the lines 

in the T-s diagram is equivalent to the net heat added, and the area enclosed on the p-v 

diagram is the net work output of the cycle.[6] 

 

Now, returning to the theoretical analysis, assuming constant specific heat [9]: 

 
𝜂 = 1 −

𝑞𝑜𝑢𝑡
𝑞𝑖𝑛

= 1 −
(𝑇4 − 𝑇1)
(𝑇3 − 𝑇2) ( 4.6 ) 

or equivalently: 

 
𝜂 = 1 −

𝑇1
𝑇2
�
𝑇4 𝑇1 − 1⁄
𝑇3 𝑇2⁄ − 1

� ( 4.7 ) 

Additionally, if processes 1-2 (compression) and 3-4 (expansion in turbine) are isentropic it 

follows that: 

 
𝑇2 = 𝑇1 �

𝑝2
𝑝1
�

(𝑘−1)/𝑘
 ( 4.8 ) 

 

 
𝑇4 = 𝑇3 �

𝑝4
𝑝3
�

(𝑘−1)/𝑘
 ( 4.9 ) 

where k is the specific heat ratio, 𝑘 = 𝑐𝑝
𝑐𝑣� . 

If there are no pressure losses across the heat exchangers at each stage (P2=P3 and P4=P1) 

then we find that: 

 𝑇4
𝑇1

=
𝑇3
𝑇2

 ( 4.10 ) 

Substituting in for the previously obtained equation for efficiency, we obtain: 
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 𝜂 = 1 −
1

(𝑝2 𝑝1⁄ )(𝑘−1)/𝑘 ( 4.11 ) 

So far, these equations are only useful for qualitative analyses since we have assumed ideal 

conditions and we have not accounted for any irreversibilities.  Various losses in each stage 

occur and must be estimated if a moderately accurate analysis is desired.  These losses will 

be discussed in detail in the next section. 

 

4.2 Sources of Losses 

4.2.1 Kinetic Energy and Isentropic Efficiencies 

Any particles in motion have the potential to provide all energy that can be derived from 

bringing those particles to rest.  Our typically defined enthalpy values do not account for the 

kinetic energy component of the steady state energy equation.  To account for this value, a 

“stagnation” enthalpy is required.  The stagnation enthalpy is defined as the enthalpy of the 

air stream when particles are brought to rest adiabatically without work transfer. [7]  The 

following is an analysis of how stagnation enthalpy and temperature can be calculated and 

how they can be used to determine isentropic efficiencies used in model calculations. 

 

Upon rearranging the energy equation, we obtain a definition for stagnation enthalpy, h0 in 

terms of enthalpy, h, and gas stream velocity, C: 

 
ℎ0 = ℎ +

𝐶2

2
 ( 4.12 ) 
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Assuming the gas under analysis is an ideal gas, h can be assumed equivalent to cpT, giving 

and expression for a stagnation temperature, T0: 

 
𝑇0 = 𝑇 +

𝐶2

2𝑐𝑝
 ( 4.13 ) 

This leads us to the definition of isentropic efficiency for the compressor and turbine which 

is commonly used to compensate for these effects within the compressor and turbine. 

 
𝜂𝑐 =

𝑊′

𝑊
=
Δℎ0′

Δℎ0
=
𝑇2′ − 𝑇1
𝑇2 − 𝑇1

 ( 4.14 ) 

 

 𝜂𝑡 =
𝑊
𝑊′ =

𝑇3 − 𝑇4
𝑇3 − 𝑇4′

 ( 4.15 ) 

Rearranging the equation, we can solve for the temperature difference as follows: 

 
𝑇2 − 𝑇1 =

𝑇1
𝜂𝑐
�
𝑇2′

𝑇1
− 1� ( 4.16 ) 

and substituting in our isentropic pressure ratio work relations that we found in our ideal 

cycle analysis: 

 
𝑇2 − 𝑇1 =

𝑇1
𝜂𝑐
��
𝑝2
𝑝1
�

(𝑘−1)/𝑘
− 1� ( 4.17 ) 

 

 
𝑇3 − 𝑇4 = 𝜂𝑡𝑇3 �1 − �

1
𝑝3 𝑝4⁄ �

(𝑘−1) 𝑘⁄

� ( 4.18 ) 

Polytropic efficiencies can also be used, but generally the overall isentropic efficiency can 

provide a reasonable theoretical model. 
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4.2.2 Pressure Losses 

Brayton cycles tend to be susceptible to small changes in pressure ratio across the 

compressor and turbine.  This means that even small impacts from small causes of pressure 

losses can result in large changes in work output of the turbine.  Pressure losses can occur in 

the ducts close to the intake or exhaust, but for simplicity these are assumed to be accounted 

for in the isentropic efficiencies of the compressor and turbine.  Therefore, the primary 

pressure loss to be accounted for (in gas turbines without additional regenerative heat 

exchangers) is the loss in the combustion chamber associated with air resistance in the flame-

mixing stage.  Since this loss is not constant among cycles with different pressure ratios 

because density changes, this pressure loss is commonly accounted for as a percentage of 

compressor output pressure.  Though density is a function of temperature not pressure, this 

percentage approach will lead to a close approximation of the variation. 

 

4.2.3 Losses in Heat Exchangers 

Two types of heat exchangers are used commonly in gas turbine cycles. 

• A recuperator uses an indirect heat transfer process where hot and cold flows never 

come into direct contact. 

• A regenerator brings the two flows together in a web that simultaneously rejects and 

absorbs heat. 
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Both heat exchangers take heat from the exhaust of the turbine and send it back to heat 

exiting compressor air to improve work output of the turbine.  However in cogeneration 

applications, neither of these heat exchangers is common because they tend to reduce exhaust 

temperatures significantly.  This prevents the abundance of higher quality waste heat that is 

useful for steam production.  It is also important to note that combined cycles have been 

developed that surpass the efficiencies derived from using such heat exchangers.   So, even in 

power generation (without cogeneration) the use of regenerators is very rare. 

 

4.2.4 Compressor Losses 

Compressors in Brayton cycles are driven directly by the turbine, so the only losses in the 

transmission of power from turbine to compressor are bearing and windage losses.  Bearing 

losses derive from frictional losses in bearings and associated lubrication.  Windage occurs 

from frictional impacts of the aerodynamics of the compressor blades.  In modern systems, 

these losses, ηm, are very minimal and are commonly assumed to be about 1 percent of work 

required to drive the compressor [7].  This gives a work input to the compressor from the 

turbine as follows: 

 𝑊 =
1
𝜂𝑚

𝑐𝑝12(𝑇2 − 𝑇1) ( 4.19 ) 
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4.2.5 Specific Heat Variation 

In reality (as opposed to the ideal case), it is important to consider the effects of temperature 

on the specific heat at various stages in the cycle.  Typically cp for gas streams in the ranges 

which this analysis deals with is a function of temperature.  The specific heat ratio, k, is a 

function of specific heat and molar properties and is therefore also related to temperature. 

 

Cogeneration systems are commonly open cycle Brayton cycles, which means that the 

working fluid will be a mixture of combustion products resulting from fuel firing.  

Calculating the composition of such a mixture is very complicated because dissociation may 

occur at high temperatures.  To obtain very accurate results in analyses of cycles, it is 

necessary to use enthalpy and entropy values at each state as described in thermodynamic 

tables.  However, since the primary interest in these cycle analyses is in the total work 

calculated or the product cpΔT, it may be sufficiently accurate to approximate cp, k, and ΔT.  

If the ΔT at which our estimated value is calculated is lower than the actual value in the cycle 

under analysis, then it will be corrected because the estimated cp will be higher than actual.  

Sometimes for the purposes of quick analyses, estimated values of cp and k from 

Saravanamuttoo [7] can be used, as follows: 

𝑐𝑝,𝑎𝑖𝑟 = 1.005𝑘𝐽 𝑘𝑔⁄ 𝐾, 𝑘𝑎𝑖𝑟 = 1.40 𝑜𝑟 �
𝑘

𝑘 − 1�
= 3.5 

𝑐𝑝,𝑔𝑎𝑠𝑒𝑠 = 1.148 𝑘𝐽 𝑘𝑔 𝐾, 𝑘𝑔𝑎𝑠𝑒𝑠 = 1.333 𝑜𝑟 �
𝑘

𝑘 − 1�
= 4.0�  
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It should be noted that the cp of the exhaust gases (air and combustion products) is very close 

to the cp of air at exhaust gas temperatures.  At about 800K, the cp of air is 1.099 kJ/kg.  This 

serves as an indicator that the primary component of exhaust gases is air, which is a function 

of the fact the gas turbines operate with very low fuel to air ratios.  This, as discussed earlier, 

is a requirement so as to not overheat the turbine materials with too high of a turbine inlet 

temperature. 

 

4.2.6 Combustion Losses 

As discussed above, the combustion of products in an open cycle directly impacts the 

properties at various stages in the cycle.  However, it is very complicated to account for 

dissociation effects involved in the combustion process.  Dissociated CO2 and H2O can cause 

incomplete combustion of carbon and hydrogen and impact the composition of the gas 

stream.  As such, a figure such as the one on the following page acquired from [Ref. 7] can 

be used to obtain values that will lead to the calculation of a combustion efficiency, ηb at a 

given ΔT, as a function of fuel/air ratio f, or: 

 
𝜂𝑏 =

𝑓𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
𝑓𝑎𝑐𝑡𝑢𝑎𝑙

 ( 4.20 ) 
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Figure 4.3.  Rise in Combustion Temperature as a Function of Fuel/air Ratio [7] 
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Another way of calculating this value is using a curve fit to this data.  An example of such an 

equation is given in Walsh [18].  The series of equations is given below. 

 FAR1 = 0.10118 + 2.00376E-05 * (700 – T3) ( 4.21 ) 

 FAR2 = 3.7078E-03 – 5.2368E-06 * (700 – T3) – 5.2632E-06 * T4 ( 4.21 ) 

 FAR3 = 8.889E-08 * ABS(T4 – 950) ( 4.21 ) 

 FAR = (FAR1 – SQRT(FAR1^2 + FAR2) – FAR3)/ETA34 ( 4.21 ) 

where, 

 T3 = combustion chamber inlet temperature (K) 

 T4 = turbine inlet temperature (K) 

 FAR = fuel to air ratio 

 ETA34 = combustion efficiency (~99.9% assumed) 

This leads to the calculation of specific fuel consumption, SFC, as a function of actual 

fuel/air ratio, FAR, and net work output Wnet. 

 𝑆𝐹𝐶 =
𝐹𝐴𝑅
𝑊𝑛𝑒𝑡

 ( 4.22 ) 

This can allow the future calculation of the overall efficiency of the total gas turbine cycle 

which is simply the specific work output Wnet divided by the specific fuel consumption. 

 

4.2.7 Turbine Blade Cooling 

At temperatures greater than 1350-1400 K, metallurgic fatigue conditions may be reached 

within turbine blade materials.  Therefore, air may be bled off the compressor to cool the 
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turbine blades.  Generally, air may be bled off to cool the disc, the stator, or the rotor.  The 

disc bleed and stator bleed both pass through the rotor and contribute to work output, but the 

rotor bleed does not.  Therefore, the rotor bleed causes a temperature drop and a reduced 

mass flow.  However, despite the fact that in some applications this loss may be as much as 

15 percent of delivered compressor flow, these analyses will assume that temperatures do not 

reach conditions that require significant turbine bleed off cooling [7]. 

 

4.3 EXCEL Gas Turbine Model 
 
The advantage to modeling in Microsoft Excel is that most companies in most industries 

have easy access to the software.  It is a very powerful application that is very often 

underutilized.  The usefulness of a spreadsheet program in everything from relatively simple 

calculations to iterative simulations cannot be overstated. 

 

Evaluation of cogeneration systems, in particular, provides a very good application for 

readily available spreadsheet software.  Industrial, governmental, and institutional facilities 

do not commonly have access to advanced thermodynamic modeling software or the 

background and training time required for accurate use of such programs.  An early 

evaluation can be performed relatively easily in a spreadsheet format and is useful to inform 

the facility if cogeneration is financial feasible at that location. 
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For these reasons, this thesis has encompassed in its scope an Excel model that provides a 

fairly accurate output for a typical small (<10MW) natural gas fired turbine.  The output 

primarily focuses on overall cycle efficiency, which can be used to calculate fuel 

consumption given fuel characteristics and load on the turbine. 

 

The spreadsheet model requires multiple inputs, some of which must be estimated.  It should 

be noted that isentropic efficiencies for both compressor and turbine must be estimated and 

input into the model.  This can sometimes be difficult as this information is often considered 

proprietary among gas turbine manufacturers.  Typical values may range from 80-90% 

though and approximations should be made so as to match the model to whatever 

manufacturer data is available.  Turbine inlet temperatures must also be estimated, but 

previously discussed limits (before blade cooling is necessary) lead to typical inlet 

temperatures from 1000-1350K.  Other values are often readily available from the 

manufacturer.  Intended example inputs for the spreadsheet model are summarized below.  
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Table 4.1.  Excel Model Inputs 

Input Unit Estimated 
Value Description 

𝑝2
𝑝𝑎

 - 12.2 Compressor pressure ratio 

T3 K 1300 Turbine inlet temperature 

𝜂𝑐 - 0.86 Isentropic efficiency of compressor 

𝜂𝑡 - 0.88 Isentropic efficiency of turbine 

𝜂𝑚 - 0.99 Efficiency of transmission of mechanical work 
to compressor 

ETA34 - 0.999 Combustion efficiency/completeness 

𝑝𝑏 - 2% Pressure loss in combustion chamber 

𝑐𝑝𝑎 
𝑘𝐽
𝑘𝑔 𝐾

 1.005 Specific heat of air (constant assumption) 

𝑘𝑎 - 1.4 Specific heat ratio of air 

𝑝𝑎 bar 1 Ambient pressure 

𝑐𝑝𝑔 
𝑘𝐽
𝑘𝑔 𝐾

 1.148 Specific heat of combustion gases 

𝑘𝑔 - 1.333 Specific heat ratio of combustion gases 

𝑄𝑛𝑒𝑡 
𝑘𝐽
𝑘𝑔

 43,124 Net calorific value of fuel 
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The information overviewed in the previous section, combining an ideal Brayton cycle model 

with compensations for irreversibilities, will be used to develop the equations in the Excel 

model.  The following table is a summary of such equations and can be followed to illustrate 

the steps as they are preformed within the spreadsheet. 

 

Table 4.2.  Equations Used in Excel Model 

Value Equation Unit Description 

T1 𝑇1 = 𝑇𝑎 K Ambient temperature supplied by 
user (or TMY data) 

T2 – Ta 𝑇2 − 𝑇𝑎 =
𝑇𝑎
𝜂𝑐
��
𝑝2
𝑝𝑎
�

(𝑘−1)/𝑘
− 1� K Temperature difference across 

compressor 

T2 𝑇2 = 𝑇𝑎 + 𝑇2 − 𝑇𝑎 K Combustion chamber inlet 
temperature 

Wtc 𝑊𝑡𝑐 =
𝑐𝑝𝑎(𝑇2 − 𝑇𝑎)

𝜂𝑚
 

𝑘𝐽
𝑘𝑔

 Specific work to compressor 
(from turbine through shaft) 

p3 𝑝3 = 𝑝2(1 − 𝑝𝑏) bar Combustion chamber outlet 
pressure (after losses) 

p4 𝑝4 = 𝑝𝑎 bar Pressure at turbine outlet 
(assumed open to atmosphere) 

T3 – T4 𝑇3 − 𝑇4 = 𝜂𝑡𝑇3 �1 − �
1

𝑝3 𝑝4⁄ �
(𝑘−1)/𝑘

� K Temperature difference across 
turbine 
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Table 4.2 (continued) 

T4 𝑇4 = 𝑇3 − (𝑇3 − 𝑇4) K Turbine exhaust temperature 
based on set inlet temp. T3 

Wt 𝑊𝑡 = 𝑐𝑝𝑔(𝑇3 − 𝑇4) 
𝑘𝐽
𝑘𝑔

 Specific work output of the 
turbine 

Wn 𝑊𝑛 = 𝑊𝑡 −𝑊𝑡𝑐 
𝑘𝐽
𝑘𝑔

 Net specific work output of the 
cycle 

FAR1 FAR1 =0.10118 + 2.00376E-05 * (700-T2) - (required for fuel to air ratio 
calculation) 

FAR2 FAR2 = 3.7078E-03 – 5.2368E-06 *  
(700 – T2) – 5.2632E-06 * T3 

- (required for fuel to air ratio 
calculation) 

FAR3 FAR3 = 8.889E-08 * ABS(T3 – 950) - (required for fuel to air ratio 
calculation) 

FAR 𝐹𝐴𝑅 = �𝐹𝐴𝑅1 − √𝐹𝐴𝑅12 + 𝐹𝐴𝑅2 − 𝐹𝐴𝑅3�
𝐸𝑇𝐴34

 - fuel to air ratio (empirical 
relation as described in Eq. 4.24 

above) 

SFC 𝑆𝐹𝐶 =
3600 ∗ 𝐹𝐴𝑅

𝑊𝑛
 𝑘𝑔

𝑘𝑊ℎ
 Specific fuel consumption per 

cycle work output 

ηcyc 𝜂𝑐𝑦𝑐 =
3600

𝑆𝐹𝐶 ∗  𝑄𝑛𝑒𝑡
 - Total cycle thermal efficiency 

 

Through the use of the above formulas and estimated inputs, this Excel spreadsheet is able to 

calculate an estimated electric efficiency for the gas turbine.  First, the ambient temperature 

is extracted from some form of weather data.  Then the temperature change across the 

compressor is calculated by using the ambient temperature, the pressure ratio, the isentropic 
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compressor efficiency, and specific heat ratio of air.  This temperature difference can be used 

to calculate the backwork to power the compressor (from the turbine).  Next the pressure loss 

across the combustion chamber is taken into account (reducing inlet pressure into the 

turbine).  Afterward, the temperature difference across the turbine can be calculated from the 

estimate turbine inlet temperature (~1300 K), the pressure ratio, the isentropic turbine 

efficiency, and the specific heat ratio of the combustion gases.  The temperature drop across 

the turbine can then be used to calculate the specific work output of the turbine.  The 

difference between the total turbine specific work output and the compressor specific 

backwork is the net specific work output of the gas turbine system.  The fuel to air ratio can 

then be calculated using the curve fit equations listed in the table above.  This fuel to air ratio 

leads to a calculation of specific fuel consumption for the system.  Finally, the cycle 

efficiency can be calculated by taking into account the heating value of the fuel (natural gas).  

These calculations were performed for 8,760 hours (a full year), but a sample complete 

calculation for one hour can be found in Appendix A. 

 

With correct inputs, this model can provide a fairly accurate indication of the electric 

efficiency of a gas turbine system.  The results for the model as run on the gas turbine that 

will be analyzed in detail later in this thesis are shown briefly in graphical format below.  The 

model outputs are approximately in-line with manufacturer provided data indicating a fairly 

accurate output.  An example walkthrough model calculation for one hour and an abridged 

example of a portion of the model data output can be found in Appendix A. 
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Figure 4.4.  Excel Gas Turbine Model Thermal Efficiency Output 

 
4.4 TRNSYS Gas Turbine Model 

Excel models can be useful in an early stage analysis of gas turbine performance, however, 

the necessity of estimating many of the inputs (since some of them are not publicly available 

from manufacturers) can create inaccuracies.  Also, simplifying model assumptions (ie. 

constant specific heat) can result in erroneous values for temperatures and specific heats at 

various points in the cycle even though the products may be relatively accurate. 
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These inaccuracies can cause problems when analyzing gas turbine performance with respect 

to its installation as part of a cogeneration plant.  A fairly accurate representation of exhaust 

temperature and specific heat are needed in order to judge the quality of heat exiting the 

system as well as to judge economically feasible uses for the waste heat. 

 

For these reasons, it is sometimes necessary to fit regression curves to manufacturer supplied 

data and use these curves to estimate gas turbine performance.  Since these models use more 

accurate performance data directly from the manufacturer data, they can provide more 

accurate indicators of exhaust heat and quality as well as electricity output. 

 

Transient Systems Simulation Program or TRNSYS is a thermal and electric systems 

modeling software package.  Developed by researchers at the University of Wisconsin, 

TRNSYS was originally intended for simulation of solar systems with particular focus on 

solar thermal systems.  However, through further development and additional component 

libraries such as the Thermal Energy Systems Specialists (TESS) Library, TRNSYS has 

become a versatile energy modeling suite allowing for solar thermal, photovoltaic, building, 

HVAC, renewable energy, cogeneration, and fuel cell modeling. 

 

In this instance TRNSYS is able to take in a manufacturer provided gas turbine performance 

file and use this information to simulate hourly performance over an annual period.  The 

manufacturer data is located in Appendix B for reference.  It should be noted that this data 
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was only available for 4 in. WC inlet pressure loss and 4 in. WC exhaust loss and has no 

compensation for fouling (primarily of air filters) over time.  It is an example of new turbine 

performance with a moderate amount of inlet and exhaust obstruction (inlet cooling and 

additional heat recovery system will all add to this).  A simple flow chart below indicates the 

basic operation of the simulation. 

 

 

Figure 4.5.  TRNSYS Model Flowchart 

 

Though inaccuracies are still present in this model, and they will be in any such model, this 

model provides a way to better calculate outputs base on measured performance values rather 

from the manufacturer (who knows all required information) rather than having to estimate 

propriety values (such as isentropic efficiencies and turbine temperatures).  Despite the 

differences in calculation methods, the results prove to be relatively similar as demonstrated 
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in the following efficiency graph that can be compared to that of the Excel model previously 

discussed.  An example of this TRNSYS Model data output and a sample conceptual diagram 

is presented in Appendix B. 

 
Figure 4.6.  TRNSYS Gas Turbine Model Thermal Efficiency Output 

 

The TRNSYS model works by combining input and outputs from a series of modules that 

comprise the gas turbine cogeneration plant.  A conceptual example of such a system is 

shown in a diagram in Appendix B.  The simulator examines the underlying functions in the 

code of each module and develops curve fits as necessary to any data that requires 
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interpolation.  An approximation method is used to allow the model to converge within the 

differential equations created by the modules with limited error.  In this fashion, the model is 

able to take in only a few performance data points from the gas turbine manufacturer and 

produce a full spectrum of data outputs for all temperature for 8,760 hours (a full year). 

 

It should be noted that the TRNSYS model introduces slightly more variation than the Excel 

model.  This is caused by a combination of issues with the model.  First, simulation in 

TRNSYS is performed using an Euler approximation method which has an associated error.  

Also, limited manufacturer’s data was available to input into the simulation.  If more data 

points (air inlet flow, exhaust outlets flow, delivered power, etc.) were available, then the 

model might converge with less variation. 

 

Since what is important within the scope of this thesis is the overall efficiency of the 

cogeneration system as a whole, not just the gas turbine cycle electricity efficiency, results of 

complete models will be discussed in the next chapter.  These gas turbine models will serve 

as the basis as input for future modeling of waste heat recovery equipment and the complete 

models will give a sense of overall cogeneration plant efficiency. 
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Chapter 5  

Facility Information and Energy Use 

This thesis focuses on a study of a cogeneration plant that is being installed on the campus of 

North Carolina State University as part of a large performance contract in partnership with an 

Energy Service Company and multiple subcontractors.  The university has a large utility 

distribution system with several large boiler and chiller plants in place around the campus.  

Understanding the underlying electricity and thermal (both steam and chilled water) demands 

is necessary before the benefits of the new cogeneration system can be fully analyzed. 

 

5.1 Electricity 

Electricity for North Carolina State University in Raleigh is currently provided by Progress 

Energy through their Large General Service Time of Use (LGS-TOU) rate schedule. This 

schedule is an option when either the facility’s contract demand is greater than 1,000 kW or 

the facility computed demand is equal to or greater than 1,000 kW in the previous 12 month 

period.  Contract demand is set at 32 MW, and a summary of the hourly demand is shown 

below for an entire year. 
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Figure 5.1.  Hourly Summary of Electric Demand 

 

The rate schedule includes a basic customer charge of $500.00 per month and then a variable 

demand charge per kW as well as a variable energy charge per kWh.  The demand and 

energy rates vary with time of the year (summer vs. winter) as well as with the time of the 

day (on-peak or off-peak hours).  The rate schedule also includes a transformation discount 

through which a customer that provides some of the step down transformers and equipment 

necessary for such delivery is offered a discount.  The campus has multiple substations that 
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allow it to take advantage of this discount.  A brief summary of the rate schedule as applied 

to NC State campus is shown below.  Copies of the rate schedules used in this thesis can be 

found in Appendix C. 

 

Table 5.1.  LGS-TOU Rate Schedule Summary 

Basic Monthly Customer Charge $500.00  
kW Demand Charge     
On-Peak Billing Demand June through Sept. Oct. through May 

On-Peak Hours 10:00 AM to 10:00 PM 6:00 AM to 1:00 PM   
4:00 PM to 9:00 PM 

First 5,000 kW $19.56 $14.25 
Next 5,000 kW $18.56 $13.25 
Over 10,000 kW $17.56 $12.25 
All Off-Peak Excess Demand $1.00 $1.00 
On-Peak kWh Energy Charge $0.04828 
Off-Peak kWh Energy Charge $0.04328 
Demand Transformation Discount $0.48000 
Energy Transformation Discount $0.00080 
DSM Opt-out Credit $0.00063 

 

An approximate summary of campus electricity billing has been developed in the table and 

chart that follows.  Because of the rate structure, it is important to conduct calculations using 

the total energy bills so as to get an accurate representation of savings (primarily due to off-

peak and on-peak variations in charges). 
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Table 5.2.  Campus Monthly Energy Use 

Month 
On-Peak 
Demand 

[kW] 

Excess 
Demand 

[kW] 

On-Peak 
Energy 
[kWh] 

Off-Peak 
Energy 
[kWh] 

Total Energy 
Use      

[kWh] 
Total Costs 

Jan 22,842 0 5,144,116 7,136,278 12,280,394 $824,005 
Feb 24,721 0 4,858,542 7,084,811 11,943,353 $830,591 
Mar 24,786 0 4,816,584 8,096,534 12,913,118 $871,728 
Apr 24,624 0 5,619,164 8,133,032 13,752,196 $908,950 
May 25,304 0 5,462,737 8,356,333 13,819,070 $918,975 
June 27,508 194 5,921,035 9,859,475 15,780,511 $1,175,544 
July 28,026 486 6,483,046 9,891,720 16,374,766 $1,212,369 
Aug 29,257 292 6,105,100 10,521,997 16,627,097 $1,241,874 
Sept 29,452 259 6,268,460 9,696,316 15,964,776 $1,218,261 
Oct 26,698 0 6,009,649 8,245,120 14,254,769 $956,341 
Nov 24,786 0 4,862,527 8,212,428 13,074,955 $878,731 
Dec 24,462 0 4,590,238 7,184,538 11,774,776 $819,143 
  312,466 1,231 66,141,198 102,418,581 168,559,779 $11,856,511 

 

 

Figure 5.2.  Campus Monthly Electric Demand and Energy Use 
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The LGS-TOU rate schedule that the campus is currently on tends to be advantageous for 

customers with higher load factors.  A load factor is simply the average kW power divided 

by the peak kW demand.  A load factor of 100% would mean that a facility has a constant 

kW demand through the day and night.  Low load factors indicate a facility with a very high 

peak demand, but it is short lived and demand drops to lower values most of the time.  LGS-

TOU tends to be better for high load factor customers primarily due to the lower kWh costs 

(but higher demand costs).  Another rate schedule, LGS, offers a better solution for lower 

load factor customers.  The LGS rate schedule has a higher per kWh energy charge, but a 

lower demand charge. 

 

The installation of an 11MW cogeneration plant on campus will cause the load factor to drop 

significantly.  So much so, that the Energy Service Company employed by NC State has 

decided that a change to the LGS rate schedule is advantageous.  The LGS rate schedule is 

briefly summarized in tabular format below. 

Table 5.3.  LGS Rate Schedule Summary 

Basic Monthly Customer Charge $500.00  
kW Demand Charge   
First 5,000 kW $11.25 
Next 5,000 kW $10.25 
Over 10,000 kW $9.25 
kWh Energy Charge $0.05415 
Demand Transformation Discount $0.48000 
Energy Transformation Discount $0.00080 
DSM Opt-out Credit $0.00063 
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Since analysis performed by an Energy Service Company for NC State University has 

indicated that a switch to the LGS rate schedule is the best course of action, savings will be 

calculated including a switch to the LGS rate schedule rather than the currently used LGS-

TOU schedule. 

 

5.2 Heating 

In addition to the electricity supplied to campus, an extensive steam system supplied 

primarily by natural gas fired boilers supports campus heating demands.  The current total for 

peak capacity steam production is approximately 300,000 lbs/hour (of 150 psig steam).  

Analyses performed by Hunt and Eckerlin et al. [28] indicate a stack loss efficiency of 

approximately 82.8%.  The stack loss calculation form containing these measurements can be 

found in Appendix D. 
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Figure 5.3.  Main Campus Hourly Annual Steam Demand 

 
This data is highly important in analyzing the overall efficiency of the cogeneration system.  

Steam demand in the summer is of particular importance since this value can dictate the 

difference between the potential amount of steam provided by the HRSG and the amount of 

steam that can actually be used by the campus. 

 
5.3 Cooling 

The campus utility plants also provide chilled water to the majority of campus.  Chilled water 

is supplied primarily by large electric centrifugal chillers.  A significant portion of the chilled 
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water demand is serviced by 2,000 ton dual compressor chillers.  These chillers allow 1,000 

tons worth of chilled water to be supplied by one of the compressor units within the chiller.  

Once demand on that particular unit surpasses 1,000 tons, the other compressor is turned on 

and the load is split.  This allows for more efficient part load efficiencies. 

 

A study of the chiller system on campus revealed manufacturer performance data on 

efficiency.  The following chart shows chiller efficiency in terms of kW/ton at a range of 

loading schemes as per manufacturer data. 

 

Figure 5.4.  Chiller Performance Curves from Manufacturer Data 
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Campus chilled water demand is also important for analysis that will be conducted in this 

thesis.  Absorption and steam turbine driven chillers will be analyzed in Chapter 8, so a clear 

understanding of the chilled water demand and existing chiller efficiency is needed.  Daily 

ton-hr values data for both campus chilled water plants were obtained from documentation 

[20] submitted to NC State University and are shown below. 

 
Figure 5.5.  Cates and Yarborough (Respectively) Chilled Water Load [20] 
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Chapter 6  

Installed System 

The Raleigh campus of North Carolina State University has an aging campus steam system 

with a weighted average boiler age of over 45 years.  Steam demand is expected to grow 

from the current level of approximately 200,000 pounds per hour to over 300,000 pounds per 

hour in the next 20 years.  As such, facilities personnel and capital project managers at the 

University saw the need to examine possibilities for expansion and retrofit of the steam 

system.  After initial analyses were performed, the University decided that some of the 

additional steam demand could be provided by waste heat fired heat recovery steam 

generators supplied by combustion turbines.  This led to the release of a Request for 

Proposals (RFP) in 2009 in an effort to find a suitable contractor to perform the steam system 

retrofit and install the gas turbine cogeneration system. 

 

Such a project was expected to cost upwards of $50 million, and so an effort was made to 

secure financing from a third party rather than direct funding from the University.  Energy 

Service Companies (or ESCOs) commonly offer a service known as performance 

contracting.  This service includes a financing component where the ESCO seeks out 

financing on behalf of the customer.  Once financing has been secured, the performance 
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contract generally requires the ESCO to guarantee the cost savings that will be provided by 

the installed system.  These cost savings are then used to pay the cost of the loan financing 

for the project.  The ESCO acts as the general contractor for the customer, securing all 

subcontractors and materials, as well as conducting any measurement and verification of 

savings (sometimes subcontracted). 

 

Though the savings are guaranteed (to some extent) in the performance contract, when the 

loan is paid off, the contract ends as well as the savings guarantee.  If performance is not 

carefully examined, then after the length of contract the customer could begin to actually lose 

money with no way of recovering those lost savings.  This is a particularly important issue 

where savings are very closely tied to volatile fuel prices (ie. natural gas fired turbines). 

 

After the RFP was distributed, a proposal was returned and this was followed by an 

Investment Grade Energy Audit.  An audit of this type provides an extreme level of detail 

and analysis where the ESCO obtains quotes for all capital components of the project and 

very specific performance parameters from all equipment manufacturers.  As discussed 

before, the RFP includes the entire steam system renovation including boiler repair and 

replacement as well as chiller upgrades.  This thesis will focus only on the cogeneration 

aspect of this project encompassing the gas turbines, the HRSGs, and any additional 

hypothetical waste heat recovery equipment that could be utilized. 
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6.1 Gas Turbines 

The primary pieces of packaged equipment to be considered for the cogeneration system are 

the gas turbines.  The choice of gas turbine affects the power produced, the fuel consumed, as 

well as the steam produced by any waste heat recovery steam generators.  The accepted 

proposal chose two Solar Taurus 60-7901S 5.6 MW (ISO) combustion turbines.  Included in 

the scope of the project are the gas turbine assemblies, two natural gas compressors, and any 

additional materials and installation costs associated with the turbines. 

 

The gas turbines themselves are single-shaft, designed for industrial power generation and 

are equipped with a 12 stage axial compressor with a 12.2:1 pressure ratio.  The combustion 

chamber is an annular type (simple tube/ring assembly with only one combustion zone) with 

a proprietary low NOx emission burner.  The turbine component itself is a 3-stage reaction 

turbine.  Each unit is equipped with a 3-phase permanent magnet generator to produce 

electricity for the grid.  The figures below show what the complete package looks like and 

then a more specific view of the actual gas turbine section. 



 

 
 
 
 

69 

 

Figure 6.1.  Complete Packaged Gas Turbine Assembly [19] 

 

Figure 6.2.  Detailed View of Gas Turbine Components [19] 
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The gas turbines in question are dual fuel units that can be powered by either natural gas or 

#2 fuel oil.  Dual fuel devices are useful when facilities are on an interruptible rate schedule 

through their natural gas provider.  This allows the turbines to continue to be operated even 

when the natural gas supply must be interrupted (usually during high demand periods in 

winter months).  It can also allow the facility to use the lowest price fuel, taking advantage of 

competing prices between the two fuels over time. 

 

The turbines are rated for about 5.6 MW each (natural gas firing) at ISO standard conditions 

(sea level, 59°F, 60% humidity, no inlet/outlet pressure loss).  At Raleigh elevation (371 ft) 

and with reasonable inlet and outlet pressure losses, the power output drops to about 5,464 

MW at the same temperature and humidity.  However, the turbine manufacturer’s guaranteed 

power output accounts for any fouling/aging of parts that can occur over time.  The 

manufacturer guaranteed power output is 5,306 MW (natural gas firing) at ISO standard 

conditions. 

 

6.2 Inlet Cooling 

Air compressors usually function by taking in air at whatever atmospheric conditions may be 

and compressing that air to a desired supply pressure.  If the outlet pressure and flow is kept 

constant but the inlet conditions vary with ambient conditions, then the compressor power 

consumption may vary.  Air is less dense at higher temperatures, thus, it will require more 

energy to compress the same mass of warmer air to a certain pressure than cooler air.  In the 
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specific case of a gas turbine, that is to say, if the temperature of the air around the axial flow 

impeller is increased, the power required (back-work from the turbine) will also increase.  

This will, in turn, decrease the electric power output of the gas turbine. 

 

It follows that, if more electric power output from the gas turbine is desired, then the air 

should be kept cool in order to decrease the amount of work deducted by the compressor.  

However, it is evident from performance charts such as the one below that there is a trade-off 

between power output and the heat produced by the gas turbine.   

 

Figure 6.3.  Performance Curve for Gas Turbine [19] 
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In a cogeneration plant, both electric and thermal output are very important and it is 

necessary to optimize based on desired power output, useful exhaust heat, operational cost 

for cooling, and capital cost of cooling coils.  However, in most locations and definitely in 

North Carolina, the natural gas cost is substantially lower than the current electricity rates.  

Electricity is always considered a more valuable form of energy from an engineering 

standpoint (due to its versatility), and in this case it is dramatically more valuable from a 

financial standpoint (than thermal energy).  This leads as to the conclusion that inlet cooling 

may be a wise decision on a typical cogeneration plant with high operating hours.  It is 

important to remember, however, that more natural gas will have to be fired in the 

combustion chamber in order to heat the cooler air up to the same desired turbine inlet 

temperature.  Depending on the turbine and ambient conditions in the area, sometimes the 

additional fuel costs can outweigh the improved power output.  Other important aspects to 

consider before implementing inlet cooling include capital costs and cooling tonnage 

required which must be kept at reasonable levels to achieve a beneficial payback, so 

reasonable reductions are typically down to the ISO standard temperatures (~60°F). 

 

Before we can analyze the effects of inlet cooling on this particular gas turbine installation 

using the model developed in Chapter 4, we must develop a baseline to which we will 

compare it.  Baseline data utilizes 2008 ambient temperature data for Raleigh area.  This data 

is used instead of Typical Meteorological Year (TMY) data for later mating with specific 

steam demand data from this year.  This hourly data will be entered into the model and then 



 

 
 
 
 

73 

the gas turbine system will be simulated for a full year (8,760 hours).  The TRNSYS baseline 

simulation and inlet cooling simulation were run with the same system components and 

inputs.  The only difference was the input ambient temperatures, where the inlet cooling 

model was cooled to 60°F (if ambient conditions were warmer).  Also, the outlet power of 

the inlet cooling model was reduced by approximately 1% as per empirical data and past 

experimentation on the effects of inlet air cooling pressure drop on power output [21].  The 

resulting power outputs of the two simulations are shown in the figures below. 

 

Figure 6.4.  Gas Turbine System Without Inlet Cooling Power Output 

4,000

4,500

5,000

5,500

6,000

6,500

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

E
le

ct
ri

c 
Po

w
er

 O
ut

pu
t (

kW
)

Month
Jan Feb       Mar         Apr        May        June       July        Aug       Sept      Oct        Nov     Dec



 

 
 
 
 

74 

 

 

Figure 6.5.  Gas Turbine System With Inlet Cooling Power Output 
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simulation error is what causes the power output to drop below hypothesized levels at various 

points on the graph above and may be a minor source of error in calculations. 

 

Though it is evident that inlet cooling will allow more electric energy to be produced by the 

gas turbine assembly, it also lowers the air temperature entering the combustion chamber.  

Lower temperature air in the combustion chamber requires more heat to be added so that air 

can reach the designed turbine inlet conditions.  The source of this heat is the combustion of 

more fuel, resulting in higher fuel consumption when inlet temperatures are low.  At first 

glance, inlet cooling may seem very advantageous, but after adjustments for additional fuel 

that must be fired, real financial benefits can be modest.   

 

The energy required for cooling also needs to be taken into account.  Cooling is generally 

provided either by a form of evaporative cooling or directly from a chilled water system.  

Since this cogeneration system will be located within a utility plant connected to a large 

chilled water system, chilled water will be used and distributed to coiling coils in the inlet air 

duct.  As mentioned earlier, air will be cooled to about 60°F in order to get a measurable 

benefit to power output, but not so low as to cause a large quantity of condensate to form in 

the system.  Generally, gas turbines need to utilize less than saturated air in order to function 

normally without the possibility of damage. 
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The amount of cooling energy (consumed by the utility system chillers) can be calculated 

using the following heat equation.  The sensible heat transfer will be calculated and then 

divided by the average sensible heat ratio of the air across the cooling coils (to compensate 

for condensate removal that occurs when cooling below the dewpoint).  The campus full load 

chiller power consumption is estimate at about 0.488 kW/ton.  The equation below will 

utilize these values as well as the cooling energy required to lower the inlet air temperature to 

60°F (15.6°C). 

 
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦 =

�̇�𝑐𝑝∆𝑇�𝐸𝑘𝑊/𝑡𝑜𝑛�
𝑆𝐻𝑅

 ( 6.1 ) 

where, 

�̇� = inlet air mass flow rate (kg/hr) 

cp = specific heat of air at ambient conditions (1.005 kJ/kg K) 

ΔT = temperature difference from cooling temperature (°C) 

𝐸𝑘𝑊/𝑡𝑜𝑛 = chiller power consumption (kW/ton) 

𝑆𝐻𝑅  = average sensible heat ratio (~0.6) 

This equation was used to calculate the electricity required to produce the chilled water 

necessary for cooling the inlet air into the gas turbine.  Calculations were performed for all 

8,760 hours in the year. 

 

This information can be used in conjunction with the calculated values for power output and 

natural gas consumption to analyze the benefits of inlet cooling.  A brief summary of various 

annual energy totals is presented in the table below. 
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Table 6.1.  Inlet Cooling Energy Analysis Summary 

  

Gas Turbines 
Without Inlet 

Cooling 

After Inlet 
Cooling 

Δ from 
Baseline 

Average Power Out from Turbines (kW) 10,816 11,121 +305 
Electricity Production (kWh/yr) 94,745,709 97,416,831 +2,671,122 
Natural Gas Consumption (MMBTU/yr) 942,611 960,383 +17,772 
Cooling Electricity Consumption (kWh/yr)   385,966 +385,966 

 

The results presented in the above table equate to a 2.8% increase in power output, a 2.4% 

increase in net energy output, and a 1.9% increase in natural gas consumption.  The 

translation to cost savings is difficult because peak demand periods vary, but under current 

operating conditions, a cost savings of $29,000 is estimated.  This information can be used to 

evaluate the financial benefit of inlet cooling.  This benefit depends on the facility’s 

electricity cost, natural gas cost, and the increases that these prices will see over time.  Thus 

it is very difficult to predict longtime benefits with accuracy.  A detailed financial and 

economic analyses of the cogeneration system as a whole (including inlet cooling) will be 

presented later in Chapter 10. 

 

6.3 Heat Recovery Steam Generators 

The cogeneration system installation includes two heat recovery steam generators.  These 

units are rated at 50,000 lbs/hour each of 150 psig saturated steam.  They are single pass 

waterwall design with supplementary firing as well as fresh air firing as necessary.  The 
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unfired steam output is approximately 28,000 lbs/hour each with the remaining 22,000 

lbs/hour being produced by the supplementary firing duct burners. 

 

In addition to the gas turbine model and inlet cooling simulation, it is important to integrate 

an accurate representation of the Heat Recovery Steam Generators into the simulation.  The 

Thermal Energy System Specialists (TESS) component library for TRNSYS includes various 

heat recovery modules that allow for the necessary simulation.  The Heat Recovery Steam 

Generator module is defined by the parameters of pinch-point temperature difference, source 

fluid specific heat, and heat exchanger configuration (parallel or counterflow).  The simple 

flowchart below describes the data input and output of the steam generator. 

 

 

Figure 6.6.  TRNSYS HRSG Module Flowchart 
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The design pinch-point temperature difference for the heat recovery steam generator is just 

the minimum temperature difference between the hot exhaust gases and the entering 

feedwater.  The following equation shows a heat balance calculation at design conditions 

which gives the enthalpy at the pinch-point which can then converted to temperature using 

steam tables. 

 �̇�𝑒𝑥ℎ𝑐𝑝,𝑒𝑥ℎ∆𝑇𝑒𝑥ℎ = �̇�𝑠�ℎ𝑝𝑝 − ℎ𝑠,𝑖𝑛� ( 6.2 ) 

   
where, 

 �̇�𝑒𝑥ℎ = mass flow rate of gas turbine exhaust (167,661 lb/hr) 

 𝑐𝑝,𝑒𝑥ℎ = specific heat of gas turbine exhaust (0.2736 btu/lb-°F) 

 ∆𝑇𝑒𝑥ℎ = temperature change in exhaust gases through HRSG (959-308=651 °F) 

 �̇�𝑠 = mass flow rate of steam out from HRSG (29,150 lb/hr) 

 ℎ𝑝𝑝 = enthalpy at the pinch-point (btu/lb) 

 ℎ𝑠,𝑖𝑛 = enthalpy of feedwater in the HRSG (196.27 btu/lb) 

 

Solving for ℎ𝑝𝑝, we find the enthalpy of the feedwater ℎ𝑝𝑝=1,221 btu/lb which corresponds 

to a steam temperature of about 366°F.  This gives a pinch-point temperature difference 

between the lowest exhaust gas temperature (308°F) and the steam temperature (366°F) of 

about 33°F.  However, manufacturer documentation indicates these units are equipped with 

boiler economizers (feedwater heaters that recover heat from the exiting exhaust stream).  
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Accounting for these economizers brings the pinch-point temperature difference down to 

about 19°F. 

 

The TRNSYS simulation is now able to predict the unfired steam output from the HRSG 

using the gas turbine simulation developed earlier.  Supplementary firing with the duct 

burners will not be considered at this stage.  The following chart summarizes the hourly 

output of the unfired HRSG for a complete year as dependent on the gas turbine exhaust 

provided to it. 

 

Figure 6.7.  Unfired HRSG Steam Output 
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The TRNSYS model hourly outputs of power and steam flow can be combined to offer a 

complete overall examination of the cogeneration system’s performance.  Coupling the 

model outputs with the previously noted campus wide steam and electric demand, the useful 

overall energy produced by the cogeneration system can be analyzed.  The next section will 

examine the complete cogeneration simulation and results. 

 

6.4 Complete Cogeneration Model as Installed 

The cogeneration plant as planned to be installed on NC State campus consists of two 

combustion turbines with inlet cooling, two HRSGs, and two natural gas compressors to 

supply the units.  Though other renovations will be made to other aspects of the campus 

utility network, the scope of this thesis will only encompass the aforementioned components. 

 

The TRNSYS model outputs for both the gas turbines and the HRSGs can be combined to 

produce the desired total system values.  The tables below summarize the annual energy 

savings and production for the campus.  Table 6.2 shows the electricity costs that are avoided 

by the electricity output of the gas turbines.  The natural gas consumption of the gas turbines 

is shown in Table 6.3.  Table 6.4 details the HRSG output to the campus steam network and 

savings associated with that system.  Finally, Table 6.4 summarizes the overall net savings of 

the cogeneration system as a whole.  The net savings can be calculated as the cost savings 

associated with electricity production of the gas turbines, minus the added natural gas 
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consumption of the gas turbines, plus the savings as a result of using the HRSG to supply 

campus steam as demand requires. 

 

These models were developed without assuming downtime of the gas turbine systems for 

scheduled and unscheduled maintenance (year round operation).  In reality, some downtime 

will be required, especially as the units age, which will impact operating hours and the total 

savings gleaned from the system.  Turbine performance data is based on inlet pressure losses 

of 4 in W.C. and exhaust pressure losses of 4 in W.C.  Additional heat recovery equipment 

can increase these pressure losses.  Gas turbine performance data is also based on as-new 

operation of the turbines with no compensation for fouling (primarily of air filters) that 

typically occurs over time.  The electricity rate is switched from the original LGS-TOU to the 

recommended LGS schedule to allow for greatest savings.  The current campus wide average 

estimated steam boiler efficiency is estimated to be approximately 82.8%.  The 

supplementary firing efficiency of the supplementary duct burners installed on the HRSGs is 

estimated to be approximately 91.7% as per manufacturer data.  The data is presented below. 
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Table 6.2.  Cogeneration System Electricity Savings 

Month 

GT 
Demand 

Displaced 
[kW] 

GT Energy 
Produced 

[kWh] 

GT 
Electricity 

Cost 
Savings 

Switch to 
LGS Rate 

Cost 
Savings 

Inlet Cooling 
Electricity 

Cost Savings 

Total 
Electricity 

Cost 
Savings 

January 10,162 8,167,708 $477,865 $5,098 -$2,592 $480,371 
February 10,131 7,201,038 $432,164 $5,128 -$286 $437,007 
March 10,439 7,875,158 $469,526 -$1,025 -$3,809 $464,692 
April 10,162 7,501,838 $441,279 -$9,327 $5,034 $436,987 
May 9,950 7,662,848 $438,224 -$6,252 $12,181 $444,152 
June 9,971 7,307,564 $451,805 $74,338 $31,613 $557,756 
July 9,919 7,571,622 $465,589 $75,216 $27,263 $568,068 
August 9,991 7,555,681 $470,171 $80,070 $26,230 $576,471 
September 9,990 7,351,036 $470,003 $88,294 $17,366 $575,662 
October 10,088 7,793,383 $449,391 -$2,599 $7,626 $454,418 
November 10,123 7,715,590 $453,400 -$1,220 -$203 $451,976 
December 10,184 8,009,825 $470,501 $11,176 -$1,848 $479,828 
Total 121,108 91,713,290 $5,489,918 $318,897 $118,574 $5,927,388 

 

Table 6.3.  Cogeneration System GT Natural Gas Consumption 

Month 

GT Fired 
Natural 

Gas 
[MMBTU] 

GT Fired 
Natural 

Gas Cost 

Additional 
Natural Gas Fired 
for Inlet Cooling 

[MMBTU] 

Additional 
Natural 

Gas Cost 

Total 
Natural 

Gas Fired 
[MMBTU] 

Total 
Natural 

Gas Cost 

January 84,161 $441,846 83 $435 84,244 $442,282 
February 74,825 $392,833 156 $817 74,981 $393,650 
March 81,574 $428,264 346 $1,814 81,920 $430,079 
April 77,672 $407,778 823 $4,323 78,495 $412,101 
May 78,880 $414,119 1,582 $8,307 80,462 $422,426 
June 73,579 $386,292 4,028 $21,147 77,607 $407,439 
July 76,461 $401,420 3,732 $19,593 80,193 $421,013 
August 76,487 $401,558 3,600 $18,900 80,087 $420,459 
September 75,335 $395,511 2,317 $12,165 77,653 $407,676 
October 80,605 $423,177 773 $4,059 81,378 $427,237 
November 79,949 $419,733 188 $986 80,137 $420,719 
December 82,850 $434,965 144 $758 82,995 $435,723 
Total 942,380 $4,947,497 17,772 $93,305 960,153 $5,040,802 
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Table 6.4.  Cogenerated Steam Data and Associated Natural Gas Savings 

Mo. 
Steam 

Demand 
[KPPH] 

Unfired 
HRSG 
Steam 

[KPPH] 

Suppl. 
Steam 

[KPPH] 

Suppl. 
Natural 

Gas 
[MMBTU] 

Addtl. 
Boiler 
System 

NG 
Consumed 
[MMBTU] 

Total NG 
for Steam 
- Cogen 

[MMBTU] 

Total NG 
Cost - 
Cogen 
Steam 

Standard 
Boiler NG 
[MMBTU] 

NG Cost - 
Standard 
Boilers 

Steam 
System 

NG 
Savings 

[MMBTU] 

Steam 
System 

Cost 
Savings 

Jan 72,752 42,773 24,376 26,583 6,767 33,349 $175,085 87,865 $461,290 54,515 $286,205 

Feb 59,494 38,491 18,132 19,774 3,467 23,241 $122,015 71,853 $377,226 48,612 $255,212 

Mar 57,922 41,819 14,355 15,654 2,111 17,765 $93,267 69,954 $367,257 52,188 $273,989 

Apr 42,776 39,512 3,264 3,559 0 3,559 $18,685 51,661 $271,223 48,102 $252,538 

May 36,852 36,473 379 414 0 414 $2,171 44,508 $233,665 44,094 $231,494 

June 30,840 30,840 0 0 0 0 $0 37,246 $195,542 37,246 $195,542 

July 30,693 30,693 0 0 0 0 $0 37,069 $194,612 37,069 $194,612 

Aug 32,060 32,008 52 56 0 56 $296 38,720 $203,280 38,664 $202,984 

Sept 39,596 38,262 1,333 1,454 0 1,454 $7,633 47,821 $251,059 46,367 $243,427 

Oct 41,686 39,494 2,193 2,391 0 2,391 $12,553 50,346 $264,317 47,955 $251,763 

Nov 47,481 40,863 6,618 7,217 0 7,217 $37,892 57,344 $301,058 50,127 $263,166 

Dec 54,987 41,851 12,590 13,729 659 14,389 $75,540 66,409 $348,647 52,020 $273,107 

Total 547,139 453,079 83,292 90,831 13,005 103,836 545,137 660,796 $3,469,177 556,960 $2,924,039 
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Table 6.5.  Summary of Electricity and Natural Gas Savings 

Month 

Electricity 
Demand 
Savings 

[kW] 

Electricity 
Energy 
Savings 
[kWh] 

Electricity 
Cost 

Savings 

Total 
Natural Gas 

Savings 
[MMBTU] 

Total 
Natural Gas 

Cost 
Savings 

Net 
Savings 

January 10,162 8,167,708 $480,371 -29,729 -$156,076 $324,295 
February 10,131 7,201,038 $437,007 -26,369 -$138,438 $298,568 
March 10,439 7,875,158 $464,692 -29,731 -$156,089 $308,602 
April 10,162 7,501,838 $436,987 -30,393 -$159,563 $277,424 
May 9,950 7,662,848 $444,152 -36,368 -$190,933 $253,220 
June 9,971 7,307,564 $557,756 -40,361 -$211,897 $345,859 
July 9,919 7,571,622 $568,068 -43,124 -$226,401 $341,667 
August 9,991 7,555,681 $576,471 -41,424 -$217,474 $358,997 
September 9,990 7,351,036 $575,662 -31,286 -$164,249 $411,413 
October 10,088 7,793,383 $454,418 -33,424 -$175,474 $278,945 
November 10,123 7,715,590 $451,976 -30,010 -$157,552 $294,424 
December 10,184 8,009,825 $479,828 -30,974 -$162,616 $317,213 

Total 121,108 91,713,290 $5,927,388 -403,193 -$2,116,762 $3,810,626 
 

As discussed before, energy price volatility will have an impact on the actual cost savings for 

an extended period of time.  The data summarized in these tables provides only a first year 

return on the cogeneration system as a whole.  A detailed economic analysis will be 

performed later in Chapter 10.  For brevity, implementation costs will be presented and only 

a simple payback period will be developed in this section.  The following table presents the 

estimated components of the total implementation costs for the cogeneration system as 

installed.  Since North Carolina State University is a government entity, the project 

information is publicly available from the State Energy Office and other filing agencies.  

Project costs had to be estimated by subtracting costs associated with other components of 

the project (not the cogeneration system). 
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Table 6.6.  Baseline Cogeneration System Implementation Costs 

Direct Costs   Total Cost 
Combustion Turbine Generators $9,451,000 
Fuel Gas Compressors $1,626,000 
Ductwork $390,000 
HRSGs $5,152,000 
Additional Equipment $281,000 
Construction $2,819,000 
Architectural $1,949,000 
Mechanical $12,766,000 
Electrical $4,495,000 
Subtotal Direct Costs $38,929,000 
Indirect Costs   Total Cost 
General Conditions and Management Fees 9.50% $3,698,000 
Design Fee 5.50% $2,141,000 
Investment Grade Energy Audit 2.00% $779,000 
Accreditation, Testing, and Inspection 1.00% $389,000 
Subtotal Indirect Costs   $7,007,000 
Total Implementation Cost   $45,936,000 
Estimated Unescalated Annual Cost Savings $3,810,626 
Simple Payback Period (years)   12.1 

 

This model will now serve as the baseline as the analysis shifts from the planned installed 

system to possible additions to the system.  The case studies in the coming chapters will all 

be compared to this “baseline” model and additional capital costs will be weighed against 

additional savings. 
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Chapter 7  

Combined Cycle 

The first case study of this thesis will center around a major addition and fundamental change 

to how the cogeneration plant will function.  Turning a cogeneration plant into a combined 

cycle power producer can be advantageous if steam demands are low or if electricity is in 

high demand at the subject facility.  Though neither is the case at NC State University, this 

setup will be analyzed for completeness and also to give an idea of how much power could 

be produced if steam demand were ever to drop significantly (ie. heat pump package unit 

heating was utilized instead of steam).  The power produced by the addition of steam turbine 

can either be used mechanically (to drive a pump or other motor) or electrically (as in this 

case study) to be distributed to the grid.  Also note, this modification will be as minimal as 

possible and will use the HRSG planned steam output conditions of 150 psig steam.  

Combined cycle efficiency could definitely be increased with a higher pressure steam system 

but this involves a major modification to the currently designed steam system with a 

substantial added cost. 
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7.1 Model Parameters 

In order to model a combined cycle power plant, a simple steam turbine module was added to 

the previously created baseline gas turbine and HRSG model.  The steam turbine will follow 

the flow output by the steam generator.  Design parameters include isentropic efficiency.  

Given the relatively low pressure of steam being input into the steam turbine, isentropic 

turbine efficiencies can be expected to be low.  The steam turbine is assumed to operate with 

the campus steam conditions at inlet (150 psig, saturated) and it is assumed to be reduced to 5 

psia at the turbine outlet.  The approximate enthalpies at these various states were obtained 

using the Engineering Equation Solver (EES) software.  The isentropic turbine efficiency can 

be found using the following relation. 

 
𝜂𝑖𝑠𝑒𝑛 =

ℎ1 − ℎ2
ℎ1 − ℎ2𝑠

 ( 7.1 ) 

   
where, 

 ℎ1 = enthalpy of the entering steam (~1,196 Btu/lb) 

 ℎ2 = actual enthalpy of the exiting steam (~1,131 Btu/lb) 

 ℎ2𝑠 = isentropic process enthalpy of exiting steam (~954 Btu/lb) 

 

Inputting the various enthalpy values for typical conditions of this specific system, we obtain 

an approximate isentropic efficiency of the steam turbine of about 27%.  This value can be 

input into the design parameters within the TRNSYS model to allow for data output.  A 

summary of the total (gas and steam turbine) power output is shown graphically below.  It is 
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important to note that this graph is of the power output of a single gas/steam turbine 

combination so the complete system will have essentially twice the power output of this one 

unit. 

 

Figure 7.1.  Combined Cycle Output (Single Gas and Steam Turbine) 

 

The total system (two gas turbines and steam turbine combined cycle plant) will have an 

average power output of about 12,203 kW.  The gas turbines alone have an average output of 

about 11,121 kW, resulting in a steam turbine production improvement of about 1,082 kW.  
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This represents an increase in electric power output of about 9.7% increase as a result of the 

addition of the steam turbine cycle. 

 

At first glance, these values seem quite modest.  Combined cycle power generation is 

commonly used on a larger scale by utilities throughout the world so it may be expected to 

see more of an efficiency improvement.  However, this thesis focuses on easy modification 

of the initial cogeneration plant installation.  This means that the output of the HRSGs 

remains unmodified with the addition of this steam turbine.  As previously described the 

steam production at NC State is 150 psig saturated steam.  Large scale steam turbines used in 

combined cycle power generation commonly operate with over 2,000 psi superheated steam.  

At these temperatures and pressures, isentropic and actual efficiencies are much higher 

resulting in a much more significant improvement in power production over only gas turbine 

production. 

 

7.2 Model Results 
 
The table below will offer a summary of the financial benefits of the addition of a steam 

turbine cycle to the existing cogeneration plant.  The data is shown in monthly format for 

comparison to baseline cogeneration model data presented earlier. 
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Table 7.1.  Combined Cycle Model Results and Comparison 

 
  Baseline Cogeneration Model Combined Cycle Model 

Mo. 
Demand 
Savings 

[kW] 

Energy 
Savings 
[kWh] 

Electricity 
Cost 

Savings 

Natural 
Gas 

Net 
Savings 

Demand 
Savings 

[kW] 

Energy 
Savings 
[kWh] 

Electricity 
Cost 

Savings 
Natural Gas Net 

Savings 

Jan 10,162 8,167,708 $480,371 -$156,076 $324,295 11,961 9,548,043 $585,984 -$441,667 $144,317 
Feb 10,131 7,201,038 $437,007 -$138,438 $298,568 12,593 8,490,420 $542,378 -$393,650 $148,727 
Mar 10,439 7,875,158 $464,692 -$156,089 $308,602 12,263 9,258,511 $570,233 -$430,079 $140,154 
Apr 10,162 7,501,838 $436,987 -$159,563 $277,424 11,902 8,816,540 $537,203 -$412,101 $125,103 
May 9,950 7,662,848 $444,152 -$190,933 $253,220 12,272 8,955,031 $548,620 -$422,426 $126,194 
June 9,971 7,307,564 $557,756 -$211,897 $345,859 11,959 8,608,810 $663,104 -$407,439 $255,665 
July 9,919 7,571,622 $568,068 -$226,401 $341,667 12,135 8,870,161 $675,640 -$421,013 $254,627 
Aug 9,991 7,555,681 $576,471 -$217,474 $358,997 11,964 8,870,912 $683,003 -$420,459 $262,545 
Sept 9,990 7,351,036 $575,662 -$164,249 $411,413 11,951 8,663,017 $681,894 -$407,676 $274,219 
Oct 10,088 7,793,383 $454,418 -$175,474 $278,945 11,961 9,095,595 $555,681 -$427,237 $128,445 
Nov 10,123 7,715,590 $451,976 -$157,552 $294,424 11,961 8,999,147 $551,839 -$420,719 $131,120 

Dec 10,184 8,009,825 $479,828 -$162,616 $317,213 11,961 9,393,574 $585,410 -$435,723 $149,688 

Total 121,108 91,713,290 $5,927,388 -2,116,762 $3,810,626 144,882 107,569,762 $7,180,991 -$5,040,187 $2,140,803 
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It is apparent, as expected, that the model shows the combined cycle system producing a 

significant improvement in electricity cost savings.  It should be noted that the cogeneration 

system power production exceeds the campus demand by a very small margin and this would 

ordinarily result in a throttling of the cogeneration system power production.  In this study, 

however, the effect is small and is neglected under the assumption that campus electric 

demand will grow in the future and these demands are based on older 2008 and 2009 data.  

The improvement in power production results in about $1,250,000 in additional electricity 

cost savings annually. 

 

Unfortunately, however, this savings comes at the cost of forgoing the use of HRSG steam 

for campus steam needs.  Whereas before, the HRSG produced steam could be used to help 

offset the campus boiler produced steam, now all of that steam is being siphoned into the 

steam turbine for power production.  With such low efficiencies, the additional electricity 

production cannot offset the loss in valuable campus steam network production.  As a result, 

the net savings of the combined cycle switchover from the base cogeneration model is 

significantly less.  The combined cycle plant is estimate to have a net annual savings of 

$2,141,000 while the previously simulated baseline cogeneration plant providing campus 

steam has a net annual savings of $3,810,000:  a difference of about $1.7 million annually. 

 

A quick analysis, shown in the plot below, of the overall cogeneration plant (useful) 

efficiency can demonstrate clearly that the combined cycle system is at an extreme 
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disadvantage.  Therefore, if the local steam and thermal demands are high enough, the only 

economical use of a combined cycle system would occur if electricity prices became 

significantly higher relative to natural gas prices. 

 

Figure 7.2.  Overall Plant Efficiency Comparison 

 

7.3 Implementation Costs 

Though the savings already indicate no benefit (actually a loss over the baseline cogeneration 

model) in a conversion to a combined cycle plant, the following capital cost information will 
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be presented for completeness.  Two single stage condensing turbines will be used.  Cost data 

was approximated using information from a study by Bright [22].  Estimated cost data is 

presented in the following table. 

 

Table 7.2.  Combined Cycle Steam Turbine Addition Implementation Costs 

Steam Turbine and Generator System Quantity Unit Price Total Cost 
Turbine 2 $220,000 $440,000 
Generator 2 $200,000 $400,000 
Controls - - $40,000 
Installation - - $50,000 
Piping - - $3,000 
Construction Costs - - $50,000 
Engineering and Project Management - - $84,000 
Total Implementation Cost     $1,067,000 

 

Since conversion to a combined cycle system resulted in an overall loss in costs savings due 

to the forgone use of the HRSG steam for thermal needs, it can be hypothesized that it may 

be wise to examine thermal uses for the steam instead.  Instead of repurposing all of the 

steam from the HRSGs for electricity production, methods can be implemented to help better 

use the proposed steam during times when campus steam demand is low (and continue to use 

steam for campus demand as needed).  The following case studies will further examine ways 

to deal with this varying thermal load to increase overall useful cogeneration plant efficiency.  
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Chapter 8  

Waste Heat-Fired Chillers 

8.1 Analysis Background 
 
The current as-installed cogeneration system uses waste heat for only one purpose:  

supplying the campus steam demand.  When the campus steam demand drops below the 

potential steam output of HRSGs, however, the waste heat is exhausted and completely lost 

from the system.  During the summer months, where this occurs frequently, this lost waste 

heat can have a significant impact on the overall cogeneration plant useful efficiency. 

 

As discussed earlier, “trigeneration” plants have become an increasingly common method of 

compensating for this seasonal variation in thermal demand.  If chillers can be added to the 

system and they are able to siphon off excess steam that could potentially be produced by the 

HRSGs, then chilled water could be added to the campus network.  Effectively, this reduces 

load on the campus chilled water system and saves additional electricity. 

 

The proposed trigeneration systems will operate the gas turbines and HRSGs at maximum 

operating potential, first meeting the campus steam demand at any particular hour, then 
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sending any excess steam to a waste heat fired chiller.  The following chart illustrates the 

extent of wasted potential steam generation during the summer months. 

 
Figure 8.1.  Unfired HRSG Potential vs. Useful Output 

 

The chart above indicates a substantial amount of wasted potential steam generation from the 

HRSGs during the summer months when campus steam demand is low.  The total wasted 

steam annually is about 47,000 klbs.  The table below gives the monthly breakdown of 

wasted potential steam output (unfired) from the HRSGs. 
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Table 8.1.  Monthly Wasted Unfired HRSG Steam 

Month 

Potential 
Unfired 

HRSG Steam 
[KPPH] 

Used Unfired 
HRSG Steam 

[KPPH] 

Steam 
Wasted 
[KPPH] 

January 42,773 42,773 0 
February 38,521 38,491 30 
March 42,511 41,819 692 
April 41,193 39,512 1,681 
May 42,507 36,473 6,034 
June 40,892 30,840 10,052 
July 42,214 30,693 11,521 
August 42,170 32,008 10,162 
September 40,991 38,262 2,728 
October 42,434 39,494 2,940 
November 41,237 40,863 374 
December 42,648 41,851 797 
Totals 500,090 453,079 47,011 

 

The above table shows that a significant amount of the wasted steam is lost during the 

summer months of May, June, July, and August (80% of the annual total).  This indicates a 

strong possibility of recovering this wasted steam as input to an absorption or steam turbine 

driven chiller during the summer months. 

 
8.2 Analysis Results 
 
As discussed in Chapter 3, several different types of waste heat powered chillers exist that 

will serve the necessary purpose within this cogeneration system.  For absorption chillers, 

data from Table 3.3 in Chapter 3 will be used to complete the following analysis in 

determining the potential chilled water production and resulting savings.  The data presented 
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in Table 3.3 is from an ASHRAE Journal article [13] and presents integrated part load 

efficiency values in the form of IPLV COPs.  These COPs will be used for calculations that 

will be run for a single effect and a dual effect absorption chiller.  A steam turbine chiller 

will also be analyzed.  Since the University is already in possession of a 2,000 ton steam 

turbine chiller, manufacturer data concerning this specific device will be used for associated 

calculations.  This part load performance data is plotted in the figure below. 

 
Figure 8.2.  NCSU Steam Chiller Performance Data at Current Chilled Water Conditions 

 

Savings were calculated based on comparison to a campus average electric chiller efficiency 

of 0.488 kW/ton (only chiller, no auxiliaries).  Savings are only calculated for a four month 
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summer period since the chiller is expected to only be consistently loaded in the months of 

May, June, July, and August.  Only energy savings in kWh are calculated (no demand 

savings).  The reasoning behind this is the uncertainty of when peak electric demand, steam 

demand, and cooling demand intersect.  It is estimated after calculation that the demand 

savings from using a waste heat fired chiller (used instead of campus electric chillers) may 

increase total savings by 10%.  Such a value is low and, given the uncertainty, will not be 

included in this analysis. The tonnage output and electricity savings for a single effect 

absorption, dual effect absorption, and steam turbine chiller are summarized in the table 

below.   

Table 8.2.  Chiller Tonnage Outputs and Electricity Cost Savings 

  Steam Turbine Chiller Single Stage Absorption Dual Stage Absorption 

Month 

Chilled 
Water 
Output     

[ton-hrs] 

Electricity 
Cost 

Savings 

Chilled 
Water 
Output     

[ton-hrs] 

Electricity 
Cost Savings 

Chilled 
Water 
Output     

[ton-hrs] 

Electricity 
Cost 

Savings 

January 0 $0 0 $0 0 $0 
February 0 $0 0 $0 0 $0 
March 0 $0 0 $0 0 $0 
April 0 $0 0 $0 0 $0 
May 721,235 $19,059 395,317 $10,446 642,391 $16,975 
June 1,180,059 $31,183 670,160 $17,709 1,086,625 $28,714 
July 1,356,457 $35,845 766,750 $20,262 1,240,604 $32,783 
August 1,163,760 $30,753 672,538 $17,772 1,086,239 $28,704 
September 0 $0 0 $0 0 $0 
October 0 $0 0 $0 0 $0 
November 0 $0 0 $0 0 $0 
December 0 $0 0 $0 0 $0 

Total 4,421,512 $116,839 2,504,765 $66,189 4,055,859 $107,177 
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The data clearly demonstrates the superior performance of the steam turbine chiller and dual-

stage absorption chiller.  However, referring back to Table 3.3, we can see that there is also a 

clear difference in price among the chillers.  The following analyses will present 

implementation costs for a 2,000 ton chiller of each type and a corresponding simple payback 

period.   

 

8.3 Implementation Costs 

The implementation costs presented in the following table agree approximately with 

reference material as well as Means Mechanical Cost Data [23].  Piping and mechanical costs 

are determined as necessary for correct aesthetic installation into utility plants on campus and 

have been estimated from previous project quotes. 

 

Table 8.3.  Implementation Costs for Various Chiller Installations 

Component 
Steam 

Turbine 
Driven 

Single Stage 
Absorption 

Dual Stage 
Absorption 

2,000 ton Chiller $1,824,350 $794,475 $1,883,200 
Primary Chilled Water Pump $37,450 $37,450 $37,450 
2,000 ton Cooling Tower $158,360 $158,360 $158,360 
Condenser Water Pump $44,940 $44,940 $44,940 
Mechanical (Piping and Installation) $1,161,935 $1,161,935 $1,161,935 
Electrical $290,668 $290,668 $290,668 
General Conditions and Management $334,182 $236,344 $339,773 
Total $3,851,885 $2,724,172 $3,916,326 
Estimated Unescalated Annual Savings $116,839 $66,189 $107,177 
Simple Payback Period (years) 33.0 41.2 36.5 
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Though these paybacks may seem long, the life of a chiller is quite long and savings such as 

those above are not unheard of in large, long term performance contracts.  Also, per unit 

installation cost may be reduced if this project is conducted in conjunction with other utility 

plant renovations projects that would involve the same mechanical and electrical contractors.   

 

Most importantly, the main impetus behind this study is the fact that North Carolina State 

University currently has access to a functional steam turbine driven chiller.  It has been tested 

and could be run in conjunction with the newly installed cogeneration plant without 

significant additional cost.  As such, the campus could realize approximately $116,839 in 

annual savings with essentially no implementation cost (and therefore an immediate simple 

payback).  
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Chapter 9  

Organic Rankine Cycle 

9.1 Analysis Background 

The previous chapter dealt with supplying an additional thermal load with the excess waste 

heat from the gas turbines that was not being used toward campus steam demand.  After 

these two thermal loads have been served by the exhaust gas waste stream, however, there 

remains a portion of recoverable waste heat in the stream.  The relatively low temperature of 

these exhaust gases at this stage prevents the use of further steam production equipment and 

other methods of heat recovery.  Thus, a need for a way to convert low quality waste heat 

into useful thermal energy (instead of being wasted out the stack) is desired. 

 

Exhaust temperatures leaving the waste heat recovery steam generator tend to be on the order 

of 300°F.  If it is assumed that the heat recovery steam generator will be at full load at all 

times (the maximum amount of steam will be generated by the HRSG year round), then the 

exiting exhaust temperature will be relatively constant throughout the year.  This is an 

especially good assumption if the chiller systems discussed in the previous chapter are 

implemented to deal with seasonal variations in steam demand on the HRSGs.  The 

manufacturer estimated design exiting gas temperature at full HRSG production is 
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approximately 299°F.  HRSG manufacturer performance tables can be seen in Appendix E.  

At this temperature, Organic Rankine Cycles (as discussed in Chapter 3) are usable methods 

of recouping some of the lost energy in the exhaust waste heat stream. 

 

9.2 Model Results 

9.2.1 Organic Rankine Cycle at Final Stage Exhaust 

In this analysis, an Organic Rankine Cycle will be powered by the low temperature final 

stage exhaust gas stream.  The final stage of the exhaust gas stream in the base installed 

cogeneration system is after the Heat Recovery Steam Generators.  Outlet temperatures are 

designed by the HRSG manufacturer to be about 299°F.  At these low temperatures, an 

Organic Rankine Cycle utilizing R-245fa refrigerant can be effective at converting the waste 

heat into electricity.  Though the efficiencies of Organic Rankine Cycles are low, this energy 

stream is low temperature (preventing many other forms of heat recovery) and it would 

ordinarily be wasted, lending itself to the application of the Organic Rankine Cycle.  This 

system would be relatively easily installed with little modification to the existing system, 

with the only major change being a heat exchanger installed on the final stage exhaust gas 

stream. 

 

In order to calculate savings it is necessary to obtain performance values for commercially 

available Organic Rankine Cycle systems at the desired waste heat stream conditions.  These 

performance values can be converted into net electricity production of the cycles at these 
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conditions.  Performance values used in this analysis were obtained from data presented in a 

study by Nester [24] combined with actual manufacturer performance data [25].  These data 

show an approximate gross electric efficiency (at site conditions) of a small Organic Rankine 

Cycle of 11.5%.  Organic Rankine Cycle operation, however, includes what are commonly 

referred to as “parasitic losses”.  These losses account for energy that must be put into the 

system for pump work, controls, and other power consumers.  The study by Nester [24] 

estimated these losses (after modeling) to be about 20% of total gross output power.  The 

resulting net electric efficiency is approximately 8.8%. 

 

The following table illustrates the available waste heat stream conditions and the net 

electricity that would be output by the Organic Rankine Cycle.  The electricity cost savings 

have also been calculated based on the LGS rate schedule. 

 

Table 9.1.  Final Stage Organic Rankine Cycle Savings 

Mass Flow Rate (lb/hr) 335,322   
Inlet Temperature (°F) 299 

 Outlet Temperature (°F) 280 
 Average Specific Heat (BTU/lb-°F) 0.25 
 Energy (MMBTU/hr) 1.59   

ORC Net Electric Demand Produced [kW] 20.5 kW 
ORC Net Electric Energy Produced [kWh] 179,922 kWh/yr 

Total Annual Cost Savings $12,023   
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The calculations were run on the assumption that the waste heat stream should not be 

reduced below 280°F in order to avoid condensing of corrosive material within the exhaust 

duct work.  Also the heat exchanger between the exhaust gas and Organic Rankine Cycle 

systems is assumed to be approximately 50% effective (in an effort to obtain reasonable heat 

exchange size and cost). 

 

Implementation cost estimates have also been calculated, loosely based on information 

presented in Nester [24].  It is estimated that the system will required a 50kW gross electric 

output rated Organic Rankine Cycle.  Additional costs include waste stream heat exchangers, 

pumps, and condenser side installation.  Though federal incentives exist for certain 

renewable energy projects, since the client in question for this project is a pseudo-

government entity (public university), it is assumed that they will not be eligible for such 

incentives.  The table below summarizes these cost estimates and offers an associated simple 

payback period for the system. 
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Table 9.2.  Final Stage Organic Rankine Cycle Implementation Costs 

Component Estimated Cost 
50 kW Organic Rankine Cycle $114,000 
Shipping and Installation $6,500 
Waste Heat Stream Heat Exchangers $40,000 
Refrigerant Charging and Setup $3,700 
Condenser Pumps and Installation $4,000 
Project Conditions and Overhead $16,000 
Total Implementation Cost $184,200 
Annual Cost Savings $12,023 
Simple Payback Period (years) 15.3 

 

The data shows a somewhat attractive simple payback period (when considering long term 

performance contracts), however, the annual costs savings are very modest when compared 

to the installed cogeneration system total savings.  To increase these savings, the next section 

will analyze a different method of installing an Organic Rankine Cycle that will allow for 

more potential electricity production. 

 

9.2.2 Organic Rankine Cycle from HRSG Economizers 

It is proposed, for this system, that the Organic Rankine Cycle will be connected to the 

economizers within the heat recovery steam generators.  Instead of using the economizers to 

add heat to the feedwater entering the HRSGs, the heat will be distributed to the Organic 

Rankine Cycle in an effort to produce electricity.  This installation will allow more energy to 

be captured from the exhaust for the Organic Rankine Cycle (because the waste heat stream 

will be at a higher temperature before the economizer).  Also a further advantage of such an 
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installation is that the system can make use of an existing heat exchanger (the economizers) 

and avoid additional installation cost and complexity.  These savings will be compared to the 

savings associated with using the economizers within the HRSGs. 

 

The following table summarizes the exhaust gas heat input, the transfer of heat to the 

economizer heat exchangers, and the production of electricity by the Organic Rankine Cycle. 

 

Table 9.3.  Economizer Stage Organic Rankine Cycle Electricity Production 

  
Exhaust Gas Stream 
(Both Gas Turbines) 

Economizer 
Water 

Mass Flow Rate (lb/hr) 335,322 123,617 
Inlet Temperature (°F) 378 228 
Outlet Temperature (°F) 280 290 
Average Specific Heat (BTU/lb-°F) 0.2532 1.0264 
Energy (MMBTU/hr) 8.28 7.87 

ORC Net Electric Production 
97.6 kW 

854,595 kWh 
 

However, since the ORC is using the HRSG economizers, it is necessary to calculate the 

energy that will be lost from the HRSG feedwater as well.  Each economizer currently 

increases the feedwater from about 228°F to about 327°F.  The resulting heat input (into the 

feedwater) for the economizer on one HRSG is found to be about 2.956 MMBTU/hr (at a cp 

of about 1.02 BTU/lb-°F and a typical HRSG flow rate of 29,150 lb/hr).  Two HRSGs bring 

the total heat supplied by the economizers to 5.91 MMBTU/hr.  After switching the 

economizers to supplying the Organic Rankine Cycle, this energy will no longer be added to 
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the HRSG feedwater.  Thus this is an added energy cost that must be accounted for in 

analyzing the use of the Organic Rankine Cycle in such a fashion.  The following table 

shows the electricity cost benefit and the added natural gas cost (from additional 

supplementary firing to compensate for the lack of economizers). 

 

Table 9.4.  Economizer Stage Organic Rankine Cycle Net Savings 

  Energy Costs 
ORC Net Electric Demand [kW] 97.56 $10,829 
ORC Net Electric Energy [kWh] 854,595 $46,276 
ORC Total Savings   $57,105 
Economizer Hourly Heat Transfer [MMBTU/hr] 5.91 - 
Economizer Annual Heat Transfer [MMBTU/yr] 51,772 - 
Additional Supplementary NG Firing, Hourly [MMBTU/hr] 6.44 - 
Additional Supplementary NG Firing, Annually [MMBTU/yr] 56,458 $296,402 

Net Savings   -$239,297 
 

The above data makes obvious the value of the HRSG economizer for heating feedwater.  

Diverting the economizer water into the Organic Rankine Cycle does result in an increased 

electricity production, but the loss of economizer heat in the HRSG feedwater is far more 

valuable.  This is a primary reason to limit the use of Organic Rankine Cycles to applications 

that solely seek to recover otherwise completely wasted energy.  Their relatively low thermal 

efficiency prevents advantageous installation in most other situations. 
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Chapter 10  

Conclusions 

Overall Study Conclusions 

The primary accomplishments of this thesis were: to provide a simple gas turbine 

cogeneration plant model, to simulate the system to be installed on the campus of NC State, 

and to analyze additions to the system that would increase energy savings as well as financial 

benefits for the system as a whole. 

 

The model developed as a simulation tool for the 11 MW gas turbine cogeneration plant to be 

installed at NC State showed an annual average overall useful system efficiency of about 

82%.  This indicated room for improvement in system efficiency, especially if less exhaust 

heat was waste in the summer months (when campus steam demand is low). 

 

Given the value of electricity, a combined cycle plant was analyzed in an effort to increase 

savings obtained through more electricity production.  However, since the system was 

intended to be a simple add-on to the existing plant, the existing low steam pressures were 

used and this resulted in poor steam cycle efficiencies and a very modest increase in electric 

production.  The cogeneration plant (without the steam turbine) had an annual cost savings 
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about twice as much as the combined cycle plant savings.  It was apparent that the annual 

average overall useful system efficiency was so much lower that it could not overcome the 

savings had by the cogeneration system unless the price difference between electricity and 

natural gas was dramatically higher. 

 

The next study reverted back to the notion of recovering the seasonally wasted exhaust heat 

through the use of waste heat fired chillers.  Single and double effect absorption chillers were 

analyzed as well as a steam turbine centrifugal chiller.  All of these chillers had high 

implementation costs, resulting in long paybacks (greater than 30 years).  However, since the 

campus is already in possession of steam turbine driven chiller, this study helps indicate 

additional savings that could be obtained from operating it seasonally in conjunction with the 

newly installed cogeneration plant. 

 

The final study looks at recovering the last bits of low quality waste heat from the system.  

After the gas turbine exhaust gases have been put through the HRSGs, the exhaust still 

contains a significant amount of heat, but this heat is at low temperatures incapable of 

producing steam and other useful heat sources.  So, an Organic Rankine Cycle containing R-

245fa refrigerant was studied in an effort to make use of some of this remaining heat.  The 

study showed that a small amount of power can be produced from the exhaust waste heat 

stream.  This savings would convert to a modest simple payback period for the Organic 
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Rankine Cycle (about 15 years) that could easily be rolled into a long term performance 

contract. 

 

Fuel Price Volatility and Impacts on Savings 

Though the previously presented analysis presented annual savings and simple payback 

values for each of the studies presented, it is important to consider that these savings are 

entirely dependent on the fuel costs in any given year.  Furthermore, the savings are 

dependent on the difference in costs between electricity and natural gas. 

 

Volatility of fuel prices can make actual savings hard to predict, especially many years into 

the future.  The following chart summarizes the savings for the baseline cogeneration plant 

simulation (as installed), and also allows the reader to see the effect of varying fuel prices on 

these savings.  Inspiration for this graphing method was found in theses by Gibides [26] and 

Buescher [27]. 
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Figure 10.1.  As-Installed Cogeneration Plant Savings - Fuel Price Sensitivity 

 
NC State University is funding this project through an Energy Service Company with a 

performance contract.  The contract involves loan payments that are planned for a duration of 

approximately 17 years, with almost all annual savings during this period being paid toward 

this loan.  For those 17 years, the energy savings are guaranteed (with some stipulations), but 

after the contract term length, the university is solely responsibility for the system. 
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The chart above indicates that if the price of natural gas increases relative to the all-in electric 

rate (per kWh), the cogeneration plant may actually lose money for the university (after the 

performance contract).  This chart clearly illustrates the importance of fuel and electricity 

prices in savings and the risk associated with volatility in these values.  It is important that 

any facility utilizing a performance contract be aware of the terms of the contract and the 

risks associate with them.  Though the estimated annual savings from adding a cogeneration 

system may be high using current fuel prices, if the simple payback period is long and the 

project requires long-term financing, the risk of volatile fuel prices is high.  A fluctuation in 

fuel prices can, in the case of a performance contract such as NC State’s, create a less than 

favorable performance contract result.  For example, NC State’s performance contract 

contains other elements that have more modest savings but faster payback periods.  If NC 

State removed the cogeneration system, the overall performance contract savings might be 

less but much of the risk has been mitigated and future savings upon completion of the 

contract may be less volatile. 

 

Also, in this particular study, though additional waste heat recovery possibilities are analyzed 

in detail, their savings pales in comparison to the savings and costs imposed by the base 

cogeneration system (gas turbines and HRSG).  As such, a risk assessment of the core system 

is one of the first steps that should be taken when considering a cogeneration plant. 
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Future Work 
 
This thesis developed a simple model for a small gas turbine cogeneration plant.  The 

simulated model considered only the University campus steam demand and electric load 

profile.  Future work might analyze impacts of the installation of such a system at different 

facilities with different load profiles as well as electric rates.  Perhaps municipal government 

facilities or large industrial facilities could be studied.  Different load profiles as well as 

differently constructed rate schedules (ie. with high co-peak demand charges) might allow 

for different savings and payback periods. 

 

Also, different facility types allow for different waste heat recovery possibilities.  In an 

industrial facility, low quality waste heat might be usable in production of large quantities of 

hot water for process or simply as additional heat to be transferred into low temperature 

ovens and furnaces.  It may be beneficial to look into these methods of low quality waste heat 

recovery if usable instead of Organic Rankine Cycles since ORC efficiency is so low. 

 

Finally, as the installation of the NCSU cogeneration plant nears completion, the opportunity 

for real data acquisition opens up new avenues of study for future thesis topics.  The value of 

the cogeneration system can be vastly increased if it is used as an educational tool in addition 

to a cost savings device. 
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Appendix A   

Example of EXCEL Gas Turbine Model Calculation 

and Output Data 
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Ambient Temperature 

𝑇𝑎 = 280 𝐾 

 

Compressor Outlet Temperature 

𝑇2 = 𝑇𝑎 + �
𝑇𝑎
𝜂𝑐
� ��

𝑝2
𝑝𝑎
�

(𝑘𝑎−1)/𝑘𝑎
− 1� 

𝑇2 = 280 𝐾 + �
280 𝐾
0.86 � ��

12.2 𝑏𝑎𝑟
1 𝑏𝑎𝑟 �

(1.4−1)/1.4

− 1� 

𝑇2 = 620 𝐾 

 

Specific Work into Compressor 

𝑊𝑡𝑐 =
𝑐𝑝𝑎(𝑇2 − 𝑇𝑎)

𝜂𝑚
 

𝑊𝑡𝑐 =
1.005 𝑘𝐽

𝑘𝑔 · 𝐾 (620 𝐾 − 280 𝐾)

0.99
 

𝑊𝑡𝑐 = 344.8 𝑘𝐽/𝑘𝑔 

 

Turbine Inlet Pressure (accounting for pressure losses in the combustion chamber) 

𝑝3 = 𝑝2 ∗ (1 − 𝑝𝑏) 

𝑝3 = 12.2 𝑏𝑎𝑟 ∗ (1 − 0.02) 

𝑝3 = 11.956 𝑏𝑎𝑟 

 

Estimated Design Turbine Inlet Temperature 

𝑇3 = 1300 𝐾 
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Turbine Outlet Temperature 

𝑇4 = 𝑇3 − 𝜂𝑡𝑇3 �1 − �
1

𝑝3 𝑝4⁄ �
�𝑘𝑔−1�/𝑘𝑔

� 

𝑇4 = 1300 𝐾 − 0.88 ∗ 1300 𝐾 ∗ �1 − �
1

11.956/1�
(1.333−1)/1.333

� 

𝑇4 = 771.5 𝐾 

 

Specific Work Output of Turbine 

𝑊𝑡 = 𝑐𝑝𝑔 ∗ (𝑇3 − 𝑇4) 

𝑊𝑡 = 1.148
𝑘𝐽

𝑘𝑔 · 𝐾
∗ (1300 𝐾 − 771.5 𝐾) 

𝑊𝑡 = 606.7 𝑘𝐽/𝑘𝑔 

 

Net Specific Work Out of the System 

𝑊𝑛 = 𝑊𝑡 −𝑊𝑡𝑐 

𝑊𝑛 = 606.7
𝑘𝐽
𝑘𝑔

− 344.8
𝑘𝐽
𝑘𝑔

 

𝑊𝑛 = 261.9
𝑘𝐽
𝑘𝑔

 

 

Calculation of Fuel to Air Ratio 

FAR1 =0.10118 + 2.00376E-05 * (700-T2) 

FAR1 = 0.10118 + 2.00376E-05 * (700-620) 

FAR1 = 0.10279 

FAR2 = 3.7078E-03 – 5.2368E-06 * (700-T2) – 5.2632E-06 * T3  

FAR2 = 3.7078E-03 – 5.2368E-06 * (700-620) – 5.2632E-06 * 1300  

FAR2 = -0.00356 
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FAR3 = 8.889E-08 * ABS(T3 – 950) 

FAR3 = 8.889E-08 * ABS(1300 – 950) 

FAR3 = 0.00003 

𝐹𝐴𝑅 =
�𝐹𝐴𝑅1 − √𝐹𝐴𝑅12 + 𝐹𝐴𝑅2 + 𝐹𝐴𝑅3�

𝐸𝑇𝐴34
 

𝐹𝐴𝑅 =
�0.10279 − √0.102792 + −0.00356 + 0.00003�

0.99
 

𝐹𝐴𝑅 = 0.01905 

 

Specific Fuel Consumption 

𝑆𝐹𝐶 =
3600 × 𝐹𝐴𝑅

𝑊𝑛
 

𝑆𝐹𝐶 =
3600 × 0.01905

261.9
 

𝑆𝐹𝐶 = 0.262 𝑘𝑔/𝑘𝑊ℎ 

 

Cycle Efficiency 

𝜂𝑐𝑦𝑐 =
3600

𝑆𝐹𝐶 ×  𝑄𝑛𝑒𝑡
 

𝜂𝑐𝑦𝑐 =
3600

0.262 𝑘𝑔/𝑘𝑊ℎ × 43,124 𝑘𝐽/𝑘𝑔
 

𝜂𝑐𝑦𝑐 = 0.319 
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Ambient 
Temperature 

[°F] 

Compressor 
Outlet 

Temperature 
[K] 

Backwork to 
Compressor 

[kJ/kg] 

Total 
Work of 
Turbine 
[kJ/kg] 

Net Work 
of 

System 
[kJ/kg] 

Combustion 
Chamber 
inlet air 
temp [K] 

Combustion 
Temp Rise 

[K] 

Fuel to 
Air 

Ratio 

Specific Fuel 
Consumption 

[kg/kWh] 

Cycle 
Efficiency 

44.2 619.6 344.8 606.7 261.9 619.6 680.4 0.01905 0.262 0.319 

44.4 619.9 345.0 606.7 261.8 619.9 680.1 0.01904 0.262 0.319 

44.0 619.4 344.7 606.7 262.0 619.4 680.6 0.01906 0.262 0.319 

44.4 619.9 345.0 606.7 261.8 619.9 680.1 0.01904 0.262 0.319 

43.9 619.2 344.6 606.7 262.1 619.2 680.8 0.01906 0.262 0.319 

44.4 619.9 345.0 606.7 261.8 619.9 680.1 0.01904 0.262 0.319 

45.9 621.7 346.0 606.7 260.7 621.7 678.3 0.01899 0.262 0.318 

46.3 622.2 346.3 606.7 260.5 622.2 677.8 0.01898 0.262 0.318 

48.1 624.4 347.5 606.7 259.2 624.4 675.6 0.01892 0.263 0.318 

48.2 624.5 347.6 606.7 259.2 624.5 675.5 0.01892 0.263 0.318 

49.8 626.5 348.7 606.7 258.1 626.5 673.5 0.01887 0.263 0.317 

51.9 629.1 350.1 606.7 256.6 629.1 670.9 0.01880 0.264 0.317 

52.6 629.9 350.6 606.7 256.1 629.9 670.1 0.01877 0.264 0.316 

52.6 629.9 350.6 606.7 256.1 629.9 670.1 0.01877 0.264 0.316 

51.8 629.0 350.0 606.7 256.7 629.0 671.0 0.01880 0.264 0.317 

50.1 626.9 348.9 606.7 257.9 626.9 673.1 0.01886 0.263 0.317 

48.0 624.3 347.4 606.7 259.3 624.3 675.7 0.01892 0.263 0.318 

45.7 621.5 345.9 606.7 260.9 621.5 678.5 0.01900 0.262 0.318 

43.7 619.0 344.5 606.7 262.2 619.0 681.0 0.01907 0.262 0.319 

41.8 616.7 343.2 606.7 263.5 616.7 683.3 0.01913 0.261 0.319 

40.0 614.4 342.0 606.7 264.8 614.4 685.6 0.01919 0.261 0.320 
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Appendix B   

TRNSYS Gas Turbine Model Input, Output and 

Diagram 
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!   Solar Taurus 60 - 7901S (5.6 MW) 
!GAS TURBINE PERFORMANCE DATA (OBTAINED FROM NC STATE) 
! 
!Altitude:  317 ft 
 
!Inlet Pressure Loss:  4 in WC 
!Exhaust Pressure Loss:  4 in WC 
 
!Fuel:  Natural Gas 
!LHV:  939.2 Btu/Scf 
!Specific Gravity:  0.5970 
 
!Fuel Gas Composition: 
!Component    Volume% 
!Methane (CH4)   92.79 
!Ethane (C2H6)   4.16 
!Propane (C3H8)   0.84 
!N-Butane (C4H10)   0.18    
!N-Pentane (C5H12)   0.04    
!Hexane (C6H14)   0.04 
!Carbon Dioxide (CO2)  0.44 
!Hydrogen Sulfide (H2S)  0.0001 
!Nitrogen (N2)   1.51 
 
!Peformance Values 
 
-8.89 15 33.89 
1.0 
 
!Capacity(kW)   Air Inlet Heat Rate Exh. Flow Rate Exh. T  Exh. Heat 
!    Flow (kg/hr)(kJ/kWh)    (kg/hr)    (C)  (GJ/hr) 
!-8.89 
6243.00   80621.05  11233.18    81891.11        501.67    47.16 
 
!15  
5464.00   75433.32  11940.07    76573.65        513.89    45.17 
 
!33.89 
4708    69544.33  12232.32    70578.52        530.00    42.94  
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TRNSYS Conceptual Model 
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TIME ExhTemp ExhFlow DelPow TurbCap HeatRate ExhHeat AirInletFlow FuelFlow Efficiency Power 
Out 

HOURS °C kg/hr kJ/hr kJ/hr GJ/hr kg/hr kg/hr kg/hr   kW 

1 508.37 78,976 20,937,480 20,937,480 3.23 46,069,119 77,777 1,199 0.318 5,816 

2 509.76 78,373 20,619,197 20,619,197 3.25 45,843,266 77,188 1,184 0.317 5,728 

3 509.69 78,402 20,634,894 20,634,894 3.25 45,854,404 77,217 1,185 0.317 5,732 

4 509.69 78,400 20,633,716 20,633,716 3.25 45,853,568 77,215 1,185 0.317 5,732 

5 509.67 78,410 20,638,851 20,638,851 3.25 45,857,212 77,225 1,185 0.317 5,733 

6 509.63 78,425 20,646,922 20,646,922 3.25 45,862,939 77,240 1,186 0.317 5,735 

7 509.95 78,288 20,574,570 20,574,570 3.25 45,811,598 77,106 1,182 0.316 5,715 

8 510.21 78,175 20,514,871 20,514,871 3.26 45,769,236 76,995 1,179 0.316 5,699 

9 510.51 78,044 20,445,601 20,445,601 3.26 45,720,082 76,867 1,176 0.316 5,679 

10 510.79 77,924 20,382,799 20,382,799 3.27 45,675,517 76,751 1,173 0.316 5,662 

11 511.03 77,818 20,326,910 20,326,910 3.27 45,635,859 76,648 1,171 0.316 5,646 

12 511.61 77,567 20,194,374 20,194,374 3.28 45,541,811 76,403 1,165 0.315 5,610 

13 512.01 77,390 20,100,954 20,100,954 3.29 45,475,521 76,230 1,160 0.315 5,584 

14 512.06 77,368 20,089,441 20,089,441 3.29 45,467,351 76,208 1,160 0.315 5,580 

15 511.98 77,405 20,108,614 20,108,614 3.29 45,480,956 76,244 1,161 0.315 5,586 

16 511.64 77,551 20,185,964 20,185,964 3.28 45,535,844 76,387 1,164 0.315 5,607 

17 511.08 77,795 20,314,420 20,314,420 3.27 45,626,996 76,625 1,170 0.316 5,643 

18 510.43 78,081 20,465,117 20,465,117 3.26 45,733,931 76,903 1,177 0.316 5,685 

19 509.82 78,343 20,603,635 20,603,635 3.25 45,832,223 77,160 1,184 0.317 5,723 

20 509.26 78,588 20,732,762 20,732,762 3.24 45,923,851 77,399 1,189 0.317 5,759 

21 508.71 78,827 20,858,587 20,858,587 3.23 46,013,137 77,631 1,195 0.317 5,794 
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Appendix C   

Electric Rate Schedules Used for Financial Analyses 
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Appendix D   

Stack Loss Efficiency Calculation for Cates Boiler 
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SYMBOL UNITS

DATA
   Type of fuel
   Boiler load ms or %
   Flue gas temp. (leaving system) Tg °F 386
   Air temp. (entering system) Ta °F 80
   Temperature difference = (Tg - Ta) Δ T °F 306
   CO2 (measured in flue gases) or %
   O2 (measured in flue gases) % 3.8
   Excess air % 22.5

FACTORS
   Solid combustible weight loss 0
   Combustible loss correction factor C 1
   Fuel in flue gas F 54
   Total air A 906.5
   Air in flue gas CA 906.5
   Total products of combustion = (F + CA) P 960.5
   Moisture in air Wa 11.8
   Moisture in fuel, surface & inherent Wc 0
   Water formed by combustion of H2 Wh 90
   Dry products of combustion = P - Σ W Pdg 858.7

CALCULATION OF LOSSES
   Loss in dry flue gas Qdg % 6.31
   Loss due to moisture in air Qwa % 0.17
   Loss due to combined moisture in fuel Qwc % 0
   Loss due to moisture from H2 in fuel Qwh % 10.7
   Total stack loss (sum of the above) % 17.18
   Stack loss efficiency % 82.8

lb
m

/M
B

TU
 fi

re
d

STACK LOSS CALCULATION FORM
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Appendix E   

HRSG Manufacturer Performance Tables 
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