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Abstract 

This study investigates the performance of a hybrid turboexpander and fuel cell (HTEFC) system 

for power recovery at natural gas pressure reduction stations. Simulations were created to predict 

the performance of various system configurations. 

 

Natural gas is transported at high pressure across large distances. The pressure of the natural gas 

must be reduced before it is delivered to the consumer. Natural gas pressure reduction is typically 

achieved using pressure reduction throttling valves.  In a limited number of cases pressure 

reduction is achieved using a turboexpander. This method has the added bonus of power 

generation. There is a considerable temperature drop associated with the turboexpander process. 

Preheating is required in many cases to avoid undesirable effects of a low outlet temperature. This 

preheating is typically done using gas fired boilers. The hybrid system developed by Enbridge 

and Fuel Cell Energy is a new approach to this problem. In this system a Molten Carbonate Fuel 

Cell (MCFC) running on natural gas is used in conjunction with the turbine to preheat the gas and 

provide additional low emission electrical power 

 

Various system configurations were simulated and factors affecting the overall performance of 

the systems were investigated. Power outputs, fuel requirements and efficiencies of various 

system configurations were found using typical gas flow variation data. The simulation was 

performed using input data from the current city gate pressure reduction station operated by 

Utilities Kingston. Using the data provided by Utilities Kingston the performance of various 

potential HTEFC system configurations were compared. This thesis illustrates the benefits of 
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using this type of analysis in a feasibility study of future HTEFC systems for power recovery at 

natural gas pressure reduction stations. Improvements could be made to the accuracy of the 

simulation results by increasing the complexity of the individual component models. 
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Chapter 1 

Introduction 

 

A hybrid turboexpander and fuel cell (HTEFC) system for power recovery at natural gas pressure 

reduction stations is the focus of this thesis. The system being considered involves the 

modification of a conventional pressure reduction station with the addition of a turboexpander 

and a fuel cell for power recovery and generation.  

1.1 Current State of Industry 

Natural gas is a widely used fossil fuel throughout the world. Applications where natural gas is 

used include power generation, space heating, water heating, cooking and many industrial 

processes. It is one of the cleanest burning fossil fuels in use today. Canada is one of the largest 

producers of natural gas in the world.  

 

Natural gas is transported large distances in pipelines at high pressures. In order to distribute the 

gas locally the pressure must be reduced significantly before it reaches the point of utilization. 

Currently most pressure reduction stations in North America use expansion valves to control 

pipeline pressure. In order to utilize the energy lost during the gas expansion a turboexpander can 

be installed in parallel with expansion valves. These turbines serve the same purpose as the 

expansion valves and generate electrical power from the expanding gas. The expansion valves 

provide backup pressure reduction. The turboexpander system must be capable of sustaining 

reliable pressure reduction for all possible flow conditions as well as generating an electric output 

that is compatible with the grid. Turboexpander systems have been in use for many years for a 
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variety of power recovery applications. Natural gas pressure reduction turboexpanders are 

currently in use in Europe and to some extent in North America for power recovery. At some 

natural gas pressure regulating stations in Europe and a few in the United States, expansion 

turbines are being used for power generation. In these systems expansion turbines were installed, 

as mentioned above, in parallel to the usual regulator valves.  

 

It is important to maintain the flow through the turboexpander within its operating conditions in 

order to produce the required pressure drop as well as maintain adequate power generation. A 

challenge associated with the operation of this type of system would be fluctuating natural gas 

flows through the regulating station. The turboexpander has a set operation range and can only 

generate power within that range. Effective turboexpander sizing is therefore very important in 

order to recover the maximum amount of power. 

 

Cooling effects associated with the expansion process can cause problems on the low pressure 

side. The temperature drop could cause ethane in the gas to condense after expansion or frost 

problems surrounding the pipe system. In order to avoid these problems the gas must be 

preheated in most cases. In current systems, a natural gas fired boiler is used to preheat the gas. A 

hybrid turboexpander and fuel cell system is a new approach to this problem. In this system, a 

Molten Carbonate Fuel Cell (MCFC) running on natural gas is used to preheat the gas before it 

flows through the turboexpander and to provide additional low emission electrical power.  

 

A hybrid turboexpander and fuel cell system was developed by Enbridge Inc. and Fuel Cell 

Energy and is currently in operation at Enbridge headquarters in Toronto. An investigation into 

the factors affecting scalability of such a system was conducted in this study. The pressure ratio, 
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flow rate, and temperature were found to be important factors on the performance of the system. 

Data from Utilities Kingston was used to perform a simulation of a proposed natural gas 

expansion station in the city. The results of this simulation include electric power produced and 

heating requirements over the course of a year. 

1.2 Research Objectives 

The main objective of this research is to investigate the factors affecting overall performance of 

hybrid turboexpander and fuel cell systems for power recovery and natural gas pressure 

reduction. In particular, this study focuses on investigating power outputs, fuel requirements and 

efficiencies of systems under typical gas flow variations. An important objective of this research 

is to study the sizing criteria to maximize power output and revenue for this type of system. 

  

For the purposes of this study, gas flow data from Utilities Kingston was chosen to represent a 

highly fluctuating and seasonally dependent gas flow situation. Using this data, performance 

characteristics of various systems were simulated. This resulted in a better understanding of the 

sizing issues of system components. 

1.3 Thesis Outline 

The topics covered in the various chapters of this thesis are: 

 Chapter 1 introduces the technology being considered and the material covered in this study. 

 Chapter 2 includes a review of previous work on the individual components of the system 

investigated in this study. The fundamentals of each component in the system are discussed 

as well as previous modeling methods. An overview of natural gas transportation and 

distribution is discussed including the role of high pressure operation at different sites in the 

transportation network. Examples of conventional turboexpander systems for natural gas 
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pressure reduction installed globally are summarized. Finally, the global and national 

potential for power production from this type of system is evaluated based on gas usage 

statistics. 

 Chapter 3 gives an outline of the hybrid turboexpander and fuel cell system layout and 

operation. 

 Chapter 4 discusses case studies of systems under investigation including the Enbridge 

installation and potential Utilities Kingston project. The operation of the Enbridge system and 

issues regarding the projects implementation is discussed as well as a previous study into the 

possibility of a Utilities Kingston turboexpander system. 

 Chapter 5 outlines the simulation parameters and modeling methods used in this study. 

 Chapter 6 presents the results of simulations in a variety of formats and discusses the 

implications of the findings.  

 Chapter 7 summarizes the conclusions of this work and outlines potential avenues for future 

work on the subject.  
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Chapter 2 

Literature Review 

2.1 Introduction 

The oil and gas industry has put considerable time and resources into developing natural gas 

transportation technologies. This includes flow control systems, compressor stations, and pressure 

reduction stations. Pressure reduction stations will be discussed in detail here, as this is the basis 

of the type of system being investigated. 

 

The performance of a hybrid turboexpander and fuel cell (HTEFC) system for the purposes of 

pressure reduction as described in Chapter 1 has not previously been investigated. The installation 

in Toronto is the first of its kind in the world. There have been previous investigations performed 

on individual components that make up the HTEFC system. The fundamentals of expansion 

valves, turboexpanders, fuel cells, and secondary components of the system are further discussed 

in this chapter. Previous modeling methods for the major components of the system have been 

investigated and are described in the following sections. A legend of symbols as used in 

schematics in this thesis is shown in Figure 2.1. 



 

Figure 2.1 Symbols used in schematics 

2.2 Natural Gas Transportation 

This section describes the natural gas transportation process and the components of a 

conventional pressure reduction station.  

2.2.1 Distribution pressures 

 

Natural gas is usually collected in remote areas. In order for the gas to be utilized by industry and 

other consumers it must be transported large distances to where it is consumed. The distance 

natural gas can be practically transported in a pipeline is dependent on the gas pressure. Long 

distances require high gas pipeline pressures. Pipeline network pressure losses are caused 

primarily by friction losses and heat transfer to the environment. Compressor stations along the 

network compensate for pressure losses by boosting the pipeline pressure to more acceptable 

6 
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values when it becomes low. This process typically consumes about 3% to 5% of the total gas 

transported in order to power the compressors (Herrán-González, et al. 2008). 

 

Typical pipeline pressures range from 50 to 100 bar for distances over 100 km, 20 to 50 bar for 

distances over 20 km, below 10 bar for a distribution grid such as an urban area, and down to as 

low as 10 mbar at the consumer. This sequence of decreasing pressures occurs in stages and is 

accomplished using regulator stations (Instromet INC). A simplified layout of a natural gas 

distribution network is shown in Figure 2.2. 



 

8 
Figure 2.2 Layout of Natural Gas Distribution Network 
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2.2.2 Gas Flow Variability 

Gas transmission flow is typically transient in nature. The Handbook of Natural Gas 

Transmission and Processing (Mokhatab, Poe and Speight 2006) describes transient flow 

characteristics as a result of variations in demand, inlet and outlet flows, compressor start and 

stop, control set points, and other factors. When modeling pipelines it is often convenient to make 

the assumptions that the flow is steady and isothermal. Load or swing factors are then 

incorporated in these models to account for transient flow limits in order to avoid inadequate 

equipment sizing.  

 

For practical applications the supply of gas flow rates and pressures is dependent primarily on the 

demand for gas and a relationship between flow rate and pressure loss. This relationship, along 

with other factors such as the temperature of the gas, dictates the inlet flow conditions supplied to 

the regulator station from the pipeline network. Gas operators usually maintain a minimum 

pressure at the regulator station of about 60% of the operating pressure of the supply stream 

(Instromet INC). 

2.2.3 Pressure Regulator Stations 

Standard natural gas pressure regulator stations traditionally have relatively simple 

configurations. The system consists of one or more pressure regulator valves in parallel or in 

series, a gas fired boiler, heat exchange network, and some type of control system either manual 

or automated. The station would usually have redundant standby regulator valves to ensure 

continued safe operation in the event a valve should fail. A typical regulator station layout is 

shown in Figure 2.3. Regulator stations arranged in a parallel configuration are capable of 

handling large flow rates at in a single pressure reduction stage. Stations arranged in series reduce 

pressure in multiple stages. 



 

Figure 2.3 Regulator Station Layout  

2.2.4 Pressure Regulator Valves 

Pressure regulator valves are designed to reduce the pressure of a gas stream to a set value. This 

is accomplished by restricting the flow through the valve. Pressure reduction is similar to high 

friction losses in pipe flow in that the pressure reduction is accomplished by providing a 

resistance to the flow of the gas. Regulator valves make use of a spring or the gas itself to provide 

the force required to operate the valve providing this resistance. Regulator valves have a fast 

response to flow variations and are currently very reliable. (Instromet INC) 
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Regulator valves can be divided into two different types: direct acting spring-loaded valves and 

pilot-operated valves. These are separately discussed below.  



In a spring-loaded valve, a spring is connected to one side of a diaphragm. The other side of the 

diaphragm is connected to a suitable pressure sensing point downstream of the valve and attached 

to a lever controlling the valve. As the pressure under the diaphragm increases, it moves towards 

the spring and closes the valve. This restricts the flow through the valve and decreases the 

downstream pressure. As the downstream pressure decreases the diaphragm moves away from the 

spring and the valve opens. This will facilitate a higher downstream pressure, as the flow is less 

restricted. The layout of a typical spring-loaded valve is shown in Figure 2.4 

 

Spring 

Diaphragm 

Valve Opening 

Figure 2.4 Spring-Loaded Regulator Valve (Instromet INC) 

 

Pilot-operated regulator valves use a smaller spring-loaded valve to provide gas pressure to 

operate the main valve. The pressure supplied by the smaller valve is set on the opposite side of a 

diaphragm to the downstream sensing pressure. The diaphragm controls the state of the valve 

similar to in a spring-loaded valve. During normal operation the pressure provided by the smaller 

valve is higher than the outlet pressure in order to counteract the force of the spring. The 

11 



diaphragm of the main valve is controlled by pressure supplied by the pilot valve and the 

downstream sensing pressure. A diagram of a typical pilot-operated valve is displayed in Figure 

2.5. 

 

Diaphragm 

Pilot 

Valve 

Valve Opening 

Figure 2.5 Pilot-Operated Regulator Valve (Instromet INC) 

 

2.2.5 Monitor Regulators 

Monitor regulators serve as a backup system in the case that the working regulator fails. They are 

installed upstream of the working regulator but share the same pressure sensing point. The 

pressure set point of the monitor is set slightly higher than the pressure set point of the working 

regulator. During normal operation the monitor will be fully open and will not affect the pressure 

of the system. In the event of a working regulator failure the monitor will sense the increase in 

12 
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outlet pressure and close to constrain the flow and maintain safe downstream operating 

conditions. 

2.2.6 Temperature Drop 

The temperature drop associated with pressure regulator valves is due to the Joule-Thomson 

effect. As a gas is adiabatically expanded from a high pressure to a lower pressure, it undergoes a 

temperature change associated with the Joule-Thomson effect. This can either be a temperature 

decrease or increase depending on the type and conditions of the gas being expanded. For most 

gasses an adiabatic expansion results in a decrease in temperature. All conditions in natural gas 

distribution systems result in a decrease in temperature due to a Joule-Thomson expansion (Maric 

2005). 

 

In some cases the temperature of the outlet gas stream of a pressure regulator can drop to well 

below 0C if the gas is not preheated. Low temperatures in the outlet gas stream can lead to many 

problems. In some gas compositions water or liquid hydrocarbons can form at low temperatures, 

which can lead to the formation of hydrates and blockage of the equipment. Condensation or ice 

can form on the outside of the installation or freezing of the ground in the case of underground 

piping. The effects of low outlet temperature include damage to equipment, difficulties with 

maintenance access, and damage to roads and sidewalks by expanding groundwater upon freezing 

near underground piping. It is important to avoid these issues if they are expected to occur in a 

specific installation. By preheating the gas before it undergoes pressure reduction the outlet 

temperature can be maintained at an acceptable value. Postheating is also an option although it 

allows the gas to drop below the minimum accepted value after expansion before being heated. 

For this reason the preferred location of heating the gas stream is before the expansion valve. 
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Certain pressure reduction stations are capable of operating under conditions resulting in an 

acceptable outlet temperature without heating of the gas. Climate, pressure ratio, and inlet 

temperature range are the main factors determining if heating is required for a particular station. 

2.2.7 Gas Fired Boiler 

As discussed in the previous section, in most pressure regulator stations the gas must be preheated 

in order to achieve an acceptable outlet temperature. This is usually done using a gas-fired boiler. 

Natural gas is taken from the low pressure side of the pressure reduction system as fuel for the 

boiler. Heat generated by the boiler is transferred to the incoming high pressure gas stream before 

it passes through the expansion valve. Two types of boilers can be used: conventional boilers and 

condensing boilers.  

 

Condensing boiler efficiency can be about 10% higher than that of conventional boilers (Comakli 

2008). A condensing boiler can achieve this by utilizing both the sensible and latent heat of the 

exhaust gas. Moisture in the exhaust stream is condensed within the boilers heat exchanger 

increasing the amount of heat extracted (Che, Liu and Gao 2004). 

 

Boiler efficiency can be approximated as a function of inlet and outlet temperatures through the 

heat exchanger, and the loading characteristics as compared to the full load capabilities. These 

relationships are determined for particular models of boilers by the manufacturer. An example of 

an efficiency curve for a condensing boiler is shown in Figure 2.6. 



 

Figure 2.6 Condensing Boiler Efficiency (Viessmann Inc. 2008) 

 

Heat must be transferred from the gas-fired boiler to the incoming gas stream.  This is done using 

glycol or water as a heat transfer fluid. Typical heat exchange temperatures for pressure regulator 

stations range from 20-70 C. If more than one source of heat is available a more complex heat 

exchange network can be used. Heat can be scavenged from nearby sources such as gearboxes, 

generators, gas engines, fuel cells, or any system producing waste heat.  

2.2.8 Control system 

Traditional pressure reduction stations require minimal monitoring by personnel. The pressure 

regulating valves respond quickly to flow variations and temperature monitoring for the purposes 

of preheating can be very basic. Flow through the station can be metered if required. This adds 

15 
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complexity to the system but does not affect operation (Instromet INC n.d.). These systems are 

usually very reliable with little maintenance required.  

2.3 Expansion Turbines 

An expansion turbine or turboexpander (TE) extracts work from a flow of gas while reducing its 

pressure and temperature. They are currently used in a wide range of applications such as 

cryogenic turboexpanders, hot gas turboexpanders and pressure reduction turboexpanders. The 

function of the turboexpander is to recover power from the gas stream. Current turboexpander 

models have power recovery in the range of 75 kW to over 25 MW (Bloch and Soares 2001). 

 

Cryogenic turboexpanders are used to cryogenically cool a gas to a low temperature.  Power 

recovery in this case is an added benefit of the process. These types of turboexpanders are used 

by the oil and gas industry to separate components of natural gas. As a gas flows through the 

turboexpander it cools to a temperature at or below the dew point of a component of the gas that 

is to be removed. The newly formed liquid is then removed from the gas stream and collected.  

 

An example of this process would be the separation of ethane from natural gas. The natural gas is 

passed through the turboexpander reducing the temperature to the dew point for ethane. The 

ethane is condensed out of the gas and collected. Low temperature expander plants have been in 

operation for over 40 years and are one of the most efficient system designs for high ethane 

recovery (Konukman and Akman 2005). 

 

High temperature and pressure exhaust gasses such as those emitted from industrial processes can 

also be used to drive a turboexpander. The high pressure and temperature gasses are passed 



through the turboexpander in order to reduce the temperature and pressure of the exhaust stream 

before being vented. The power generated by the turboexpander is a beneficial byproduct of this 

process. This application can increase the overall efficiency of a system as it recovers energy that 

would otherwise be lost to the environment or wasted. 

 

Pressure reduction is the primary function of the turboexpander in the system being examined in 

this thesis. The turboexpander will take the place of a pressure reduction valve in a natural gas 

pressure reduction station. In this case natural gas flows through the turboexpander and the 

pressure is reduced. This reduction in pressure is converted to mechanical work in the 

turboexpander, which drives a generator producing electric power. The turboexpander fulfils the 

same role as a pressure reduction valve with the added benefit of power recovery. A schematic of 

a pressure reduction station utilizing a turboexpander is shown in Figure 2.7. 

 

Figure 2.7 Turboexpander Pressure Regulator System 

17 
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The ideal turboexpander process is an isentropic expansion that converts both the pressure and 

thermal energy of the high pressure gas into work. An expansion valve does not extract work 

from the gas as it is a constant enthalpy process. The result of the difference between an 

expansion valve and turboexpander is a much larger temperature drop across the turboexpander 

than across an expansion valve with the same pressure drop (Bloch and Soares 2001). This effect 

amplifies the need for preheating the gas before it is expanded. It may be possible to operate a 

turboexpander pressure reduction system without preheating if the outlet gas temperatures in a 

particular installation would be above minimum values. 

 

A pressure reduction station utilizing turboexpanders would contain similar components to a 

normal pressure reduction station. The system would still require pressure reduction valves 

capable of handling the full capacity of the station in order to ensure continuous operation. The 

valves would reduce the pressure for excess flows above the turboexpanders maximum flow. The 

pressure reduction valves would also reduce the pressure for the total flow through the station in 

the case that the turboexpander is inoperable.  

 

Since the temperature drop associated with the turboexpander process is even greater than that of 

a regulator valve, preheating of the gas will be an important consideration. Preheating can be 

accomplished using gas fired boilers or other sources of heat. Waste heat can be scavenged from 

the gearbox and generator of the turboexpander and distributed to the heat exchange network.  

 

Turboexpander design efficiencies are typically in the 80-90% range. Off design efficiency of 

turboexpander stage can be expressed as a function of tip speed, flow, and pressure ratio (Bloch 
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and Soares 2001). These relationships are based on the ratio of off design flow or inlet pressure to 

the design parameters. The off design efficiency can be expressed as a ratio to design efficiency.  

 

As the flow rate is increased or decreased from the design flow efficiency decreases along an 

inverted parabolic curve. At 0.5 and 1.4 times the design flow the efficiency of a particular 

turboexpander is approximately 0.8 times the design efficiency. 

As the inlet pressure is decreased from the design inlet pressure the efficiency is decreased. As 

the inlet pressure is increased from the design inlet pressure the efficiency remains relatively 

constant. At 0.65 times the design pressure the efficiency of a particular turboexpander was 

shown to be about 0.8 times the design efficiency (Bloch and Soares 2001). 

 

The American Gas Association (AGA) performed an engineering analysis of turboexpander 

technology as used for pressure letdown in natural gas transportation. (American Gas Association 

1987) This report describes the fundamental components and factors affecting the feasibility of a 

turboexpander system project. It was found that the economic feasibility of a turboexpander 

project is highly dependent on the price of electricity that is generated. Other considerations were 

the flow variations, pressure ratio, heating requirements and fuel cost.  

2.4 Molten Carbonate Fuel Cell 

A fuel cell allows an electrochemical reaction to take place. In this reaction, fuel is consumed and 

oxidized without combustion while releasing energy in the form of an electric current. The type 

of fuel used depends on the specific type of fuel cell. Most fuels require reforming before they are 

supplied to the fuel cell. This type of device has some benefits over traditional combustion 

engines for electric generation such as higher efficiencies, lower emissions and low noise. High 



quality heat is also generated by the fuel cell and can be used for other processes, increasing the 

total efficiency (O'Hayre, et al. 2005). 

 

Fuel cells facilitate two half reactions at the anode and cathode separated by an electrolyte. 

Reformed fuel is supplied at the anode where it is oxidized. Electrons flow from the anode to the 

cathode through an electric circuit while molecular charge carriers diffuse to the cathode through 

the electrolyte. A molten carbonate fuel cell (MCFC) uses molten salts as its electrolyte. 

Molecular charge carriers in the MCFC are comprised of carbonate ions. The electrolyte is 

comprised of LiNaCO3 and LiKCO3 or similar molten carbonate salt mixtures (Baranak and 

Atakuel 2007). A basic layout of a MCFC is shown in Figure 2.8. 

 

Figure 2.8 Basic Schematic of Molten Carbonate Fuel Cell (MCFC) 
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In a MCFC fuel is supplied to the anode in the form of hydrogen and carbon monoxide, which are 

combined with carbonate ions from the electrolyte to form water, carbon dioxide and free 

electrons, which flow through the electric load to the cathode.  

  

Air and carbon dioxide are supplied to the cathode. The oxygen in the air combines with the 

carbon dioxide and with electrons from the anode to form the carbonate ions that travel through 

the electrolyte. In some MCFCs the carbon dioxide produced at the anode is supplied to the 

cathode. 

 

The electrolyte is composed of a molten carbonate and salt mixture. This mixture is conductive to 

carbonate ions which travel from the cathode to the anode. The electrolyte is not conductive to 

electrons. This forces the electrons produced at the anode to travel through an electric circuit to 

the cathode. 

2.4.1 Fuel Reforming 

In order for fuels such as natural gas to be used in most types of fuel cells they must first be 

reformed into a hydrogen rich gas stream. This can be done using steam reforming, partial 

oxidation or autothermal reforming either externally before being fed to the fuel cell or internally 

integrated into the fuel cell. In the case of a MCFC, the reforming is done internally. Reforming 

breaks some of the chemical bonds of the methane in order to produce a gas flow that is rich in 

hydrogen. This gas is then fed to the anode of the fuel cell.  

 

Steam reforming combines the fuel with steam over a catalyst at a high temperature. This process 

requires a significant source of heat in order to sustain the reaction. Partial oxidation burns some 
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of the fuel in a low oxygen mixture releasing hydrogen and carbon monoxide as intermediate 

molecules in the oxidation process. This type of reforming is exothermic. Autothermal reforming 

combines the endothermic process of steam reforming and the exothermic process of partial 

oxidation in order to achieve the advantages of both. The heat required by the steam reforming 

reaction is provided by the partial oxidation reaction (O'Hayre, et al. 2005).  

 

Reforming requires an apparatus external to the fuel cell stack for many types of fuel cells. 

However, in an MCFC steam reforming is done internally within the fuel cell stack. Fuel mixed 

with steam is supplied to the anode of the fuel cell where it is reformed. The high temperatures 

near the anode facilitate the fuel reforming reaction producing hydrogen and carbon monoxide as 

reformed fuel (O'Hayre, et al. 2005). 

 

2.4.2 Molten Carbonate Fuel Cells in Pressure Regulating System Applications 

MCFCs have advantages over other types of fuel cells for this type of stationary combined heat 

and power operation. Unlike other types of fuel cells, MCFCs operate well using a wide variety 

of fuels due to the internal reforming process. Natural gas can be safely used as a fuel where other 

types of fuel cells require pure hydrogen as fuel. This makes connections to existing natural gas 

lines possible. MCFCs also use a non-precious metal catalyst, which greatly reduces the 

manufacturing costs.  

 

MCFCs operate at high temperatures in order to maintain the molten electrolyte. Typical MCFC 

temperatures are close to 650 C. The high temperature operation of the fuel cell provides an 

opportunity for high quality waste heat extraction (O'Hayre, et al. 2005). The heat from the fuel 



cell makes it an excellent candidate for a pressure regulating system using a turboexpander. The 

fuel cell will augment or replace most of the required preheating load of the boilers. A schematic 

of a pressure regulating system using a fuel cell and turboexpander is shown in Figure 2.9. 

 

Figure 2.9 Turboexpander and Fuel Cell Pressure Regulator System 

 

The fuel cell will take natural gas from the low pressure side of the system, internally reform the 

gas into a hydrogen rich stream in order to consume it, and produce heat and electrical power. 

Heat from the fuel cell is used to preheat the gas before being expanded in the turboexpander or 

regulator valve. 

 

This fuel cell not only provides electrical power to the grid but it also provides heat energy that 

can be used to preheat the gas before it flows through the turbine. This reduces the emissions of 

the system as less gas is burned in the preheating boiler. Utilizing the waste heat from the fuel 

cell greatly improves its overall efficiency.  

23 
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Natural gas is often injected with an odorant in order for gas consumers to easily identify leaks. 

The odorant typically used is a gas known as Mercaptan or Methanethiol. This compound 

contains sulfur which can be harmful to the fuel cell catalysts. For this reason the Mercaptan must 

be scrubbed out of the fuel stream before being fed to the fuel cell.  

 

2.5 Previous Modeling Methods  

2.5.1 Natural Gas Transport 

Studies into gas pipeline flow condition variability have also been conducted. Herrán-González et 

al. discuss the modeling of a gas distribution pipeline using a MATLAB-Simulink library in order 

to better understand pressure losses throughout the pipeline network. Losses are caused by 

friction in the pipeline and heat exchange to the environment. Friction losses are due to the gas 

being restricted by friction over the large lengths of pipeline. Pressure losses associated with heat 

loss are due to the gas losing heat to the environment through the pipe surfaces and subsequently 

contracting resulting in lower pressure. The pipeline network was simulated by applying 

simplified one-dimensional conservation of mass, momentum and energy equations to 

infinitesimal control volumes in a gas duct. The results quoted in this paper include a dependence 

of pressure loss on the inclination of the pipeline in addition to friction and heat losses (Herrán-

González, et al. 2008). 

 

Pressure regulator stations have been modeled in order to determine optimal operating conditions 

for fuel conservation (Rami, et al. 2007). This study found that the dynamic behavior of pressure 

regulators could be modeled to accurately predict flow and pressure variations by comparing 
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simulation data with actual measurements. The study noted that the magnitude of downstream 

pressure oscillations is dependent on upstream pressure and flow rate as well as the type of 

regulator in use.  

 

Modeling techniques for conventional and condensing boilers as components in a larger system 

have been based on manufacturers’ efficiency curves for most applications. These types of 

simulations use the loading of the boiler along with requirements of inlet and outlet temperatures 

to the heat exchanger to predict efficiency and fuel consumption from performance curves. A 

more robust model for in depth simulations was developed for condensing boilers (Hanby 2007). 

2.5.2 Turboexpanders 

Previous work on modeling turboexpanders for pressure reduction power recovery was done 

using the software HYSYS.Process 2.2 (Pozivil 2004). The model consisted of steady state 

calculations based on the isentropic efficiency of a turboexpander, a set flow rate and set inlet and 

outlet gas conditions. The simulation was carried out at a variety of set inlet and outlet conditions 

and isentropic efficiencies. Outputs of the model included electric power output and preheating 

requirements. Using these values, thermal efficiency values were found for each case. The highest 

power outputs were found to occur with the highest pressure ratios and the highest thermal 

efficiencies were found to occur with the lowest set outlet temperature. 

 

An investigation into the heat exchange network integration in a natural gas expander plant used 

for ethane recovery was carried out using the software AspenTech-HYSYS (v3.2, Build 5029) 

(Konukman and Akman 2005). The simulation of this system involved performance calculations 
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of heat exchange network and turboexpander as individual components. These components were 

integrated together within the simulation in order to study the performance interactions. 

2.5.3 Molten Carbonate Fuel Cells 

The modeling of MCFC systems has been previously investigated. The current models range 

from very detailed to modeling the fuel cell as a simplified component in a larger systems model.  

 

Work has been done investigating the effect of load perturbations on the control system 

performance and plant efficiency of an MCFC. The simulation results show that operational 

constraints are satisfied for load cycling over the top 75% load range. Plant electric efficiency is 

near to the expected value of 50% over this range (Lukas, Lee and Ghezel-Ayagh 2000). 

A dynamic simulation of a direct reforming MCFC stack was carried out using MATLAB-

Simulink. Transient response of anode compositions and open circuit reversible cell voltage was 

investigated (Lukas, Lee and Ghezel-Ayagh 1999). 

 

A system model of a hybrid MCFC and microturbine system was carried out using LegoPC and 

LegoSim, a modular modeling code. Libraries of different components of the system, including 

the MCFC were used and MATLAB-Simulink was used for the calculations. Scenarios 

investigated include power conditioning system failure and its effect on MCFC temperature under 

different control schemes (Lamquet, et al. 2003). 

2.6 Turboexpander Feasibility Studies  

A previous study into the feasibility of a turboexpander station in Kingston Ontario was done by 

Stone & Webster in 1987 and is discussed in detail later in this thesis along with more detailed 
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descriptions of turboexpander installations around the world and the Enbridge DFC-ERG unit in 

Toronto Ontario. 

2.7 Power Generation Potential  

The potential for this type of hybrid pressure reduction system exists wherever natural gas is 

transported long distances to an urban center or other large consumers. In 2007 the global 

consumption of natural gas was about 3.2 trillion cubic metres. (Central Intelligence Agency 

2009). In the same study of gas consumption, Canada was ranked as the 7th largest natural gas 

consuming country in the world with about 93 billion cubic metres consumed annually (Statistics 

Canada 2008). If a similar pressure ratio to the Enbridge system of 2.2 is assumed from gas well 

to consumption, the total world potential for power recovery from natural gas pressure reduction 

would optimistically be about 5,881 MW. Using similar assumptions the total Canadian potential 

for power recovery from natural gas pressure reduction would be about 172 MW.  

 

Power recovery from natural gas pressure reduction currently totals less than 1% of the full power 

recovery potential in Canada. Increased utilization of power recovery at natural gas pressure 

reduction stations could result in decreased demand for less desirable sources of energy such as 

coal fired power production. Greenhouse gas mitigation studies could generate a better 

understanding of the environmental benefits of this technology. 

2.8 Summary and Conclusions 

Previous studies of natural gas transportation and distribution technologies have been reviewed. 

Particular emphasis was placed on pressure reduction stations. Fundamentals of the components 

of a hybrid turboexpander and MCFC system for natural gas pressure reduction have been 

discussed. Previous methods of modeling for these components were also investigated. It has 
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been shown that a numerical model of the components of a hybrid turboexpander and fuel cell 

system can be developed to accurately predict the performance and outputs of such a system. 
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Chapter 3 

System Overview 

3.1 Introduction 

This chapter provides an overview of the hybrid turboexpander and fuel cell (HTEFC) system for 

power recovery and natural gas pressure reduction. These technologies are integrated in order to 

complement the needs of the system. 

3.2 Purpose 

The primary function of a HTEFC system is to reduce the pressure of natural gas while 

maintaining an acceptable outlet temperature. The system must have the capacity to reduce the 

pressure of the flow to a specified value for all possible inlet flow conditions to the station. Outlet 

temperatures must be maintained above a specific minimum temperature by preheating the gas 

before it enters the turboexpander or expansion valves. The values of the outlet pressure and 

temperature depend on the specific pressure reduction station limits. 

 

An additional goal of the system is the production of electric power. The turboexpander and fuel 

cell both provide electricity to the grid or for local use. This electricity must be compatible with 

its destination. In the case where the electricity is sold to the grid, the power must be 60Hz AC 

and at a voltage suitable for distribution.  

3.3 Layout 

The hybrid turboexpander and fuel cell system is comprised of many components. A simplified 

layout of the system is shown in Figure 3.1. 



 

Figure 3.1 Layout of Hybrid Turboexpander and Fuel Cell System for Power Recovery and 

Pressure Reduction 

 

High pressure natural gas is diverted to the station from a main pipeline. Before the gas is 

expanded it passes through a heat exchanger where its temperature is boosted to ensure an 

adequate outlet temperature. The preheated gas then flows either to the turboexpander or to the 

expansion valve or to a combination of the two. The ratios of flow allocation depend on the flow 

limits of the turboexpander. The gas flowing through the turboexpander undergoes a temperature 

and pressure reduction as work is extracted. The turboexpander drives a generator by way of the 

gearbox in order to produce electric power for the grid. 

 

Low pressure natural gas is diverted to the fuel cell. The gas is internally reformed into a 

hydrogen rich gas stream used by the fuel cell to produce electric power and heat. Electricity 

from the fuel cell is inverted in a power conditioning package in order to be supplied to the grid.  
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Heat is extracted from the fuel cell using a glycol heat exchange network. Additional heat is 

extracted from the boiler if necessary. This heat is then used in a heat exchanger to preheat 

natural gas arriving at the station.  

 

After the gas exits from the turboexpander or expansion valve at an acceptable temperature and 

pressure it is directed to the lower pressure distribution network.  

3.4 Sizing 

The turboexpander in this type of system must be sized to accommodate the particular flow 

conditions of the selected pressure reduction station. Since gas flows can vary seasonally by large 

amounts, care must be taken when selecting a turboexpander to match a specific location.  

 

The sizing of a fuel cell in this type of system is dependent on the expected heating requirements 

of the system in order to ensure acceptable outlet temperatures. Heating requirements will vary 

depending on flow conditions and turboexpander operation. The fuel cell must therefore be sized 

according to the specific operation location.  

 

The boiler is sized to accommodate the entire heating requirements in the event of the fuel cell 

being inoperable. The heat exchangers must be adequately sized for the maximum expected 

heating load. 
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3.5 Outputs 

The primary output of the system is electric power production, which is produced in two ways. 

The turboexpander provides power to a generator producing AC power and the fuel cell produces 

DC power, which is inverted to AC by a power-conditioning package before being supplied to the 

grid. 

 

The MCFC in this system operates as a base load power generator. This means that the power 

generation of the fuel cell varies very little with time. Fuel cell operation remains relatively 

constant over its lifetime. Due to the relatively complex and time-consuming startup and 

shutdown procedures of the MCFC, it is desirable to maintain operation of the fuel cell with very 

infrequent shutdowns.  If is therefore impractical to adjust outputs of the MCFC to follow electric 

or thermal demand. 

 

The turboexpander in this system operates as a non-dispatchable power generator similar to wind 

power. This means that power generation from the turboexpander depends on the inlet flow 

conditions. The turboexpander cannot be utilized unless the natural gas flow conditions are within 

its operation range.  This makes power generation from the turboexpander highly dependent on 

gas use and demand by consumers. It is expected that natural gas demand will fluctuate in a 

similar pattern to electric demand.  

3.6 Benefits 

The most important role that the turboexpander in the HTEFC system fulfils is to reduce the 

pressure of natural gas flowing through the station to the desired value. A traditional expansion 

valve system would perform this same function. The turboexpander also extracts work from the 
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gas stream for power generation. This power can be sold to the grid for revenue or used locally 

for energy savings.  

 

The expected benefits of the addition of a fuel cell to the turboexpander system are increased 

power production, increased system efficiency and decreased emissions compared to a similar 

system using a boiler for preheating. The fuel cell provides high quality heat for the system as 

well as providing additional power generation. 

 

City gate stations for pressure reduction are located very close to or within urban centers with 

high power demands. This HTEFC system produces power at these stations close to where it is 

needed. This reduces electricity transmission losses and the amount of infrastructure required.  

3.7 Drawbacks 

The turboexpander has a set operation range. This means that it can only produce power at certain 

flow conditions. The flow conditions through a pressure reduction station can fluctuate greatly in 

some cases. This can pose challenges for maximizing turboexpander output. The dependence of 

the turboexpander output on flow conditions means that power is only available from the 

turboexpander at certain times making the turboexpander a non-dispatchable power generator.  

 

The turboexpander process results in a larger temperature drop than that of the traditional 

expansion valve system. The larger temperature drop results in increased heating requirements 

and increased fuel consumption. 
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Fuel cell operation in the HTEFC system presents an interesting challenge. The fuel cell 

experiences problems with operation cycles. This is partly due to the thermal stresses involved in 

bringing the fuel cell to operation temperature during start up. The fuel cell must be operated 

relatively continuously in order to avoid these issues.  This severely limits the ability for the fuel 

cell to adapt to changing heating loads.  

 

The capital cost of this type of system would also play a major role in its feasibility. Since fuel 

cells technology has relatively recently become commercially viable the costs of this technology 

remain high. Some economic considerations for this type of system are further discussed in 

Chapter 6. 
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Chapter 4 

Case Studies 

4.1 Introduction 

The hybrid turboexpander and fuel cell (HTEFC) system being investigated in this study has been 

installed in only one location in the world, however turboexpanders have been used for power 

recovery at natural gas pressure reduction stations throughout the world for many years. The 

following sections present descriptions of case studies where turboexpanders have been used at 

natural gas pressure reduction stations, a description of the Enbridge HTEFC system and a 

summary of a previous feasibility study into a Utilities Kingston turboexpander installation.   

4.2 Global Use of Turboexpanders 

Turboexpanders have been shown to be suitable for power recovery at natural gas pressure 

reduction stations around the world.  Gas companies have been using turboexpander technology 

for this purpose for over 20 years. Recently there has been more emphasis on increasing system 

efficiencies and performance with the addition of alternative heat sources for preheating the gas.  

 

A turboexpander system was installed parallel to a city gate pressure regulating station servicing 

San Diego California in 1983. The system was implemented with a focus on its research 

opportunities. The research goals of this project were to test the equipment performance, remote 

operation and economics of the system. (Bloch and Soares 2001) 

 

The San Diego turboexpander system did not require preheating which was very beneficial to the 

economic feasibility of the project. The turboexpander was sized according to historical gas use 
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data with an emphasis on maximizing operating time in order to gather data for research. This 

system was thoroughly tested and demonstrated the operation of a turboexpander driven 

generating station that could be coupled with a pressure regulating station and operated remotely.  

 

Power recovery systems involving turboexpanders and a power producing heat source have been 

previously developed and implemented. A turboexpander coupled with two gas engines produce 

power at Electrabels gas distribution centre in Brussels, Belgium. The turboexpander and engines 

are connected to electric generators producing power for the grid. Heat energy from the exhaust 

of the engines is used to preheat the natural gas before it enters the turboexpander and provides 

heat to Electrabels offices. The turboexpander flow is continuous with very little variation. This 

simplifies the system as the output and heating load are constant. 

 

A brief selection of turboexpander installations at natural gas pressure reduction stations 

throughout the world is given in Table 4.1. 
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Table 4.1 Global Turboexpander Installations (Bloch and Soares 2001), (American Gas 

Association 1987) 

Location Application Output 

(kW) 

Pressure 

Ratio 

Design Flow 

(Sm3/h) 

 Year 

Installed 

San Diego, CA Gate Station 260 2.07 12980 1983 

Hamilton, NJ Gate Station 2800 9.07 42480 1987 

Agawam, MA Gate Station 1750 4.47 33040 1987 

Belgium Gate Station 2600 8.24 75000 2002 

Toronto Gate Station 

(Hybrid TE/FC) 

1000 (TE) 

1200 (FC) 

2.14 60000 2008 

 

4.3 Enbridge Toronto Installation 

A pilot project of a pressure regulating turboexpander and MCFC system is located at the 

pressure regulating station adjacent to Enbridge’s offices in Toronto, ON. This station was 

previously a standard pressure regulating station and has been converted to accommodate the 

hybrid turboexpander and MCFC system. The Enbridge system reduces the pressure of natural 

gas flowing through the station and maintains an acceptable temperature using a turboexpander 

manufactured by Cyrostar and a Direct Fuel Cell from Fuel Cell Energy Inc.   

 

The pressure reduction station at Enbridge’s offices in Toronto is one of many that supply the city 

with natural gas at acceptable pressures. 

 

The original station consisted of condensing boilers, expansion valves and metering equipment. 

This system was capable of providing pressure reduction for flows of over 60,000 m3/h and 

pressures from 375 psig to 175 psig.  
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The modified system now includes condensing boilers, an expansion turbine, expansion valves, 

metering equipment, and a fuel cell.  The new system provides pressure reduction for flows of 

over 60,000 m3/h and pressures from 375 psig to 175 psig as before, with the addition of power 

generation from the turbine and fuel cell.  

 

The turboexpander and generator model installed at the Toronto location is Cyrostar model TG 

200/50 EX. The Enbridge system reduces the pressure of natural gas from approximately 375 

psig (2,585 kPa) at the inlet to the station to a set point of 175 psig (1,206 kPa) for distribution. 

The resulting pressure ratio is 2.14. The average inlet temperature of the station is approximately 

40 F (4.4C) and the design outlet temperature is 34 F (1.1C). At the maximum flow rate to the 

turboexpander of 60,000 m3/h and a pressure drop from 375 psig to 175 psig, approximately 1 

MW of power is produced. At the minimum flow rate for the turboexpander of 16,000 m3/h 

approximately 150 KW of power is produced. The turboexpander as installed in the system is 

shown in Figure 4.1 below. 



 

Figure 4.1 Turboexpander Installed at Enbridge Pressure Let Down Station 

 

The turboexpander, gearbox and generator are housed inside a concrete building in order to 

contain noise produced by the equipment. The building also houses the electrical controls and 

monitors of the system.  

 

The turboexpander is unable to provide power generation and pressure reduction in all possible 

flow situations. It is therefore necessary for the system to have conventional expansion valves 

installed in parallel with the turboexpander to ensure consistent and safe pressure reduction.  
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Flow is controlled between the turboexpander and valves in order to maximize power production 

and ensure accurate pressure control. 

 

A molten carbonate fuel cell (MCFC) consumes natural gas from a low pressure connection in 

order to produce DC electrical power which is inverted using a power conditioning package to 

60HZ AC power in order to be compatible to the grid. The fuel cell also produces high quality 

heat that is extracted in order to preheat the high pressure natural gas before being expanded 

through the turbine or valves. The full fuel cell system occupies a footprint of approximately 290 

m2. The fuel cell is shown below in Figure 4.2.  

 



 

Figure 4.2 Fuel Cell System at Enbridge Toronto Offices 

 

Integrating a fuel cell into the design allows for additional power generation and a reduction in 

the fuel used in boilers to preheat the gas. The exhaust of a fuel cell is also much cleaner than that 

of a traditional boiler system. Total emissions from the system are therefore reduced by 

integrating a fuel cell into the system. 

 

Condensing boilers are utilized to provide the remaining heat requirements if heat from the fuel 

cell is insufficient for preheating. The boilers also provide full backup heating if the fuel cell 

system is shut down. Heat is also scavenged from the gearbox using the lubrication oil reservoir. 
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Heat is transferred from the oil using a glycol system connected to other sources of heat in the 

system. 

4.4 Potential Utilities Kingston Installation 

A previous study into the feasibility of turboexpander installations at the City Gate and Number 

Two natural gas pressure regulator stations was completed in 1989 by Stone and Webster Canada 

Ltd. This study included preliminary designs for retrofits to the regulator stations including new 

turboexpanders. Projected costs and revenue of such a system were also discussed in some detail.  

 

The study investigated projected costs and revenues of the installation of systems with either one 

or two turboexpanders at each regulator station. Turboexpanders were assumed to be 125 kW 

units operating at 65% efficiency. Analysis of power recovery potential was done using monthly 

average flows and pressures. Flow rates through the Number Two regulator station were assumed 

to be 85% of the flow through the City Gate station. 

 

The projected power recovery rates and totals for each month at the City Gate and Number Two 

regulator stations are shown in Table 4.2 and Table 4.3 respectivly. 
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Table 4.2 Stone & Webster Study Projected Power Recovery at City Gate Station 

Month Min Day 

 

(103m3) 

Max Day 

 

(103m3) 

Average Day

 

(103m3) 

Potential Recovery 

 

(kW) 

125 kW TE 

 

(MWh) 

2 x 125 kW

TE 

(MWh) 

Jan 88 317 525 432 377 93 186 

Feb 88 334 516 425 370 87 174 

Mar 88 253 476 363 316 93 186 

Apr 88 152 351 269 234 90 168 

May 88 108 237 156 136 93 101 

Jun 87 92 132 108 94 68 68 

July 87 55 112 87 76 57 57 

Aug 87 58 115 96 84 62 62 

Sept 87 92 145 113 99 71 71 

Oct 87 123 273 209 236 93 176 

Nov 87 209 495 333 291 90 180 

Dec 87 288 471 376 328 93 186 

 Total: 990 1615 
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Table 4.3 Stone & Webster Study Projected Power Recovery at Number Two Regulator 

Station 

Month Min Day 

 

(103m3) 

Max Day 

 

(103m3) 

Average Day

 

(103m3) 

Potential Recovery 

 

(kW) 

125 kW TE 

 

(MWh) 

2 x 125 kW

TE 

(MWh) 

Jan 88 368 93 186 

Feb 88 361 87 174 

Mar 88 308 93 186 

Apr 88 228 90 164 

May 88 132 93 98 

Jun 87 91 65 65 

July 87 74 55 55 

Aug 87 82 61 61 

Sept 87 96 69 69 

Oct 87 231 93 172 

Nov 87 284 90 180 

Dec 87 

0.85 x City Gate Flow Rates 

320 93 186 

 Total: 982 1596 

 

 

Projected revenues were based on the power recovery and an assumed price of electricity of 

$11.91 per kW/month plus $0.02 per kWh. The projected costs of the system were based on 

quoted equipment pricing of $80000 per turboexpander and operation costs based on annual flow 

rates through the stations and an assumed heating efficiency of 91%. The projected revenues and 

operating costs from the Stone & Webster study are given in Table 4.4 and Table 4.5 

respectively.  
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Table 4.4 Stone & Webster Study Projected Revenues at City Gate and Number Two 

Regulator Stations 

 Annual Power Generated 

(MWh) 

Annual Revenue

City Gate Station: 

Single Turboexpander 990 $47,832 

Double Turboexpander 1,615 $78,062 

Number Two Regulator Station: 

Single Turboexpander 982 $47,462 

Double Turboexpander 1,596 $77,049 

 

Table 4.5 Stone & Webster Study Projected Operating at City Gate and Number Two 

Regulator Stations 

 Annual Heat Requirement 

(Btu/yr) 

Annual Operating Cost 

City Gate Station: 

No Turboexpander 2,166 x 106 $8,837 

One Turboexpander 3,733 x 106 $15,237 

Two Turboexpander 5,010 x 106 $20,447 

Number Two Regulator Station: 

No Turboexpander 873 x 106 $3,565 

One Turboexpander 3,391 x 106 $13,842 

Two Turboexpander 5,149 x 106 $21,015 

 

Utilities Kingston recently requested a prediction of potential outputs from turboexpander and 

fuel cell systems installed at two pressure let down stations. The model discussed in this study 

provides overall power production and gas usage values, based on selected system component 

equations. The economics of the project will then depend on the price of electrical power sold to 

the grid and the cost of the natural gas used for preheating. The initial and ongoing costs of the 
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system, including capital cost of equipment, installation, and maintenance are also important in 

determining the feasibility of implementing a turboexpander and fuel cell system in place of 

conventional expansion valves. 

 

In order to determine the power generation potential at the Kingston pressure regulator station it 

is necessary to evaluate the current system. The range of flow rates, inlet pressures, and outlet 

pressures will determine the size of turbine required. 

 

Data on the operation of the City Gate natural gas pressure let down station for Kingston for 

several years was provided by Utilities Kingston. The data included hourly measurements of flow 

rates, inlet pressures and gas temperatures over several years. While there were significant gaps in 

the data at times, an adequate time span of one year was selected for analysis.  

 

The data chosen for this study was from 2004 gas readings. Sections of the data that were missing 

were approximated by linear interpolation. 

 

The data was analyzed using Engineering Equation Solver by incorporating descriptive 

relationships of performance for the components of an expander system. Performance 

calculations were included for the turboexpander, boiler, heat exchangers, expansion valves, and 

fuel cell. Characteristics of each component of the system were independently described and 

integrated into the larger system model. This allows for the analysis of different configurations 

and combinations of components. A judgment on the most favorable configuration can then be 

made based on the potential outputs, cost, revenues, and maintenance of the system. 
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A basic model of the performance of a MCFC was also included in the simulation. The fuel cell 

was assumed continuously operational for the period simulated. The fuel cell provides an 

additional base load of power production and constant fuel consumption.  

4.4.1 Options for Utilities Kingston System 

The options considered in the current study for pressure reduction stations in Kingston are to keep 

the current system, install a turboexpander with increased heating capabilities, or install a hybrid 

fuel cell system similar to the Toronto installation. These options are evaluated in this study based 

on power production, efficiency, effective pressure control, environmental benefit, and cost. 

 

The first option to be considered is to maintain the current expansion valve system. This option 

would keep the current standard pressure let down station. No power would be generated from 

this system to be sold to the grid. Pressure energy contained in the expanding gas would be lost. 

The station would however continue to provide reliable pressure reduction for all flow conditions. 

Emissions from the combustion boilers would remain. This option does not require any 

investment in addition to that required for the normal operation and maintenance costs of the 

system. 

 

The second option considered includes the installation of a turboexpander in parallel with 

expansion valves in order to deliver reliable pressure reduction with power generation by the 

turboexpander. Energy from the high pressure gas would be harvested from the flow by the 

turboexpander and the connected generator would produce electric power. Pressure reduction by 

the system would be reliable for all flow conditions as expansion valves would operate in 
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combination with the turboexpander. Heating requirements would be larger compared to the 

standard system, resulting in increased combustion emissions from the boilers. Efficiency of the 

system would depend on the turboexpander and boiler, and electric generation efficiencies and 

found with fuel utilization and power production. This option would require a substantial initial 

investment but would provide revenue by the sale of the produced electric power. 

 

The final option considered in this study is the installation of a turboexpander in parallel with 

expansion valves as well as a fuel cell integrated with the heat exchange network. As with the 

second option this system would harness energy in the high pressure gas to produce electric 

power. Pressure reduction reliability would not be affected by the addition of the fuel cell. 

Heating requirements would remain comparable to the single turboexpander option and fulfilled 

by the fuel cell and boiler. The efficiency of the fuel cell would be greatly improved as waste heat 

from the cell would be utilized. The efficiency of the total system could be found in the same 

manner as the single turboexpander option. The integration of a fuel cell into the turboexpander 

pressure reduction system would require a larger investment but would provide more revenue 

from additional produced electric power. 
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Chapter 5 

System Simulation 

5.1 Introduction 

A hybrid turboexpander and fuel cell system for natural gas pressure reduction and power 

recovery was simulated based on performance criteria. The commercial software Engineering 

Equation Solver (EES) was used for the simulations. Microsoft Excel was used to analyze the 

results of the EES simulation using input data sets spanning large time periods of simulated 

operation.  

The objectives of the simulation were first to investigate the effects of modifying components 

performance equations on system efficiency and performance at a set operating condition. 

Secondly to use variable operating conditions to determine system efficiency and performance 

over a typical range of gas flow variations over one year.  

5.2 Simulation Environment 

The simulation included in this study consisted of models of components integrated into a larger 

systems model. This was achieved using EES to solve the performance relationships of each 

component simultaneously. 

5.2.1 Engineering Equation Solver 

Engineering Equation Solver (EES) is a software package designed to solve large sets of non-

linear algebraic and differential equations. It has thermophysical property data for common fluids 

built into the program as equations of state. Solving multiple case problems is possible using the 

parametric table function. 
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EES is capable of solving multiple expressions simultaneously within reasonable error. It 

accomplishes this using an iterative approach based on initial guessed values for each variable in 

the problem. This allows the user to solve problems by specifying the governing equations in any 

order. 

 

EES, as previously mentioned, has built in thermophysical property information on a variety of 

fluids. This includes relationships between enthalpy, entropy, density, temperature, and pressure 

for many fluids.  This allows the simulation to calculate property information simultaneously with 

the system equations. The parametric table function allows EES to solve a system of equations for 

independent variables with a series of values. Each set of values entered into the table constitutes 

a separate calculation of the whole simulation by EES. This makes it possible for the automation 

of a sequence of calculations using one or more independent variables with a series of values. 

 

EES is limited to relatively straightforward calculation cases. A simulation using EES is 

incapable of transient analysis without the adoption of significantly more complex procedures. In 

order for transient analysis to be undertaken more complex simulation software could be used. 

The capabilities of EES are sufficient for the simulation of the system in this study, as transient 

phenomenon are not being investigated. The ability to solve a system of equations simultaneously 

and the incorporation of thermophysical properties in the software make EES a good choice for 

the simulations undertaken in this study. 

 

The analysis of the performance of the system involved a series of discrete steady state 

calculations. Transient effects of fluctuating gas conditions were not investigated in this study as 
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mentioned above. The parametric table function of EES was very useful in simulating the 

performance of a system over a substantial time period with outputs for every set of data.  

5.2.2 Microsoft Excel 

Microsoft Excel was used in order to calculate total power production, heat requirements and fuel 

utilization over sections of simulated data provided by EES. This was important for the 

assessment of the overall performance of the simulated system under varying conditions. A 

limited financial feasibility investigation was carried out using total performance data with energy 

and equipment costs. Excel was also used to determine maximum, minimum and average values 

for a variety of variables in the simulation such as flow rates, pressures, efficiencies, and other 

performance attributes. This allowed for evaluation of the performance of the system using many 

criteria. 

5.3 Component Modeling 

This system was modeled as a collection of connected control volumes or components. Modeling 

of the system was accomplished by making assumptions about the performance for each 

component leading to simplified equations to describe the performance. The inputs and outputs of 

these components were coupled together to represent the actual system layout. The simulation 

included performance equations for the turbine, expansion valve, fuel cell, and boiler. This 

section describes the equations used to represent each component. A graphical representation of 

the component layout in the simulation is shown in Figure 5.1. 



 

Figure 5.1 Layout of Simulation Components 

 

Where “State i” in Figure 5.1 represents the inlet conditions to the station, “State 1” represents the 

preheated gas conditions, “State 2” represents the expanded gas passed through the 

turboexpander, “State 2V” represents the expanded gas passed through the expansion valve, and 

“State 3” represents the outlet conditions from the entire system. 

 

The natural gas composition involved in the systems analyzed in this study includes 

approximately 96% methane by volume.  For the purposes of this study, thermophysical property 

data for methane were assumed to adequately represent natural gas.  

5.3.1 Simulation Configurations 

Different configurations of turboexpanders, fuel cells, boilers and their effect on system 

performance were investigated. This was achieved by modifying or bypassing components within 

the simulation for different simulation cases. Components could be modified to represent 
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different system layouts or different performance characteristics.  In this way a variety of system 

configurations were investigated including a traditional pressure regulating station, a station using 

a turboexpander, a station using expansion valves and a fuel cell for preheating, and a station 

using both a turboexpander and fuel cell.  

5.3.2 Expansion Valves 

The expansion valves in the system were modeled as a constant enthalpy expansion process. 

Thermophysical property information from EES was used to find the enthalpy values. EES is able 

to calculate enthalpy given a temperature and pressure. It is also able to calculate temperature 

given an enthalpy and pressure. For this simulation inlet and outlet temperatures and pressures to 

the valve were related to enthalpy values and the inlet and outlet enthalpies were set to be equal in 

order to satisfy the assumption of constant enthalpy. The following expressions were used in EES 

to evaluate the performance of the valve. 

h1  enthalpy(methane,T1,P1)

h2valve  enthalpy(methane,T2valve ,P2)

h1  h2valve     [1]

 

Where h1 and h2valve are the preheated inlet and the outlet enthalpy, T1 and T2valve are the preheated 

inlet and the outlet temperatures, P1 is the inlet pressure and P2 is the set outlet pressure of the 

system.  

 

The Joule-Thomson effect is taken into account by this method as it relies solely on property data 

at the inlet and outlet of the valve. The temperature drop associated with the expansion valve was 

found as the difference between T1 and T2valve. 
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The minimum outlet temperature of the station of can be set in the simulation. A required preheat 

temperature can then be calculated. This preheat temperature is used with the inlet temperature to 



calculate the amount of heat energy required from the fuel cell, boiler or a combination of the 

two.  

5.3.3 Gas Fired Boiler 

The heating boiler was assumed to be a high efficiency, condensing boiler. Using a typical 

efficiency value and the higher heating value of natural gas, the heat output from the boiler could 

be matched to the requirements of the system and the amount of fuel utilized found. In 

configurations where heat from a fuel cell was available the heat requirements were fulfilled by 

fuel cell heat with the boiler providing additional heating if required.  

 

The heat energy required to maintain an acceptable outlet temperature from the expansion valve 

or turboexpander was supplied as an input to the boiler calculations. This was found using the 

required preheat temperature and the inlet temperature of the gas. The following expression was 

used in EES in order to calculate the heat required for preheating the gas flow. 
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PTmethaneenthalpyh






    [2] 

Where  is the inlet enthalpy in kJ/kg,  is the inlet temperature to the system,  is the total 

flow through the system in kg/s and Q  is the heat requirements in kW.  

ih iT m



 

Boiler efficiency was assumed constant and was used with the higher heating value (HHV) of 

natural gas and the heat requirements to calculate the amount of fuel required by the boiler. The 

following expression was used in EES for the boiler calculations. 
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m
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    [3] 

Where  is the mass flow rate of fuel to the boiler in kg/s, HHV is the higher heating 

value of natural gas in kJ/kg and B is the efficiency of the boiler. Fuel consumed by the boiler 

was calculated and used to find the overall efficiency and operating costs of the system.  

BoilerFuelm

5.3.4 Turboexpander 

The turboexpander component of the system simulated was created based on the isentropic 

efficiency, input temperature and pressure, output pressure, and flow rate. The turboexpander was 

assumed to be a constant speed pressure reduction turbine with a set operating range. A 

relationship between flow rate and efficiency was used to find the efficiency for each calculation 

step. Maximum, minimum, and ideal design flow rates for the turboexpander were needed as a 

basis for this relationship.  

 

The design flow of a turboexpander is the flow rate at which the maximum efficiency is observed. 

As the flow rate increases or decreases from the design flow the efficiency will decrease. 

Turboexpanders are also limited to operation within a specific range of flow rates. In this 

simulation the design flow along with the maximum and minimum flow rates could be set as 

desired. For the purposes of this study the minimum and maximum flows of turboexpanders were 

set at 0.5 and 1.4 times the design flow respectively. This was based on the work done by Bloch 

and Soares (Bloch and Soares 2001). The design flow was then varied to represent different 

turboexpanders.  
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The turboexpander was simulated as an adiabatic expansion of gas with work extracted from the 

control volume. Irreversibilities in the process were included as an isentropic efficiency. This is 

the ratio of the actual work done by the system to the amount of work that is theoretically 

possible without irreversibilities. Enthalpies for known states were found as well as entropy and 

enthalpy for the ideal isentropic expansion. These were combined with the isentropic efficiency in 

order to determine the actual outlet enthalpy. The power output of the turboexpander was then 

calculated using the mass flow and enthalpy change and the outlet temperature was found using 

the outlet enthalpy and pressure. The following expressions were used in EES in order to 

calculate these values. 
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    [4] 

Where h1 and h2 are the enthalpies at the inlet and outlet of the turboexpander, s1 is the inlet 

entropy for isentropic expansion, h2s is the outlet enthalpy for isentropic expansion,  is the 

isentropic efficiency,  is the mass flow rate through the turboexpander and W  is the power 

in kW. 

Turbom 

 

The isentropic efficiency of the turboexpander was approximated based on the gas flow rate. 

Efficiency curves for this simulation were based on the efficiency relationship of a constant speed 

turboexpander with respect to flow given in Turboexpanders and Process Applications (Bloch 

and Soares 2001). (See Figure 5.2) 
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A procedure was created in EES to control the efficiency value based on the flow rate through the 

station and flow limits of the turboexpander. A second order approximation for efficiency curves 

as flow rate varies from design flow were used to determine the efficiency for each flow 

condition. This relationship is shown in Figure 5.2. 

 

Figure 5.2 Turboexpander efficiency curve (Bloch and Soares 2001) 

 

For the purposes of this model, design efficiency, design flow, maximum flow and minimum 

flow were varied in order to represent different turboexpander configurations. Maximum and 

minimum flows for the turboexpander were used to allocate gas flow to the turboexpander and 

expansion valves. Excess flow from the turboexpander at maximum flow was diverted to 

expansion valve components in the model. Flow rates below minimum for the turboexpander 

were completely diverted to the expansion valves.  
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5.3.5 Gearbox and Generator 

The gearbox and generator performance were approximated using mechanical and electric 

generation efficiencies. The generator was assumed to operate at a constant speed and produce 

electrical power at 60Hz. Voltage transformation losses were neglected in this study.  

 

Typical efficiency values for high quality gearboxes and generators were used. These efficiencies 

represent losses to the output power of the turbine as the mechanical work is transformed into 

electric power. The mechanical power output from the turboexpander component of the 

simulation was multiplied by the gearbox and generator efficiencies to calculate the electrical 

power output of the turboexpander. Total electrical power output from the entire system was 

found using the following expression.  

fuelcellgeneratorgearboxelectrical PWP   **    [5] 

Where  is the total electric power of the system in kW, W  is the mechanical power of the 

turboexpander in kW, 

electricalP 

gearbox  and generator  are the mechanical efficiencies of the gearbox and 

generator and  is the electric power supplied by the fuel cell in kW. This takes into 

account the contributions of both the turboexpander and fuel cell to the electrical output of the 

system.  

fuelcellP

Mechanical losses transferred to heat in the gearbox and generator could potentially be used in 

the system to preheat the natural gas. In the present study, these losses were not implemented into 

the simulation as heat sources in the heat exchange network. 
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5.3.6 Molten Carbonate Fuel Cell (MCFC) 

The fuel cell component was simulated using the assumption that it provided constant electrical 

power and a constant heat rate to the system. The MCFC component was modeled as a control 

volume with an input fuel flow and output electric power and recovered heat rate. The fuel cell 

was operated at steady state with the same outputs for all calculation cases. Manufacturers’ 

specifications were used for the fuel consumption, heat recovery rate, and electric power output. 

The particular fuel cell specifications used for the simulation were interpreted from product 

specifications of the line of Direct Fuel Cells manufactured by Fuel Cell Energy Inc. The fuel cell 

component in this simulation operates as a base load generator. The electrical and useful heat 

outputs from the fuel cell were interpreted directly from available specifications given in 

Appendix D. Fuel utilized by the fuel cell was taken at the standard operating conditions of the 

equipment.  

 

In order to simulate different fuel cell configurations, variables such as heat production rate, 

electric power, and fuel consumption were modified within the model.  

 

There is a great potential for increased complexity in the fuel cell component of this simulation. 

In reality the MCFC is a complex system in itself, consisting of many integrated components. 

Individual components of the MCFC system that could be investigated in more detail include the 

fuel cell stack, the water purification system, and the electric power conditioning system. More 

detailed investigation into transient effects of cycled operation of the MCFC could be completed. 

Characteristics involved in cycling the operation of the MCFC in order to match the heat 

requirements of the turboexpander could be included in future models. The MCFC in this 
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simulation has been significantly simplified to a single control volume representing the entire fuel 

cell system in order to adhere to the scope of the current study. 

5.4 Inputs to the Simulation 

In order to undertake the simulation, certain values need to be specified. Performance 

characteristics as well as design limits for each component, desired outlet conditions, and input 

flow data are modifiable input values within the simulation.  

 

Variables that were set for the turboexpander included minimum, maximum, and ideal design 

flow rates. The relationship of efficiency to the flow rate was also set. The boiler component 

required the efficiency of the boiler in terms of the higher heating value (HHV) of the fuel to be 

set. Mechanical efficiencies of the gearbox and generator were also required. The MCFC 

component required specified values for fuel utilization, heat rate, and electric power produced.  

 

The desired outlet conditions of the gas were specified in this simulation. The desired outlet 

pressure and minimum outlet temperature are set. The outlet pressure value is dependant on the 

particular system that the simulation is modeling. Different pressure reduction stations require 

different outlet pressures. The minimum outlet temperature is a more universal value, as it must 

fulfill the requirements discussed in Chapter 2. 

 

The final simulation inputs that need to be discussed are the inlet flow conditions of the gas. This 

includes values of flow rate, pressure, and temperature of the gas. These values were input into 

the simulation as a specific instance or as a collection of values representing any time period of 

operation. IF statements were built into the program in order to allocate flow to the expansion 
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valve, turboexpander, or a combination of the two. The total flow was diverted to the expansion 

valve when below the minimum flow for turboexpander operation and extra flow was diverted to 

the expansion valve when above the maximum flow for the turboexpander. 

 

The gas industry typically measures flow in units of standard m3/h. This is the volume that the gas 

would occupy at standard temperature and pressure flowing through the system in an hour. The 

standard temperature and pressure used in the natural gas industry vary in different areas of the 

world. The standards used for these calculations are the Canadian standard of 15C and 1 atm. In 

order to find mass flow rates used in the calculations, flow rates given by gas industry partners 

need to be converted into mass flows of kg/s using the density of the gas at standard conditions.  

 

The simulation inputs discussed here comprise the values needed in order to calculate outputs of 

the model. Data from Utilities Kingston was provided as measurements of inlet pressure, 

temperature and flow rates in order to investigate effects of flow variations on the performance of 

the system. A summary of values held constant throughout the simulations is shown in 



62 

Table 5.1. 



Table 5.1 Simulation Constants 

Variable Symbol Value 

P2  System outlet pressure 2240 (kPa) [Utilities Kingston] 

T3  System outlet temperature 3 (°C) [Utilities Kingston] 

PSTD  Standard pressure 101.3 (kPa) [Canadian Gas Regulations]

TSTD  Standard temperature 15 (°C) [Canadian Gas Regulations] 

HHV  Higher heating value 42500 (kJ/kg) [Bossel, 2003] 

Design  Turboexpander design efficiency 0.92 [Cryostar] 

B  Boiler efficiency 0.94 [Bossel, 2003] 

Gearbox  Gearbox efficiency 0.90 [RETScreen] 

Generator Generator efficiency 0.93 [RETScreen] 

 

5.5 Outputs of the Simulation 

The purpose of the simulation was to provide insight into the performance of a proposed pressure 

regulation system incorporating a turboexpander and a fuel cell. The simulation provided data for 

power generated, heating requirements, fuel utilization, and efficiency for every set of input data. 

 

Two sources of electric power generation exist in the simulation. The turboexpander converted 

the internal energy of high pressure gas into work that was directed to a generator producing 

electricity. The fuel cell converted the chemical energy of natural gas into electric power directly. 

The total power generated was calculated using the sum of turboexpander output power reduced 

by gearbox and generator efficiencies and output power from the fuel cell. 

 

The heating requirements were found based on a desired output temperature of 3C. The 

simulation calculated the required preheat temperature and the heat input required in order to 
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reach this temperature. The heating load was modeled to be satisfied first by the heat output from 

the fuel cell with any remaining heat requirements fulfilled by boilers burning natural gas if the 

fuel cell generated heat is insufficient. 

 

The amount of fuel utilized is based on the fuel cell and boiler requirements. The fuel 

requirements of the fuel cell were set to the manufacturers specifications. Fuel requirements of 

the boiler depend on the amount of additional heating required for the conditions being 

considered. Fuel utilized by the boiler was calculated using the heating load of the boiler, the 

boiler efficiency, and the energy content of the fuel in terms of the higher heating value. 

 

The efficiency of the system was calculated using the energy content of the fuel used by both the 

boiler and fuel cell with the net electrical power supplied to the grid. The following expression 

was used in EES to determine the efficiency.  

)(HHVm

P

fuel

electrical
system 


     [6]

 

Where system  is the efficiency of the system,  is the mass flow of fuel used by the boiler and 

fuel cell,  is the higher heating value of natural gas, and  is the total electric power 

generated by the system.  

fuelm

HHV electricalP

 

This calculation was completed for every data set supplied to the simulation. While this measure 

of efficiency does not take into account the energy required upstream in the pipeline at 

compressor stations and other systems in the gas network, it is a useful value in determining the 
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effectiveness of the system being considered here as well as comparing the performance of 

different configurations. 
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Chapter 6 

Results and Discussion 

6.1 Introduction 

The performance characteristics of a variety of pressure reduction system configurations were 

investigated in this study. The Enbridge system and potential Utilities Kingston system 

configurations were simulated. The results of these simulations provided insight into the 

important factors in the design of hybrid turboexpander and fuel cell gas expansion systems. The 

simulation code is shown in Appendix A and sample calculations are provided in Appendix B. 

6.2 Simulation of Enbridge System 

Simulation of the Enbridge pressure regulation power recovery system was limited by the lack of 

detailed operational data that could be used for comparison. The maximum and minimum flow 

rates for the turboexpander were used in order to duplicate the operating conditions provided by 

Enbridge. The turboexpander in the Enbridge system is a Cyrostar model TG200/50-Ex. For the 

simulation of the Enbridge system, the efficiency of the turboexpander in the simulation was 

based on Cryostar's maximum documented efficiencies for the design flow and estimated for the 

maximum and minimum flows to match the power outputs specified by Enbridge.  

6.3 Simulation of Potential Utilities Kingston System 

Data sets containing gas flow variables at the City Gate pressure regulator station over several 

years were provided by Utilities Kingston. These data sets contained significant gaps where no 

information was recorded. The data set for 2004 was used, as it was the most complete. Gaps in 

the data set were filled in by linear interpolation for values of inlet temperature, pressure, and 

flow. The completed data set served as input to all Utilities Kingston simulation cases. The values 



of temperature, flow and pressure used in the simulation are shown in Figure 6.1, Figure 6.2 and 

Figure 6.3 respectively. The major interpolated region of data is located during the month of June.  
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Figure 6.1 Inlet Gas Temperature Input Data Used in Simulations 
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Figure 6.2 Inlet Gas Flow Data Used in Simulations 
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Figure 6.3 Inlet Gas Pressure Data Used in Simulations 
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The gas flow conditions are highly dependant on the season of the year. In summer months, gas 

use is lower as there is less demand for residential and commercial space heating. Gas 

temperature is also higher at this time as there is less heat loss to the environment from the 

pipeline network. As temperatures drop in the winter months, gas use increases because of 

increased demand for space heating. Heat loss to the environment during this time is also 

increased because of the lower ambient temperatures. The pressure remains mainly a function of 

gas flow. Lower pressures are associated with higher flow rates. Pressure variations are not as 

extreme as the flow and temperature variations over the year. This could be due to high 

monitoring and control standards for pressure employed by the gas industry. 

6.3.1 Expansion Valve System 

The simulation of a typical pressure regulating station included the simulation of the expansion 

valve and the boiler using the component models discussed in Chapter 5. A simulated year of 

preheat temperatures and fuel requirements were calculated using these models. Total fuel 

consumption and the associated cost over the year were then found. Hourly fuel consumption for 

the time-span of the simulation is shown in Figure 6.4. 
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Figure 6.4 Hourly Fuel Consumption Rate of Normal Expansion Valve System 

 

It can be seen from this figure that the fuel consumption varies seasonally. In winter months, 

consumer gas consumption is high and inlet gas temperature is low. This results in high boiler 

fuel consumption in order to preheat the gas. In summer months, consumer gas consumption is 

low and inlet gas temperature is high. This results in lower boiler fuel consumption, as there is a 

decreased gas flow requiring less preheating. 

 

Fuel consumption by the boiler as it relates to flow rates and temperature over the simulated year 

is shown in Figure 6.5 and Figure 6.6 below. 
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Figure 6.5 Effect of Gas Flow Rate on Fuel Consumption of Expansion Valve System 
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Figure 6.6 Effect of Inlet Temperature on Fuel Consumption of Expansion Valve System 
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The inlet flow conditions influence the preheating requirements of the system. A larger pressure 

ratio increases the temperature drop associated with the Joule-Thomson effect. This requires that 

a larger preheat temperature be maintained. A lower inlet temperature results in higher heating 

requirements in order to reach an acceptable preheat temperature. A higher flow rate through the 

system increases the heat rate required. 

 

The system considered above does not produce any electric power. Fuel consumption over the 

simulated year was approximately 59339 m3. This amount of fuel represents about 0.08% of the 

total gas flow though the station over the year (78647349 m3). Using a cost of fuel of $0.40/m3 

the net cost of fuel for this system over a year totals $23735.40. This value is highly subject to the 

assumed cost of natural gas. 

6.3.2 Single Turboexpander and Boiler System 

A simulation case involving a single turboexpander with a boiler heat source was created. The 

simulation used input data from Utilities Kingston for the calculations as discussed above. 

Components were modeled as discussed in Chapter 5. The turboexpander in this case was 

modeled to have a design flow of 12000 m3/h, a minimum flow of 6000 m3/h and a maximum 

flow of 16800 m3/h.  

 

In conditions where the turboexpander is operational, fuel consumption of the system is far 

greater than with single expansion valve operation. This is due to the larger temperature drop 

involved in the turboexpander process. Seasonal fuel consumption with a single turboexpander 

system is shown in Figure 6.7 below. 



0

10

20

30

40

50

60

70

80

January-04

February-04

M
arch-04

April-04

M
ay-04

June-04

July-04

August-04

Septem
ber-04

October-04

Novem
ber-04

Decem
ber-04

January-05

F
u

e
l F

lo
w

 R
a

te
 (

m
3 /h

)

 

Figure 6.7 Hourly Fuel Consumption Rate of Single Turboexpander and Boiler System 

 

Power production ranges from 100 to 300 kW when the single turboexpander is operational. 

Variations in flow rates have a direct effect on power production. As flow rates vary seasonally, 

the power production from the turboexpander will also vary. The electric power output over a 

year of input data is given in Figure 6.8.  
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Figure 6.8 Hourly Power Output of Single Turboexpander and Boiler System 

 

The simulation showed high power production in the winter months and insufficient flows for 

power production in the summer months. Power production varies greatly due to the high 

variability of inlet flow rates. Flow limits for the turboexpander are specific to each simulation 

case and dictate when power production is possible. 

 

The seasonal efficiency of the turboexpander system is shown in Figure 6.9.  The region of zero 

efficiency occurs in the summer months when gas flows are insufficient for turboexpander 

operation. Slightly higher efficiency is shown in the fall over the spring due to higher inlet gas 

temperatures. 
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Figure 6.9 Seasonal Efficiency of Single Turboexpander and Boiler System 

 

The inlet gas temperature has a large influence on the efficiency of this system. Lower inlet 

temperatures result in increased boiler fuel consumption for the same power production. The 

relationship between inlet gas temperature and efficiency for this system is shown in Figure 6.10. 
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Figure 6.10 Effect of Inlet Gas Temperature on Turboexpander and Boiler System 

Efficiency 

 

Total power production of this system over the simulated year was approximately 934908 kWh. 

Fuel consumption by the boiler over the simulated year was approximately 207232 m3. This 

amount of fuel represents about 0.26% of the total gas flow though the station over the year 

(78647349 m3). Using a cost of fuel of $0.40/m3 and a price of electricity of $0.11/kWh, the net 

income from this system over a year totals $10597.50. This value is highly subject to the assumed 

costs of natural gas and electricity.  

 

Fuel consumption for this system is about 3.5 times greater than that for a standard expansion 

valve system. 
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6.3.3 Expansion Valve and Fuel Cell System 

Simulation of a system using expansion valves for pressure reduction, a fuel cell supplying heat 

and with a boiler for backup heat was performed. It was assumed that the fuel cell would be 

operational at all times. Factors associated with startup and shutdown of the fuel cell were not 

considered in the present study. The power output of this system remained constant and was 

supplied entirely by the fuel cell. The constant power output for the simulated year is shown in 

Figure 6.11.  
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Figure 6.11 Hourly Electric Power Output of Fuel Cell and Valve System 

 

The seasonal fuel consumption of a fuel cell and valve system over a simulated year is shown in 

Figure 6.12. 
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Figure 6.12 Hourly Fuel Consumption of Fuel Cell and Valve System 

 

The fuel cell satisfies heating requirements for most of the year. The boiler is operational only in 

extreme cases in the winter. High flow rates and low inlet temperatures require a substantial 

amount of heat for preheating. For the majority of the year the fuel cell produces excess heat for 

the system. 

 

Total power production of this system over the simulated year was approximately 2635200 kWh. 

The fuel consumption by the boiler and fuel cell together over the simulated year was 

approximately 582173 m3. This amount of fuel represents about 0.74% of the total gas flow 

though the station over the year (78647349 m3) and about 9.8 times the fuel used by a standard 

pressure reduction system. Using a cost of fuel of $0.40/m3 and a price of electricity of 

$0.11/kWh, the net income from this system over a year totals $30650.94. This value is highly 

subject to the assumed costs of natural gas and electricity.  

78 



6.3.4 Single Turboexpander and Fuel Cell System 

Simulations of turboexpander and fuel cell systems for natural gas pressure reduction and power 

recovery were created with varying turboexpander design characteristics.  

 

The power production over the simulated year of a turboexpander with a design flow of 12000 

m3/h, a minimum flow of 6000 m3/h and a maximum flow of 16800 m3/h is shown in Figure 6.13. 

The flow rate through the system is insufficient for turboexpander operation from May to 

October.  
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Figure 6.13 Hourly Power Output of Single Turboexpander and Fuel Cell System 

 

Power production is increased in this system by the base load power production of the fuel cell. 

The fuel cell provides a constant 300 kW of electrical power at all times in addition to the 

variable power produced by the turboexpander. Overall power production remains heavily 
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dependant on flow conditions. The system produces power ranging from 300 kW with low flow 

rates and a maximum of 580 kW with high flow rates.  

 

The efficiency of this system was also investigated and found to be an improvement over that for 

the single turboexpander and boiler system. Seasonal efficiencies of the single turboexpander and 

fuel cell system are shown in Figure 6.14.  
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Figure 6.14 Hourly Efficiency of Single Turboexpander and Fuel Cell System 

 

The efficiency of this configuration is significantly higher than the efficiency of a similarly sized 

turboexpander system without a fuel cell. The maximum observed efficiency of the 

turboexpander and fuel cell system is approximately 10% higher than that of a system with no 

fuel cell. In addition, the region where the turboexpander is inoperable during the summer months 

has an efficiency of approximately 56.4% for the system with a fuel cell as opposed to an 

efficiency of 0% for the system without a fuel cell. These increases in efficiency bring the 
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average efficiency over the simulated year from 31.2% without a fuel cell to 66.4% for the system 

with a fuel cell. 

Several simulation cases for the turboexpander and fuel cell system were created with 

turboexpander design flow rates ranging from 2500 m3/h to 23000 m3/h. These cases were 

compared on their performance over the same simulated year. Total power production, fuel 

utilization and average efficiency were used as comparison points between the different cases. 

The net income of these systems was also investigated based on assumed prices for natural gas 

and electricity. 

 

The net incomes for various turboexpander design flows over the simulated year are shown in 

Figure 6.15. Assuming a natural gas price of $0.40/m3 and an electric power price of $0.11/kWh, 

the maximum income for the cases investigated is generated by a system using a turboexpander 

with design flow rate of 12000 m3/h. All cases discussed were modeled with a 300kW fuel cell. 

This analysis does not take into account maintenance and general operation costs.  
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Figure 6.15 Yearly Income of Single Turboexpander and Fuel Cell Systems 

 

The prices of natural gas and electricity influence the specific turboexpander that will maximize 

income. This is partly due to the different relationships between total electric power production 

and total fuel utilization with the design flow of the turboexpander as shown in Figure 6.16.  
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Figure 6.16 Yearly Power Production and Fuel Consumption of Single Turboexpander and 

Fuel Cell Systems 

 

Power production and fuel consumption rates peak with different turboexpander design flows. A 

balance between these values is determined by the relative costs of electricity and natural gas. 

This determines the desirability of a particular turboexpander configuration. 

 

 A summary of system performance for varying turboexpander design flow rates is shown in 

Table 6.1 and includes the average turboexpander power, the maximum turboexpander power 

calculated and the average total efficiency of the system based on power production and fuel 

consumption power over the simulated year. A summary of the outputs for various turboexpander 

configurations is shown in Table 6.2 and includes the electric power sold over the simulated year, 
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the fuel used over the simulated year, and the average ratio of flow allocation to the 

turboexpander and expansion valves over the simulated year.  By comparing values between 

these two tables it is seen that the systems with the highest average efficiency or average 

turboexpander power output over the simulated year do not necessarily correspond with the 

systems with the highest power outputs. This reinforces the advantages of simulating various 

system configurations in order make an appropriate choice. 

 



 

85 

Table 6.1 Performance of Systems with Various Turboexpander Design Flows 

Minimum Flow  
(m3/h) 

Design Flow 
 

(m3/h) 

Maximum Flow 
(m3/h) 

Average Turboexpander 
Power 
(kW) 

Max Turboexpander 
Power 
(kW) 

Fuel Cell 
Power 
(kW) 

Average 
Efficiency 

1250 2500 3500 57.47 76.68 300 65.34% 
4476.5 8953 12534 113.19 275.3 300 67.17% 

4750 9500 13300 117.41 291.9 300 67.04% 
5000 10000 14000 120.96 305.9 300 66.92% 
5500 11000 15400 126.83 337.7 300 66.67% 
6000 12000 16800 131.10 365.2 300 66.43% 
6500 13000 18200 133.50 388 300 66.10% 
7500 15000 21000 134.40 457.6 300 65.34% 

10000 20000 28000 123.05 566.4 300 63.49% 
11500 23000 32200 107.63 657.5 300 62.16% 

Table 6.2 Yearly Totals of Systems with Various Turboexpander Design Flows 

Minimum Flow 
(m3/h) 

Design Flow 
(m3/h) 

Maximum Flow
(m3/h) 

Electric Power Sold
(kWh) 

Fuel Used 
(m3) 

Flow Ratio
(TE:Valve) 

1250 2500 3500 3057700.7 583174.2 0.56 
4476.5 8953 12534 3467363.1 638078.6 2.17 

4750 9500 13300 3498433.5 644298.5 2.37 
5000 10000 14000 3524529.6 649591.7 2.54 
5500 11000 15400 3567672.2 658848.2 2.85 
6000 12000 16800 3599094.8 666057.9 3.11 
6500 13000 18200 3616718.1 671638.7 3.26 
7500 15000 21000 3623337.1 678905.4 3.22 

10000 20000 28000 3539888.6 679910.5 2.42 
11500 23000 32200 3426528.2 671520.9 1.72 



 

86 

6.3.5 Dual Turboexpander and Fuel Cell System 

Simulations cases involving two turboexpanders with a fuel cell were created in order to 

investigate a system able to operate over a wider range of flows than a single turboexpander 

system. The designs of both turboexpanders in the system were assumed identical and were 

modeled in the same way as previously discussed simulation cases. The fuel cell outputs and 

inputs were identical to those in previous simulation cases. 

  

The seasonal power production and efficiency of a system using two turboexpanders with design 

flows of 5000 m3/h and one 300kW fuel cell are shown in Figure 6.17 and Figure 6.18 

respectively. During the summer months, only one turboexpander is operational while during the 

winter months, both turboexpanders are producing power.  
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Figure 6.17 Hourly Power Output of Dual Turboexpander and Fuel Cell System 
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Figure 6.18 Hourly Efficiency of Dual Turboexpander and Fuel Cell System 

 

The isentropic efficiency of each turboexpander in the simulation is a function of its allocated 

flow rate. As the total system flow rate is increased, first one turboexpander will become 

operational then the other. For this simulation, the turboexpanders were activated sequentially. As 

the flow increased above the maximum flow rate of the first turboexpander, the second 

turboexpander would activate. The total flow rate of the system needed to be greater than the 

maximum flow of the first turboexpander by at least the value of the minimum flow rate of the 

second turboexpander in order for the second turboexpander to operate. This relationship is 

shown in Figure 6.19. 
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Figure 6.19 Efficiencies of Turboexpanders with Increasing System Flow Rates 

 

The average efficiency of a dual turboexpander system over a simulated year of operation as it 

relates to the specific design flows of the turboexpanders is shown in Figure 6.20. The efficiency 

of the system is shown to be lower in systems with higher design flows. This is due in part to 

wasted fuel cell heat associated with flow conditions prohibiting turboexpander operation.  
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Figure 6.20 Average Yearly Efficiency of Dual Turboexpander and Fuel Cell Systems 

 

The net incomes for systems using two turboexpanders with various design flows over the 

simulated year are shown in Figure 6.21. Assuming a natural gas price of $0.40/m3 and an electric 

power price of $0.11/kWh, the maximum income of the cases investigated is generated by a 

system using two turboexpanders with design flow of 5000 m3/h.  
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Figure 6.21 Yearly Net Income of Dual Turboexpander and Fuel Cell Systems 

 

As with the single turboexpander model, the prices of natural gas and electricity influence the 

specific turboexpanders that will maximize income. Relationships between total electric power 

production and total fuel utilization with the design flow of a dual turboexpander system are 

shown in Figure 6.22.  
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Figure 6.22 Yearly Power Production and Fuel Consumption of Dual Turboexpander and 

Fuel Cell Systems 

 

A summary of system performance for varying dual turboexpander design flow rates is shown in 

Table 6.3 and includes the average turboexpander power, the maximum turboexpander power 

calculated and the average total efficiency of the system based on power production and fuel 

consumption power over the simulated year. An economic summary of the various dual 

turboexpander configurations is shown in Table 6.4 and includes the electric power sold over the 

simulated year, the fuel used over the simulated year, and the flow allocation ratio of flow to the 

turboexpander and expansion valve over the simulated year. As with single turboexpander 

configurations it is seen that the systems with the highest average efficiency or average 

turboexpander power output over the simulated year do not necessarily correspond with the 

systems with the highest net incomes.  
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Table 6.3 Performance of Two Turboexpander Systems with Various Turboexpander Design Flows 

Minimum 
Flow 

 
(m3/h) 

Design 
Flow 

 
(m3/h) 

Maximum 
Flow 

 
(m3/h) 

Total Maximum 
Flow 

 
(m3/h) 

Average Turboexpander 
Power 

 
(kW) 

Max Turboexpander 
Power 

 
(kW) 

Fuel Cell 
Power 

 
(kW) 

Average 
Efficiency 

2000 4000 5600 11200 125.36 235.80 300 71.05%
2500 5000 7000 14000 136.63 291.10 300 70.78%
3000 6000 8400 16800 138.02 344.50 300 70.02%
3500 7000 9800 19600 135.15 408.20 300 68.67%
5750 11500 16100 32200 141.95 631.60 300 66.88%

 

Table 6.4 Yearly Outputs of Two Turboexpander Systems with Various Turboexpander Design Flows 

Minimum 
Flow 
(m3/h) 

Design 
Flow 
(m3/h) 

Maximum 
Flow 
(m3/h) 

Total Maximum 
Flow 
(m3/h) 

Electric 
Power Sold 

(kWh) 

Fuel Used 
 

(m3) 

Flow Ratio 
 

(TE:Valve) 

2000 4000 5600 11200 3556903.0 622998.3 3.14
2500 5000 7000 14000 3639728.1 638800.7 4.87
3000 6000 8400 16800 3649931.5 646358.0 5.28
3500 7000 9800 19600 3628823.7 653263.0 4.61
5750 11500 16100 32200 3678853.3 675331.7 4.24
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A comparison between the ranges of turboexpander operation for both single and double 

turboexpander systems is shown in Figure 6.23 below. 
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Figure 6.23 Operation Ranges of Various Single and Dual Turboexpander Configurations 

 

Systems with two turboexpanders can utilize a wider range of flows than systems with a single 

turboexpander of similar relative operation limits. This is an advantage in situations with high gas 

flow variability. 

6.4 Economic Analysis 

Net present value (NPV) analysis was done on the HTEFC system simulation results for systems 

with one turboexpander and systems with two turboexpanders. A payback period analysis was 

also carried out on these simulation results. 
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6.4.1 Assumptions 

The interest rates used were assumed to be the Canadian prime rate as an optimistic value, 

Canadian prime plus 0.75% as an expected value and the average prime rate of the past ten years 

as a pessimistic value. This resulted in the analysis of the data at the rates of 2.25%, 3%, and 

5.12%. (Bank of Canada, 2009) 

 

The net present value analysis was carried out for system lifetimes of 15 years and 10 years for all 

systems. Maintenance costs were not taken into account in this preliminary analysis. Capital costs 

of the systems were estimated based on the cost of the larger Enbridge system. The Enbridge 

system capital cost was approximately $10M of which $4.5M was attributed to the turboexpander 

and $6.5M to the Fuel Cell. These costs were scaled with power production in order to estimate 

the capital costs of different systems for this analysis.  

6.4.2 Preliminary Economic Results 

Only high price electricity and low priced gas scenarios result in profit at 15 year projection. The 

price of gas and electricity plays a large role in determining if the project will be successful. The 

15 year net present value of a single turboexpander system with a design flow of 2500m3 

assuming a low natural gas price of $0.15/m3 and a high electricity price of $0.11/kWh ranged 

from $1,419,000 at 2.25% interest to $842,000 at 5.12% interest.  

 

The payback period for a single turboexpander system with a design flow of 2500m3 assuming a 

low natural gas price of $0.15/m3 and a high electricity price of $0.11/kWh ranged from 7.6 years 

at 2.25% interest to 8.75 years at 5.12% interest. As the size of the system is increased the 
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payback period also increases. Similarly as the price of natural gas is increased the payback 

period is increased and as the price of electricity is decreased the payback period is increased.  

 

Sensitivity to natural gas and electricity prices on the 15 year net present value of a single 

turboexpander system with a design flow of 12000m3 system at an interest rate of 3.00% is shown 

in Table 6.5.  

Table 6.5 Sensitivity of NPV to Gas and Electricity Prices 

 
15 year 12000 m3 TE 

NPV (3.00%) 
Price ($0.40/m3) ($0.20/m3) ($0.15/m3) 

$0.11/kWh ($1,472,708.73) $117,562.44 $515,130.23 
$0.07/kWh ($3,191,339.14) ($1,601,067.96) ($1,203,500.17) 
$0.04/kWh ($4,480,311.94) ($2,890,040.77) ($2,492,472.97) 

 

Further economic analysis is shown in Appendix C. 

6.5 Discussion 

This work provided performance data on several pressure reduction and power recovery systems 

for natural gas. Insight was gained into important design considerations for turboexpander and 

fuel cell systems operating as natural gas pressure reduction and power recovery stations. 

6.5.1 Summary 

The turboexpander and fuel cell system for power recovery and natural gas pressure reduction 

installed in Toronto by Enbridge was simulated. Due to the lack of detailed operational data, the 

system was simulated under limited operating conditions. The simulation served to confirm the 

ability of the method adopted here to adequately predict the performance of the system.  
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Various pressure reduction system configurations were investigated as possible solutions for the 

Utilities Kingston City Gate station.  The system configurations simulated included a typical 

pressure reduction system, a system using a turboexpander, a system using a fuel cell for 

preheating, systems involving various designs of turboexpanders coupled with a fuel cell, and 

systems involving two turboexpanders of various designs coupled with a fuel cell.  

 

The simulation of a potential turboexpander and fuel cell system for pressure reduction at the 

Utilities Kingston City Gate station provided significant insight into design considerations that 

could aid in the implementation of an installed system.  Flow variations including flow rate, 

temperature and pressure have important effects on the performance of the turboexpander 

component of the system.  

 

The addition of a fuel cell to a power recovery pressure reduction system has significant effects 

on its performance. System efficiencies are increased by introducing the fuel cell. The maximum 

efficiency of a 12000 m3/h turboexpander system was shown to increase by about 10% with the 

addition of a fuel cell.  

 

Difficulties in accommodating fluctuating flow rates and maximizing power recovery over 

periods of both high and low flows can be overcome by using multiple turboexpanders. This also 

increases the average system efficiency over the single turboexpander system.  

6.5.2 Important Scaling Factors 

The simulation results discussed in this Chapter provided valuable insight into factors that affect 

the performance and feasibility of different system considerations. Gas flow variations, system 
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configurations and component sizing are important considerations when designing a power 

recovery and pressure reduction system for natural gas. 

  

The seasonal gas flow variations at the Kingston City Gate station proved to be an important 

factor in the annual performance of the simulated systems. The relatively high inlet gas 

temperatures observed in the summer months were accompanied by low flow rates, limiting or 

eliminating power production. This results in an inability to utilize the efficiency benefits of high 

inlet temperatures. Highly fluctuating gas flow conditions pose an interesting design challenge. 

Turboexpander systems must have very large operating ranges in order to maximize power 

recovery throughout seasonal variations.  

 

A single turboexpander with a very large operating range would be required in order to 

accommodate the flow variations and maximize cumulative power production. The off-design 

performance of a single turboexpander would need to be very good in order to maintain a high 

system efficiency.  

 

Turboexpanders with lower design flows are able to operate for more of the year but are unable to 

accommodate higher flow rates. This results in lost energy recovery potential in the winter 

months of the year. Turboexpanders with higher design flows are able to recover the most energy 

during periods of high flow rates but have limited operation during periods of low flow rates. 

This results in lost energy recovery potential in the summer months. It is possible to maximize the 

overall power output from a single turboexpander in this situation by carefully selecting a 

turboexpander operation range suitable for the seasonal gas conditions.  
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The ideal design flow of a turboexpander with a set operating range can be found for specific 

cases such as the Utilities Kingston City Gate station. Fluctuating flow conditions make it 

necessary to size a turboexpander system based on performance and income over a full typical 

year of seasonal fluctuations.  These criteria provide a better basis for choosing a turboexpander 

design flow than simply choosing the average flow rate of the system. 

 

A wider range of flow rates can be accommodated by utilizing multiple turboexpanders. This 

would also increase the system efficiency as the turboexpanders could operate closer to the design 

point. A base turboexpander would operate at low flow rates and additional turboexpanders 

would operate to accommodate higher flows. This configuration could be improved by adding 

more complicated system controls to optimize flows through both turboexpanders in order to 

maximize efficiency at intermediate flows.  

 

The sizing and selection of major system components plays a large role in both the performance 

and reliability of the system. Expansion valves, turboexpanders, generators, fuel cells, boilers and 

heat exchangers must be chosen carefully based on current and expected future needs. 

 

Expansion valves should be sized in order to accommodate up to the maximum flow rate of the 

system. This is necessary in the event of the turboexpander being inoperative for maintenance or 

other reasons. This type of redundancy is already a requirement in most typical pressure 

regulating stations in the form of standby installations as discussed in Chapter 2. Most types of 

expansion valves require little maintenance and are very reliable. Controls should be built into the 
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system to shunt flow to expansion valves in the event that the turboexpander experiences a 

problem. This will ensure continuous and accurate pressure reduction. 

 

Turboexpanders should be sized in accordance with the expected flow variations as previously 

discussed in this section. The turboexpander is the most sensitive to operational fluctuations and 

the majority of the other components in the system are sized based on its expected performance. 

 

The generator driven by the turboexpander must be capable of operating within the same range of 

power output that the turboexpander delivers. In order to provide the electric grid with compatible 

power, the generator must operate at a fixed speed resulting in 60 Hz electric power output in 

agreement with North American electricity conventions. Alternatively, an electric power 

conditioning package can be installed at additional cost to ensure compatible power outputs from 

the system.  

 

In most systems, a gearbox will be required in order to step down the rotational speed of the 

turboexpander to the generator. Gear ratios must be chosen to facilitate this. The sizing of 

generators and gearboxes is usually handled by turboexpander manufacturers as these 

components are often sold as a coupled unit. Gearbox oil can be cycled through a heat exchanger 

in order to scavenge heat used for preheating natural gas.  

 

A fuel cell in this type of system should be sized such that all of the waste heat is utilized for as 

much of the foreseeable operating conditions as possible. The efficiency of the whole system will 

benefit from the effective use of the fuel cell heat. If the fuel cell is oversized, the waste heat will 
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not all be utilized and the overall efficiency of the system will be reduced.  The sizing of the fuel 

cell will be dependant on the chosen turboexpander, as this will determine the preheating 

requirements. Since the fuel cell cannot be cycled into and out of operation quickly its primary 

function is that of a base load power generator and heat source.  

 

The boiler in any system should be chosen to accommodate the expected heating requirements. 

Systems without a fuel cell would require a boiler or multiple boilers capable of providing all of 

the heat for preheating the gas under all expected flow conditions. Systems with a fuel cell would 

require as a minimum boilers capable of providing all of the heat that would be required in the 

event both the fuel cell and turboexpander were offline.  Ideally, the boilers would be sized in 

order to ensure continuous turboexpander operation in the event of the fuel cell being offline. 

Condensing boilers are preferred for these types of systems as they operate at high efficiency and 

provide heat exchange temperatures in the range of expected preheat temperatures. Heat 

exchangers should be sized in order to accommodate the full heating load of the system. 

 

The economic feasibility of a potential Utilities Kingston pressure reduction system of this nature 

would depend on equipment, installation, fuel and maintenance costs as well as the value of the 

electric power sold to customers. Once these values are known, a payback period for the 

installation can be calculated, as well as the projected revenues over the life of the equipment. 

Similar electric power rates to those currently associated with wind power would be beneficial to 

this technology as power production varies with flow conditions by large amounts. 
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Chapter 7 

Conclusions and Future Work 

 

This work resulted in valuable insights into the design of hybrid turboexpander and fuel cell 

systems for power recovery and natural gas pressure reduction. It also led to the identification of 

many areas for future work on the topic. 

7.1 Conclusions 

The turboexpander and fuel cell system for power recovery and natural gas pressure reduction 

installed in Toronto by Enbridge was simulated. Due to a lack of detailed operational data, the 

system was simulated under limited operating conditions. This simulation served to confirm the 

ability of the method adopted here to adequately predict the performance of the system.  

 

Power recovery systems were evaluated based on several performance criteria. Various system 

configurations were simulated with components models created using EES software. Input data 

provided by Utilities Kingston was chosen to represent a typical year of gas flow fluctuations.  

Simulated system configurations included an expansion valve system, turboexpander system, 

expansion valve system with fuel cell preheat, turboexpander and fuel cell systems of various 

sizes and dual turboexpander and fuel cell systems of various sizes. 

 

An expansion valve system was simulated in order to use as a base case for comparison to each 

power recovery system. The total fuel usage over the simulation period was 59339 m3 and the net 

cost of fuel for this system over a year was $23735.40.  
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The simulation of a potential turboexpander and fuel cell system for pressure reduction at the 

Utilities Kingston City Gate station provided significant insight into design considerations that 

could aid in the implementation of an installed system.  Flow variations including flow rate, 

temperature and pressure variations have important effects on the performance of the 

turboexpander component of the system.  

 

The addition of a fuel cell to a power recovery pressure reduction system has significant effects 

on its performance. System efficiencies are increased by introducing the fuel cell. The maximum 

efficiency of a 12000 m3/h turboexpander system was shown to increase by about 10% with the 

addition of a fuel cell.  

 

Difficulties in accommodating fluctuating flow rates and maximizing power recovery over 

periods of both high and low flows can be overcome by using multiple turboexpanders. This also 

increases the average system efficiency over the single turboexpander system.  

 

The HTEFC system was simulated using various sizes of turboexpanders. This provided values 

for comparison of the performance of these systems. Sizing of the turboexpander proved to have a 

significant effect on the overall performance of the simulated system. Based on these results, the 

system with a turboexpander with a design flow of 15000 m3/h was found to produce the highest 

average power over the simulation period. The simulated system using a turboexpander with a 

design flow of 12000 m3/h was found to generate the most net income using assumed prices for 

electricity and natural gas. Similar relationships were observed with dual turboexpander systems. 

The highest average power generated in the simulations corresponded to two turboexpanders with 
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design flows of 11500 m3/h each. The highest net income generated over the simulation period 

was using a system with two turboexpanders with design flows of 5000 m3/h each. 

 

Hybrid turboexpander and fuel cell (HTEFC) systems for power recovery at natural gas pressure 

reduction stations can be modeled using the component modeling techniques discussed in this 

thesis. These models can be used with gas use data in order to simulate projected outputs in 

different locations and for different system configurations. These simulations can assist designers 

in choosing particular system configurations in order to maximize variables of interest such as 

power generation, efficiency, or income or minimize variables such as fuel use. An optimal 

design can then be chosen based on the results of simulations.  

7.2 Recommendations for Future Work 

It is strongly recommended that a thorough study be done on the actual performance of the 

Enbridge system in Toronto. Significant operational data from the system would be required in 

order to simulate the performance and compare with actual outputs over at least a year. A study 

such as this would help to improve the simulation methods presented here.  

 

The modeling techniques discussed in this thesis are based on a series of discrete steady state 

calculations. Transient effects were not investigated. These models could be expanded to include 

the effects of variable flow rates on turboexpander operation, variable heating load on the boiler 

or fuel cell and the effects of cycling fuel cell operation. 

 

All component models could be refined. The efficiency curve approximation of the 

turboexpander could be made to more accurately represent the efficiency curves of specific 
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turboexpanders being considered. A more detailed control system involving cycling of the fuel 

cell in order to maximize efficiency could be developed to match restrictions of the actual 

equipment. Improved flow controls would be of particular interest in simulating dual 

turboexpander systems. .  

 

Further investigation into optimal sizing of turboexpanders could be undertaken in order to 

increase the operational time and average efficiency of the system. This simulation methods 

discussed here could be modified to include multiple turboexpanders of dissimilar sizes. It is 

possible that a system could include a low flow rate turboexpander and a high flow rate 

turboexpander integrated together to provide continuous pressure reduction and power recovery. 

 

The type of fuel cell considered in this study presents difficulties with fluctuating operation. 

Development of energy storage methods for fuel cell heat and electric power would be beneficial 

to this technology. Excess heat during instances of low heating requirements could be stored and 

utilized during instances of high heating requirements by the system. This would improve 

cumulative system efficiency and allow for the use of smaller fuel cells to satisfy heating loads. 

 

The cooling loads of building systems and other processes have substantial energy costs. The 

cooling effect of the turboexpander process could be utilized wherever cooling is required. The 

proximity of expansion stations to large buildings or industry would be a major factor in 

determining whether turboexpander cooling could be utilized. Since the most significant cooling 

from a pressure reduction station occurs in the winter months, this application could also benefit 

from novel long-term energy storage methods.  
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In order to assess the environmental benefits of the HTEFC system it is recommended that a full 

greenhouse gas mitigation study be performed. This study should include the emissions that are 

mitigated through the reduced load on peaking power plants due to the operation of the HTEFC 

system.  
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Appendix A 

EES Simulation Code 
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A-1 Simulation of Enbridge System  

 

{efficiency curve approximations} {change these for various models of turboexpander} 

 

PROCEDURE 

eta(P_in,P_out,v_in,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max :eff, 

v_mod) 

 

{All flow Through expansion valve. Adjust for minimum flow of Turbine} 

IF (v_in < Flow_Min) THEN    

 eff=0 

 v_mod= 0 

ENDIF 

 

{All flow through turbine. second order approximation of turbine efficiency curve.} 

IF (v_in > Flow_Min) AND (v_in < Flow_Max) THEN  

 eff =(-((v_in)/(Flow_design))^2+2*((v_in)/(Flow_design)))*eta_design 

 v_mod= v_in 

ENDIF 

 

{Turbine at max flow. Excess flow through expansion valve. Adjust Max Flow of turbine} 

IF (v_in > Flow_Max) THEN    

 eff=0.83 

 v_mod= Flow_Max 

ENDIF 

END 

 

{END of Efficiency Curve Approximations} 

 

 

 

{Boiler Fuel consumption} 

PROCEDURE boiler(Q,HHV,eta_B:mf_dot) 
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IF Q>0 THEN 

 mf_dot=(Q/HHV)/eta_B  

ELSE 

 mf_dot=0 

ENDIF 

 

END 

{END of Boiler Fuel Consumption} 

 

{Boiler Calculations}  {adjust for boiler efficiency} 

HHV=42500 [kJ/kg]  {condensing boiler} 

eta_B=0.941 {Boiler Efficiency} 

CALL boiler(Q_B,HHV,eta_B:mf_dot) 

 

{set outlet conditions} 

{Desired outlet pressure and Temperature in Natural gas line} 

P2=1206.6 [kPa]   

T3=1.1[C] 

 

 

 

{variable inlet conditions Set in parametric table} 

{v_dot=(60000) [m^3/h]  

Ti=3[C] 

P1=2585.5 [kPa]} 

 

{Set Turbine Design Flow and Efficiency} 

 

Flow_Design=40000 {Change this for different Design Flows} 

eta_Design=0.92 {Change for different design efficiencies} 

 

Flow_Min=0.4*Flow_Design {Operation Limits} 

Flow_Max=1.5*Flow_Design 

 

eta_Min=0.8*eta_Design 

eta_Max=0.8*eta_Design 
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{Turbine efficiency/Flow assignment} 

CALL 

eta(P1,P2,v_dot,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max:eta_t,v2_d

ot) 

 

{Heating Load through turbine} 

{Total Heat requirements for turbine and valve} 

Q = m_dot*(h_1-h_i) + mv_dot*(h_1-h_i) 

{Heat provided by boiler} 

Q_B = m_dot*(h_1-h_i) + mv_dot*(h_1-h_i) -Q_FC  

 

{FUEL CELL} {Based on FCE's DFC1500MA} 

 

vFC_dot=307.2[m^3/h] {design flow converted from 39 SCFM} 

Q_FC=871.3 [kW] {Heat Recovery to 70 C} 

P_FC=1200 [kW] {Rated Power} 

QFC_HHV=m_dot_FC*HHV {Fuel HHV Energy} 

eta_FC=(P_FC+Q_FC)/QFC_HHV {Fuel Cell Total Efficiency} 

 

 

{Thermodynamic States for gas calculations} 

h_i=enthalpy(Methane,P=P1, T=Ti) {Inlet} 

h_1=enthalpy(Methane,P=P1, T=T1) {Preheated} 

s_1=entropy(methane,P=P1, T=T1) {Preheated} 

h_2=enthalpy(methane, P=P2, T=T2) {Expanded Through Turboexpander 

h_2s=enthalpy(Methane, P=P2,S=s_1) {Isentropic Expansion} 

h_3=enthalpy(methane, P=P2, T=T3) {Outlet} 

{Expansion Valve} 

hv_2=h_1 

hv_2=enthalpy(Methane, P=P2, T=TV2) 

 

{Post Turbine flow mixing} 

0=(m_dot+mv_dot)*h_3 -m_dot*(h_2)-mv_dot*(hv_2) 

 

{Turbine Efficiency} 
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eta_t=(h_1-h_2)/(h_1-h_2s) 

 

{Pressure Ratio} 

PR=P1/P2 

 

{standard conditions (for flow conversion)} 

{Canada Electricity and Gas inspection regulations: http://laws.justice.gc.ca/en/showtdm/cr/SOR-

86-131//?showtoc=&instrumentnumber=SOR-86-131} 

P_st = 101.325 [kPa] 

T_st= 15 [C] 

 

{Flow calculations} 

rho=density(methane, P=P_st, T=T_st) 

 

m_dot=rho*(v2_dot/3600[s/h]) {Flow through turbine} 

 

mv_dot=rho*((v_dot-v2_dot)/3600[s/h])  {flow diverted through expansion valve} 

 

 

{Fuel} 

mf_dot=rho*(vf_dot/3600[s/h]) {Flow to boiler} 

m_dot_FC=rho*(vFC_dot/3600[s/h]) {Flow to Fuel Cell} 

mt_dot=mf_dot+m_dot_FC {Total Fuel Used} 

mt_dot=rho*(vft_dot/3600[s/h]) {Total Fuel Flow Rate} 

 

 

 

{Turbine output power} 

W=m_dot*(h_1-h_2) 

 

 

{approximate electrical power after conversion} 

eta_gear= 0.9  {gearbox efficiency} 

eta_gen= 0.93  {generator efficiency} 

P_elec= W*eta_gear*eta_gen + P_FC  {electrical power} 
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{Cycle efficiency Based on power produced/fuel used (HHV)} 

 

eta_cycle= P_elec/(mt_dot*HHV) {Electric Efficiency} 

eta_thermal= Q/(mt_dot*HHV) 
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A-2 Simulation of Single Turboexpander and Fuel Cell with Utilities Kingston Data  

 

{efficiency curve approximations} {change these for various models of turboexpander} 

 

 

PROCEDURE 

eta(P_in,P_out,v_in,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max :eff, 

v_mod) 

 

{All flow Through expansion valve. Adjust for minimum flow of Turbine} 

IF (v_in < Flow_Min) THEN    

 eff=0 

 v_mod= 0 

ENDIF 

 

{All flow through turbine. second order approximation of turbine efficiency curve.} 

IF (v_in > Flow_Min) AND (v_in < Flow_Max) THEN  

 eff =(-((v_in)/(Flow_design))^2+2*((v_in)/(Flow_design)))*eta_design 

 v_mod= v_in 

ENDIF 

 

{Turbine at max flow. Excess flow through expansion valve. Adjust Max Flow of turbine} 

IF (v_in > Flow_Max) THEN    

 eff=0.83 

 v_mod= Flow_Max 

ENDIF 

END 

 

{END of Efficiency Curve Approximations} 

 

 

 

{Boiler Fuel consumption} 

PROCEDURE boiler(Q,HHV,eta_B:mf_dot) 
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IF Q>0 THEN 

 mf_dot=(Q/HHV)/eta_B  

ELSE 

 mf_dot=0 

ENDIF 

 

END 

{END of Boiler Fuel Consumption} 

 

{Boiler Calculations}  {adjust for boiler efficiency} 

HHV=42500 [kJ/kg]  {condensing boiler} 

eta_B=0.941 {Boiler Efficiency} 

CALL boiler(Q_B,HHV,eta_B:mf_dot) 

 

{set outlet conditions} 

{Desired outlet pressure and Temperature in Natural gas line} 

P2=2240 [kPa]   

T3=3[C] 

 

 

 

{variable inlet conditions Set in parametric table} 

{v_dot=(10154) [m^3/h]  

Ti=3[C] 

P1=5435 [kPa]} 

 

{Set Turbine Design Flow and Efficiency} 

 

Flow_Design=12000 {Change this for different Design Flows} 

eta_Design=0.92 {Change for different design efficiencies} 

 

Flow_Min=0.4*Flow_Design {Operation Limits} 

Flow_Max=1.5*Flow_Design 

 

eta_Min=0.8*eta_Design 

eta_Max=0.8*eta_Design 



117 

 

{Turbine efficiency/Flow assignment} 

CALL 

eta(P1,P2,v_dot,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max:eta_t,v2_d

ot) 

 

{Heating Load through turbine} 

{Total Heat requirements for turbine and valve} 

Q = m_dot*(h_1-h_i) + mv_dot*(h_1-h_i) 

{Heat provided by boiler} 

Q_B = m_dot*(h_1-h_i) + mv_dot*(h_1-h_i) -Q_FC  

 

{FUEL CELL} {Based on FCE's DFC1500MA} 

 

vFC_dot=307.2[m^3/h] {design flow converted from 39 SCFM} 

Q_FC=871.3 [kW] {Heat Recovery to 70 C} 

P_FC=1200 [kW] {Rated Power} 

QFC_HHV=m_dot_FC*HHV {Fuel HHV Energy} 

eta_FC=(P_FC+Q_FC)/QFC_HHV {Fuel Cell Total Efficiency} 

 

 

{Thermodynamic States for gas calculations} 

h_i=enthalpy(Methane,P=P1, T=Ti) {Inlet} 

h_1=enthalpy(Methane,P=P1, T=T1) {Preheated} 

s_1=entropy(methane,P=P1, T=T1) {Preheated} 

h_2=enthalpy(methane, P=P2, T=T2) {Expanded Through Turboexpander 

h_2s=enthalpy(Methane, P=P2,S=s_1) {Isentropic Expansion} 

h_3=enthalpy(methane, P=P2, T=T3) {Outlet} 

{Expansion Valve} 

hv_2=h_1 

hv_2=enthalpy(Methane, P=P2, T=TV2) 

 

{Post Turbine flow mixing} 

0=(m_dot+mv_dot)*h_3 -m_dot*(h_2)-mv_dot*(hv_2) 

 

{Turbine Efficiency} 
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eta_t=(h_1-h_2)/(h_1-h_2s) 

 

{Pressure Ratio} 

PR=P1/P2 

 

{standard conditions (for flow conversion)} 

{Canada Electricity and Gas inspection regulations: http://laws.justice.gc.ca/en/showtdm/cr/SOR-

86-131//?showtoc=&instrumentnumber=SOR-86-131} 

P_st = 101.325 [kPa] 

T_st= 15 [C] 

 

{Flow calculations} 

rho=density(methane, P=P_st, T=T_st) 

 

m_dot=rho*(v2_dot/3600[s/h]) {Flow through turbine} 

 

mv_dot=rho*((v_dot-v2_dot)/3600[s/h])  {flow diverted through expansion valve} 

 

 

{Fuel} 

mf_dot=rho*(vf_dot/3600[s/h]) {Flow to boiler} 

m_dot_FC=rho*(vFC_dot/3600[s/h]) {Flow to Fuel Cell} 

mt_dot=mf_dot+m_dot_FC {Total Fuel Used} 

mt_dot=rho*(vft_dot/3600[s/h]) {Total Fuel Flow Rate} 

 

 

 

{Turbine output power} 

W=m_dot*(h_1-h_2) 

 

 

{approximate electrical power after conversion} 

eta_gear= 0.9  {gearbox efficiency} 

eta_gen= 0.93  {generator efficiency} 

P_elec= W*eta_gear*eta_gen + P_FC  {electrical power} 
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{Cycle efficiency Based on power produced/fuel used (HHV)} 

 

eta_cycle= P_elec/(mt_dot*HHV) {Electric Efficiency} 

eta_thermal= Q/(mt_dot*HHV) 
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A-3 Simulation of Dual Turboexpander and Fuel Cell System with Utilities Kingston 

Data 

 

 

 

{efficiency curve approximations} {change these for various models of turboexpander} 

 

 

PROCEDURE 

eta(P_in,P_out,v_in,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max :eff, 

v_mod) 

 

{All flow Through expansion valve. Adjust for minimum flow of Turbine} 

IF (v_in < Flow_Min) THEN    

 eff=0 

 v_mod= 0 

ENDIF 

 

{All flow through turbine. second order approximation of turbine efficiency curve.} 

IF (v_in > Flow_Min) AND (v_in < Flow_Max) THEN  

 eff =(-((v_in)/(Flow_design))^2+2*((v_in)/(Flow_design)))*eta_design 

 v_mod= v_in 

ENDIF 

  

{Turbine at max flow. Excess flow through expansion valve. Adjust Max Flow of turbine} 

IF (v_in > Flow_Max) THEN   

 eff=eta_Max 

 v_mod= Flow_Max 

ENDIF 

 

END 

 

{END of Efficiency Curve Approximations} 
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{Boiler Fuel consumption} 

PROCEDURE boiler(Q,HHV,eta_B:mf_dot) 

 

IF Q>0 THEN 

 mf_dot=(Q/HHV)/eta_B  

ELSE 

 mf_dot=0 

ENDIF 

 

END 

{END of Boiler Fuel Consumption} 

 

{Boiler Calculations}  {adjust for boiler efficiency} 

HHV=42500 [kJ/kg]  {condensing boiler} 

eta_B=0.941 {Boiler Efficiency} 

CALL boiler(Q_B,HHV,eta_B:mf_dot) 

 

{set outlet conditions} 

{Desired outlet pressure and Temperature in Natural gas line} 

P2=2240 [kPa]  

T3=3[C] 

 

 

 

{variable inlet conditions} 

{v_dot=(10154) [m^3/h]  

Ti=3[C] 

P1=5435 [kPa]} 

 

{Set Turbine Design Flow and Efficiency} 

 

Flow_Design=5000 {Change this for different Design Flows} 

eta_Design=0.92 {Change for different design efficiencies} 

 

Flow_Min=0.5*Flow_Design {Opperation Limits} 
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Flow_Max=1.4*Flow_Design 

 

eta_Min=0.8*eta_Design 

eta_Max=0.8*eta_Design 

 

{Turbine efficiency/Flow assignment} 

 

{Turboexpander 1} 

CALL 

eta(P1,P2,v_dot,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max:eta_t,v2_d

ot)  

 

vt_dot=v_dot-v2_dot 

 

{Turboexpander 2} 

CALL 

eta(P1,P2,vt_dot,Flow_Design,eta_Design,Flow_Min,Flow_Max,eta_min,eta_max:eta_t2,v2

2_dot)  

 

 

 

{Heating Load through turbine} 

{Total Heat requirements for turbine and valve} 

Q = m_dot*(h_1-h_i) + mv_dot*(h_1-h_i)  

{Heat requirements from boiler} 

Q_B = m_dot*(h_1-h_i) + mv_dot*(h_1-h_i) -Q_FC  

 

{FUEL CELL} {Based on FCE's DFC300MA} 

vFC_dot=66.269[m^3/h] {design flow converted from 39 SCFM} 

Q_FC=203.6 [kW] {Heat Recovery to 70 C} 

P_FC=300 [kW] {Rated Power} 

QFC_HHV=m_dot_FC*HHV {Fuel HHV Energy} 

eta_FC=(P_FC+Q_FC)/QFC_HHV {Fuel Cell Total Efficiency Based on 

HHV} 

 

{Thermodynamic States for gas calculations} 
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h_i=enthalpy(Methane,P=P1, T=Ti) {Inlet} 

h_1=enthalpy(Methane,P=P1, T=T1) {Preheated} 

s_1=entropy(methane,P=P1, T=T1) {Preheated} 

h_2=enthalpy(methane, P=P2, T=T2) {Expanded Through Turboexpander 

h_2s=enthalpy(Methane, P=P2,S=s_1) {Isentropic Expansion} 

h_3=enthalpy(methane, P=P2, T=T3) {Outlet} 

 

{Expansion Valve} 

hv_2=h_1 

hv_2=enthalpy(Methane, P=P2, T=TV2) 

 

 

{Turbine Efficiency} 

eta_t=(h_1-h_2)/(h_1-h_2s) 

eta_t2=(h_12-h_22)/(h_12-h_2s2) 

 

{Pressure Ratio} 

PR=P1/P2 

 

{Expansion Valve} 

hv_2=h_1 

hv_2=enthalpy(Methane, P=P2, T=TV2) 

 

{Post Turbine Heating} 

0=(m_dot+mv_dot)*h_3 -m_dot*(h_2)-mv_dot*(hv_2) 

 

{flow calculations} 

rho=density(methane, P=P_st, T=T_st) 

 

m1_dot=rho*(v2_dot/3600[s/h]) {Flow Through Turbine 1} 

m2_dot=rho*(v22_dot/3600[s/h]) {Flow Through Turbine 2} 

m_dot=m1_dot+m2_dot {Flow Through Both Turbines} 

 

mv_dot=rho*((v_dot-v2_dot-v22_dot)/3600[s/h])  {flow that is diverted through expansion 

valve} 
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mf_dot=rho*(vf_dot/3600[s/h]) {Flow to boiler} 

m_dot_FC=rho*(vFC_dot/3600[s/h]) {Flow to Fuel Cell} 

mt_dot=mf_dot+m_dot_FC {Total Fuel Used} 

mt_dot=rho*(vft_dot/3600[s/h]) {Total Fuel Flow} 

 

{standard conditions (for flow conversion)} 

 {Canada Electricity and Gas inspection regulations: 

http://laws.justice.gc.ca/en/showtdm/cr/SOR-86-131//?showtoc=&instrumentnumber=SOR-86-

131} 

P_st = 101.325 [kPa] 

T_st= 15 [C] 

 

 

{Turbine output power} 

W=m1_dot*(h_1-h_2)+m2_dot*(h_12-h_22) 

 

 

{approximate electrical power after conversion} 

eta_gear= 0.9  {gearbox efficiency} 

eta_gen= 0.93  {generator efficiency} 

P_elec= W*eta_gear*eta_gen + P_FC  {electrical power} 

 

{Cycle efficiency Based on power produced/fuel used(HHV)} 

 

eta_cycle= P_elec/(mt_dot*HHV) {Electric Efficiency} 

eta_thermal= Q/(mt_dot*HHV) 
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Appendix B 

Sample Calculations
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Guess preheat temperature (T1) and iterate to satisfy outlet conditions.  

 

Calculate turboexpander efficiency: 

design
design

TE

design

TE
TE v

v

v

v




































 2

2

 

9.0
12000

10000
2

12000

10000
2

























TE  

875.0TE  

 

Flow rate conversions: 

   =   ( 'Methane' , P = Pst , T =Tst )
     

3600

v
m


   

3600

10000
6799.0m  

 skgm /888.1  

 

Calculate turboexpander output: 

h i   =  h ( 'Methane' , P = P1 , T =Ti )
   

h1   =  h ( 'Methane' , P = P1 , T =T1 )
   

s 1   =  s ( 'Methane' , P = P1 , T =T1 )
   

h2   =  h ( 'Methane' , P = P2 , T =T2 )
   

h2s   =  h ( 'Methane' , P = P2 , s =s 1 )
 

 

s
TE hh

hh

21

21




  

  1212 hhhh sTE    



  81.4164.9081.41875.02 h  

 kgkJh /08.742   

 

 21 hhmW    

 08.7481.4188.1 W  

 kWW 9.218  

 

Calculate boiler output and fuel consumption: 

  FCiB QhhmQ  1  

  6.2033.10881.4188.1 BQ  

 kWQB 94.79  

B

B
B HHV

Q
m


  

94.042500

94.79


Bm  

 skgmB /001999.0  

 

Calculate total system performance: 

FCgeneratorgearboxelectrical PWP    

30093.09.09.218 electricalP  

 kWPelectrical 2.483  

 

HHVm

P

fuel

electrical
system 




  

4250001451.0

2.483


system  

7833.0system  
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Variables used in example: 

 

eta_B=0.94  

eta_cycle=0.7833  

eta_Design=0.9  

eta_gear=0.9  

eta_gen=0.93  

eta_t=0.875  

 

HHV=42500 [kJ/kg] 

 

h_1=41.81 [kJ/kg] 

h_2=-74.08 [kJ/kg] 

h_2s=-90.64 [kJ/kg] 

h_3=-74.08 [kJ/kg] 

h_i=-108.3 [kJ/kg] 

s_1=-1.901 [kJ/kg·K] 

 

mB_dot=0.001999 [kg/s] 

mfuel_dot=0.01451 [kg/s] 

m_dot=1.888 [kg/s] 

m_dot_FC=0.01251 [kg/s] 

 

 

 

T1=62.51 [C] 

T2=3 [C] 

Ti=5 [C] 

T_st=15 [C] 

 

P_elec=483.2 [kW] 

P_FC=300 [kW] 

 

Q=283.5 [kW] 

Q_B=79.94 [kW] 

Q_FC=203.6 [kW] 

 

 

rho=0.6799 [kg/m^3] 

v_Design=12000 [m^3/h] 

vFC_dot=66.27 [m^3/h] 

vfuel_dot=76.85 [m^3/h] 

vB_dot=10.58 [m^3/h] 

vTE_dot=10000 [m^3/h] 

 

W=218.9 [kW]

P2=2240 [kPa] 

P_st=101.3 [kPa] 

P1=5500 [kPa] 
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Appendix C 

Preliminary Economic Analysis
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10 year ($0.11/kWh) 
NPV (2.25%) Design flow 

(m3/hr) 
($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($806,153.46) $227,956.25 $486,483.67 
8953 ($1,495,124.01) ($363,655.48) ($80,788.34) 
9500 ($1,561,580.37) ($419,082.43) ($133,457.95) 

10000 ($1,617,901.75) ($466,017.57) ($178,046.52) 
11000 ($1,751,753.34) ($583,455.22) ($291,380.69) 
12000 ($1,870,426.49) ($689,343.82) ($394,073.16) 
13000 ($1,975,630.87) ($784,652.15) ($486,907.47) 
15000 ($2,308,147.00) ($1,104,282.51) ($803,316.39) 
20000 ($2,882,697.33) ($1,677,050.67) ($1,375,639.00) 
23000 ($3,373,452.50) ($2,182,682.53) ($1,884,990.04) 

 
10 year ($0.07/kWh) 

NPV (2.25%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($1,890,562.90) ($856,453.19) ($597,925.77) 
8953 ($2,724,819.66) ($1,593,351.13) ($1,310,484.00) 
9500 ($2,802,295.11) ($1,659,797.16) ($1,374,172.68) 

10000 ($2,867,871.42) ($1,715,987.24) ($1,428,016.20) 
11000 ($3,017,023.49) ($1,848,725.37) ($1,556,650.84) 
12000 ($3,146,840.62) ($1,965,757.95) ($1,670,487.28) 
13000 ($3,258,295.07) ($2,067,316.36) ($1,769,571.68) 
15000 ($3,593,158.62) ($2,389,294.14) ($2,088,328.02) 
20000 ($4,138,114.06) ($2,932,467.39) ($2,631,055.73) 
23000 ($4,588,666.12) ($3,397,896.15) ($3,100,203.65) 

 
10 year ($0.04/kWh)  

NPV (2.25%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($2,703,869.98) ($1,669,760.27) ($1,411,232.84) 
8953 ($3,647,091.40) ($2,515,622.87) ($2,232,755.74) 
9500 ($3,732,831.16) ($2,590,333.21) ($2,304,708.73) 

10000 ($3,805,348.68) ($2,653,464.50) ($2,365,493.46) 
11000 ($3,965,976.09) ($2,797,677.98) ($2,505,603.45) 
12000 ($4,104,151.22) ($2,923,068.54) ($2,627,797.88) 
13000 ($4,220,293.23) ($3,029,314.51) ($2,731,569.83) 
15000 ($4,556,917.34) ($3,353,052.86) ($3,052,086.74) 
20000 ($5,079,676.60) ($3,874,029.94) ($3,572,618.27) 
23000 ($5,500,076.33) ($4,309,306.36) ($4,011,613.86) 
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15 year ($0.11/kWh)  

NPV (2.25%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($420,030.76) $1,050,987.12 $1,418,741.59 
8953 ($1,022,465.71) $587,044.80 $989,422.42 
9500 ($1,085,439.17) $539,760.64 $946,060.60 

10000 ($1,138,938.84) $499,612.87 $909,250.79 
11000 ($1,268,883.02) $393,017.47 $808,492.59 
12000 ($1,385,411.22) $294,675.25 $714,696.87 
13000 ($1,491,715.93) $202,447.64 $625,988.53 
15000 ($1,832,393.07) ($119,899.54) $308,223.85 
20000 ($2,442,834.65) ($727,805.98) ($299,048.81) 
23000 ($2,967,729.76) ($1,273,863.14) ($850,396.48) 

 
15 year ($0.07/kWh) 

NPV (2.25%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($1,962,599.85) ($491,581.97) ($123,827.50) 
8953 ($2,771,704.00) ($1,162,193.50) ($759,815.87) 
9500 ($2,850,352.06) ($1,225,152.25) ($818,852.30) 

10000 ($2,917,016.87) ($1,278,465.16) ($868,827.23) 
11000 ($3,068,725.91) ($1,406,825.42) ($991,350.30) 
12000 ($3,201,106.39) ($1,521,019.92) ($1,100,998.30) 
13000 ($3,316,301.82) ($1,622,138.25) ($1,198,597.36) 
15000 ($3,660,318.16) ($1,947,824.63) ($1,519,701.24) 
20000 ($4,228,661.09) ($2,513,632.41) ($2,084,875.24) 
23000 ($4,696,367.39) ($3,002,500.77) ($2,579,034.11) 

 
15 year ($0.04/kWh) 

NPV (2.25%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($3,119,526.67) ($1,648,508.79) ($1,280,754.32) 
8953 ($4,083,632.72) ($2,474,122.21) ($2,071,744.59) 
9500 ($4,174,036.73) ($2,548,836.92) ($2,142,536.97) 

10000 ($4,250,575.39) ($2,612,023.68) ($2,202,385.75) 
11000 ($4,418,608.08) ($2,756,707.59) ($2,341,232.47) 
12000 ($4,562,877.77) ($2,882,791.30) ($2,462,769.68) 
13000 ($4,684,741.24) ($2,990,577.67) ($2,567,036.78) 
15000 ($5,031,261.97) ($3,318,768.44) ($2,890,645.06) 
20000 ($5,568,030.92) ($3,853,002.24) ($3,424,245.07) 
23000 ($5,992,845.61) ($4,298,978.99) ($3,875,512.34) 
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10 year ($0.11/kWh) 

NPV (3.00%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($840,788.86) $154,129.96 $402,859.67 
8953 ($1,537,521.69) ($448,933.76) ($176,786.78) 
9500 ($1,604,290.48) ($505,091.13) ($230,291.30) 

10000 ($1,660,864.96) ($552,635.10) ($275,577.63) 
11000 ($1,795,067.05) ($671,045.31) ($390,039.88) 
12000 ($1,913,932.61) ($777,610.83) ($493,530.38) 
13000 ($2,019,038.28) ($873,195.49) ($586,734.80) 
15000 ($2,350,822.36) ($1,192,582.16) ($903,022.11) 
20000 ($2,922,153.23) ($1,762,198.39) ($1,472,209.68) 
23000 ($3,409,846.03) ($2,264,204.09) ($1,977,793.60) 

 
10 year ($0.07/kWh) 

NPV (3.00%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($1,884,101.15) ($889,182.32) ($640,452.62) 
8953 ($2,720,614.11) ($1,632,026.19) ($1,359,879.21) 
9500 ($2,797,984.37) ($1,698,785.03) ($1,423,985.19) 

10000 ($2,863,463.05) ($1,755,233.19) ($1,478,175.73) 
11000 ($3,012,385.75) ($1,888,364.01) ($1,607,358.58) 
12000 ($3,141,972.95) ($2,005,651.17) ($1,721,570.73) 
13000 ($3,253,091.84) ($2,107,249.05) ($1,820,788.36) 
15000 ($3,587,134.38) ($2,428,894.18) ($2,139,334.13) 
20000 ($4,129,991.94) ($2,970,037.10) ($2,680,048.39) 
23000 ($4,579,005.26) ($3,433,363.31) ($3,146,952.82) 

 
10 year ($0.04/kWh) 

NPV (3.00%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($2,666,585.36) ($1,671,666.54) ($1,422,936.83) 
8953 ($3,607,933.43) ($2,519,345.50) ($2,247,198.52) 
9500 ($3,693,254.79) ($2,594,055.45) ($2,319,255.61) 

10000 ($3,765,411.63) ($2,657,181.76) ($2,380,124.30) 
11000 ($3,925,374.78) ($2,801,353.04) ($2,520,347.60) 
12000 ($4,063,003.21) ($2,926,681.43) ($2,642,600.99) 
13000 ($4,178,632.01) ($3,032,789.22) ($2,746,328.53) 
15000 ($4,514,368.39) ($3,356,128.19) ($3,066,568.14) 
20000 ($5,035,870.98) ($3,875,916.13) ($3,585,927.42) 
23000 ($5,455,874.67) ($4,310,232.73) ($4,023,822.24) 
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15 year ($0.11/kWh) 

NPV (3.00%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($489,528.68) $902,850.45 $1,250,945.23 
8953 ($1,107,539.10) $415,929.01 $796,796.03 
9500 ($1,171,139.45) $367,179.24 $751,758.91 

10000 ($1,225,147.00) $325,809.81 $713,549.01 
11000 ($1,355,794.46) $217,262.92 $610,527.27 
12000 ($1,472,708.73) $117,562.44 $515,130.23 
13000 ($1,578,815.39) $24,780.33 $425,679.26 
15000 ($1,918,023.64) ($297,077.85) $108,158.60 
20000 ($2,522,005.19) ($898,659.78) ($492,823.42) 
23000 ($3,040,755.47) ($1,437,440.82) ($1,036,612.16) 

 
15 year ($0.07/kWh) 

NPV (3.00%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($1,949,633.98) ($557,254.85) ($209,160.07) 
8953 ($2,763,265.33) ($1,239,797.22) ($858,930.19) 
9500 ($2,841,702.33) ($1,303,383.64) ($918,803.97) 

10000 ($2,908,171.22) ($1,357,214.41) ($969,475.21) 
11000 ($3,059,420.03) ($1,486,362.65) ($1,093,098.30) 
12000 ($3,191,339.14) ($1,601,067.96) ($1,203,500.17) 
13000 ($3,305,861.23) ($1,702,265.51) ($1,301,366.58) 
15000 ($3,648,230.16) ($2,027,284.37) ($1,622,047.93) 
20000 ($4,212,363.60) ($2,589,018.19) ($2,183,181.84) 
23000 ($4,676,982.32) ($3,073,667.67) ($2,672,839.01) 

 
15 year ($0.04/kWh) 

NPV (3.00%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($3,044,712.95) ($1,652,333.83) ($1,304,239.04) 
8953 ($4,005,060.00) ($2,481,591.89) ($2,100,724.86) 
9500 ($4,094,624.49) ($2,556,305.81) ($2,171,726.13) 

10000 ($4,170,439.39) ($2,619,482.58) ($2,231,743.38) 
11000 ($4,337,139.20) ($2,764,081.82) ($2,370,817.47) 
12000 ($4,480,311.94) ($2,890,040.77) ($2,492,472.97) 
13000 ($4,601,145.61) ($2,997,549.88) ($2,596,650.95) 
15000 ($4,945,885.06) ($3,324,939.27) ($2,919,702.82) 
20000 ($5,480,132.41) ($3,856,787.00) ($3,450,950.65) 
23000 ($5,904,152.46) ($4,300,837.81) ($3,900,009.14) 
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10 year ($0.11/kWh)  

NPV (5.12%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($928,741.64) ($33,343.74) $190,505.73 
8953 ($1,645,185.94) ($665,488.59) ($420,564.25) 
9500 ($1,712,748.08) ($723,500.76) ($476,188.93) 

10000 ($1,769,965.30) ($772,590.78) ($523,247.15) 
11000 ($1,905,057.45) ($893,470.69) ($640,574.00) 
12000 ($2,024,411.59) ($1,001,755.16) ($746,091.05) 
13000 ($2,129,266.62) ($1,098,041.56) ($840,235.30) 
15000 ($2,459,191.75) ($1,416,809.38) ($1,156,213.79) 
20000 ($3,022,347.15) ($1,978,421.65) ($1,717,440.28) 
23000 ($3,502,263.40) ($2,471,219.09) ($2,213,458.01) 

 
10 year ($0.07/kWh) 

NPV (5.12%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($1,867,692.25) ($972,294.35) ($748,444.87) 
8953 ($2,709,934.58) ($1,730,237.23) ($1,485,312.89) 
9500 ($2,787,037.74) ($1,797,790.42) ($1,550,478.59) 

10000 ($2,852,268.48) ($1,854,893.96) ($1,605,550.33) 
11000 ($3,000,608.74) ($1,989,021.99) ($1,736,125.30) 
12000 ($3,129,612.05) ($2,106,955.62) ($1,851,291.51) 
13000 ($3,239,878.80) ($2,208,653.74) ($1,950,847.48) 
15000 ($3,571,836.48) ($2,529,454.11) ($2,268,858.51) 
20000 ($4,109,366.73) ($3,065,441.23) ($2,804,459.86) 
23000 ($4,554,472.57) ($3,523,428.26) ($3,265,667.18) 

 
10 year ($0.04/kWh)  

NPV (5.12%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($2,571,905.20) ($1,676,507.30) ($1,452,657.82) 
8953 ($3,508,496.07) ($2,528,798.71) ($2,283,874.37) 
9500 ($3,592,754.99) ($2,603,507.66) ($2,356,195.83) 

10000 ($3,663,995.87) ($2,666,621.34) ($2,417,277.71) 
11000 ($3,822,272.21) ($2,810,685.46) ($2,557,788.77) 
12000 ($3,958,512.40) ($2,935,855.97) ($2,680,191.86) 
13000 ($4,072,837.93) ($3,041,612.88) ($2,783,806.61) 
15000 ($4,406,320.02) ($3,363,937.65) ($3,103,342.06) 
20000 ($4,924,631.42) ($3,880,705.92) ($3,619,724.54) 
23000 ($5,343,629.45) ($4,312,585.14) ($4,054,824.06) 
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15 year ($0.11/kWh)  

NPV (5.12%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($658,777.49) $542,092.08 $842,309.47 
8953 ($1,314,718.98) ($790.57) $327,691.53 
9500 ($1,379,845.99) ($53,109.57) $278,574.53 

10000 ($1,435,090.37) ($97,454.09) $236,954.97 
11000 ($1,567,450.57) ($210,753.46) $128,420.82 
12000 ($1,685,305.03) ($313,761.74) $29,124.08 
13000 ($1,790,929.39) ($407,894.22) ($62,135.43) 
15000 ($2,126,560.43) ($728,561.54) ($379,061.82) 
20000 ($2,714,809.79) ($1,314,741.33) ($964,724.22) 
23000 ($3,218,595.55) ($1,835,802.79) ($1,490,104.60) 

 
15 year ($0.07/kWh) 

NPV (5.12%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($1,918,058.09) ($717,188.52) ($416,971.13) 
8953 ($2,742,714.56) ($1,428,786.15) ($1,100,304.05) 
9500 ($2,820,637.57) ($1,493,901.15) ($1,162,217.05) 

10000 ($2,886,629.34) ($1,548,993.07) ($1,214,584.00) 
11000 ($3,036,757.36) ($1,680,060.24) ($1,340,885.96) 
12000 ($3,167,552.87) ($1,796,009.58) ($1,453,123.76) 
13000 ($3,280,435.19) ($1,897,400.02) ($1,551,641.23) 
15000 ($3,618,792.19) ($2,220,793.30) ($1,871,293.58) 
20000 ($4,172,674.20) ($2,772,605.74) ($2,422,588.63) 
23000 ($4,629,773.72) ($3,246,980.96) ($2,901,282.77) 

 
15 year ($0.04/kWh) 

NPV (5.12%) Design flow 
(m3/hr) 

($0.40/m3) ($0.20/m3) ($0.15/m3) 

2500 ($2,862,518.53) ($1,661,648.97) ($1,361,431.58) 
8953 ($3,813,711.24) ($2,499,782.83) ($2,171,300.73) 
9500 ($3,901,231.25) ($2,574,494.84) ($2,242,810.73) 

10000 ($3,975,283.57) ($2,637,647.30) ($2,303,238.23) 
11000 ($4,138,737.44) ($2,782,040.33) ($2,442,866.05) 
12000 ($4,279,238.75) ($2,907,695.46) ($2,564,809.63) 
13000 ($4,397,564.54) ($3,014,529.37) ($2,668,770.58) 
15000 ($4,737,966.01) ($3,339,967.12) ($2,990,467.40) 
20000 ($5,266,072.51) ($3,866,004.05) ($3,515,986.93) 
23000 ($5,688,157.35) ($4,305,364.59) ($3,959,666.40) 
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10 year ($0.11/kWh)  

NPV (2.25%) 
Design flow 

Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 

4000 ($1,176,565.18) ($71,837.66) $204,344.22 
5000 ($1,400,680.20) ($267,931.18) $15,256.08 
6000 ($1,657,831.00) ($511,680.97) ($225,143.46) 
7000 ($1,989,555.47) ($831,161.26) ($541,562.70) 

11500 ($3,024,328.69) ($1,826,801.34) ($1,527,419.50) 

 

10 year ($0.07/kWh) 
 NPV (2.25%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($2,438,016.04) ($1,333,288.52) ($1,057,106.64) 
5000 ($2,691,504.87) ($1,558,755.85) ($1,275,568.59) 
6000 ($2,952,274.29) ($1,806,124.26) ($1,519,586.76) 
7000 ($3,276,512.92) ($2,118,118.70) ($1,828,520.14) 

11500 ($4,329,029.06) ($3,131,501.71) ($2,832,119.87) 

 

10 year ($0.04/kWh) 
 NPV (2.25%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($3,384,104.19) ($2,279,376.66) ($2,003,194.78) 
5000 ($3,659,623.38) ($2,526,874.35) ($2,243,687.10) 
6000 ($3,923,106.76) ($2,776,956.73) ($2,490,419.23) 
7000 ($4,241,731.00) ($3,083,336.78) ($2,793,738.22) 

11500 ($5,307,554.34) ($4,110,026.99) ($3,810,645.15) 
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15 year ($0.11/kWh)  
NPV (2.25%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 

4000 ($644,415.59) $927,055.92 $1,319,923.80 
5000 ($858,080.16) $753,251.85 $1,156,084.85 
6000 ($1,122,350.36) $508,044.53 $915,643.25 
7000 ($1,473,118.67) $174,693.55 $586,646.60 

11500 ($2,520,344.23) ($816,865.25) ($390,995.50) 

 

15 year ($0.07/kWh)  
NPV (2.25%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($2,438,825.56) ($867,354.06) ($474,486.18) 
5000 ($2,694,274.29) ($1,082,942.28) ($680,109.28) 
6000 ($2,963,691.97) ($1,333,297.08) ($925,698.36) 
7000 ($3,303,811.67) ($1,655,999.46) ($1,244,046.40) 

11500 ($4,376,276.50) ($2,672,797.51) ($2,246,927.77) 

 

15 year ($0.04/kWh) 
 NPV (2.25%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($3,784,633.04) ($2,213,161.54) ($1,820,293.66) 
5000 ($4,071,419.88) ($2,460,087.88) ($2,057,254.88) 
6000 ($4,344,698.17) ($2,714,303.28) ($2,306,704.56) 
7000 ($4,676,831.43) ($3,029,019.21) ($2,617,066.16) 

11500 ($5,768,225.70) ($4,064,746.72) ($3,638,876.97) 
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10 year ($0.11/kWh)  
NPV (3.00%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 

4000 ($1,224,299.27) ($161,438.91) $104,276.18 
5000 ($1,449,351.70) ($359,531.81) ($87,076.83) 
6000 ($1,705,863.88) ($603,150.86) ($327,472.60) 
7000 ($2,035,880.11) ($921,386.93) ($642,763.64) 

11500 ($3,069,536.35) ($1,917,393.11) ($1,629,357.30) 

 

10 year ($0.07/kWh)  
NPV (3.00%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($2,437,943.43) ($1,375,083.07) ($1,109,367.98) 
5000 ($2,691,256.46) ($1,601,436.56) ($1,328,981.59) 
6000 ($2,951,250.12) ($1,848,537.10) ($1,572,858.84) 
7000 ($3,274,064.20) ($2,159,571.02) ($1,880,947.73) 

11500 ($4,324,790.95) ($3,172,647.70) ($2,884,611.89) 

 

10 year ($0.04/kWh)  
NPV (3.00%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($3,348,176.55) ($2,285,316.19) ($2,019,601.10) 
5000 ($3,622,685.02) ($2,532,865.13) ($2,260,410.16) 
6000 ($3,885,289.80) ($2,782,576.78) ($2,506,898.52) 
7000 ($4,202,702.27) ($3,088,209.09) ($2,809,585.80) 

11500 ($5,266,231.89) ($4,114,088.65) ($3,826,052.84) 
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15 year ($0.11/kWh) 

NPV (3.00%) 
Design flow 

Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 

4000 ($740,196.77) $747,265.85 $1,119,131.51 
5000 ($955,742.31) $569,449.92 $950,747.98 
6000 ($1,218,731.10) $324,504.94 $710,313.95 
7000 ($1,566,071.72) ($6,349.46) $383,581.10 

11500 ($2,611,056.00) ($998,642.84) ($595,539.56) 

 

15 year ($0.07/kWh) 
NPV (3.00%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($2,438,679.86) ($951,217.23) ($579,351.57) 
5000 ($2,693,775.82) ($1,168,583.59) ($787,285.53) 
6000 ($2,961,636.91) ($1,418,400.87) ($1,032,591.86) 
7000 ($3,298,898.19) ($1,739,175.93) ($1,349,245.37) 

11500 ($4,367,772.47) ($2,755,359.32) ($2,352,256.03) 

 

15 year ($0.04/kWh) 
NPV (3.00%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($3,712,542.17) ($2,225,079.54) ($1,853,213.89) 
5000 ($3,997,300.96) ($2,472,108.72) ($2,090,810.66) 
6000 ($4,268,816.27) ($2,725,580.23) ($2,339,771.22) 
7000 ($4,598,518.04) ($3,038,795.79) ($2,648,865.22) 

11500 ($5,685,309.83) ($4,072,896.68) ($3,669,793.39) 
 



140 

 
10 year ($0.11/kWh)  

NPV (5.12%) 
Design flow 

Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 

4000 ($1,345,514.71) ($388,971.42) ($149,835.60) 
5000 ($1,572,947.60) ($592,141.51) ($346,939.99) 
6000 ($1,827,838.09) ($835,428.56) ($587,326.18) 
7000 ($2,153,516.43) ($1,150,505.11) ($899,752.27) 

11500 ($3,184,336.22) ($2,147,440.93) ($1,888,217.11) 

 

10 year ($0.07/kWh)  
NPV (5.12%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($2,437,759.03) ($1,481,215.74) ($1,242,079.91) 
5000 ($2,690,625.63) ($1,709,819.54) ($1,464,618.02) 
6000 ($2,948,649.35) ($1,956,239.82) ($1,708,137.44) 
7000 ($3,267,845.97) ($2,264,834.64) ($2,014,081.81) 

11500 ($4,314,028.71) ($3,277,133.42) ($3,017,909.60) 

 

10 year ($0.04/kWh)  
NPV (5.12%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($3,256,942.27) ($2,300,398.98) ($2,061,263.15) 
5000 ($3,528,884.15) ($2,548,078.06) ($2,302,876.54) 
6000 ($3,789,257.79) ($2,796,848.27) ($2,548,745.88) 
7000 ($4,103,593.12) ($3,100,581.79) ($2,849,828.96) 

11500 ($5,161,298.08) ($4,124,402.79) ($3,865,178.97) 
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15 year ($0.11/kWh)  

NPV (5.12%) 
Design flow 

Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 

4000 ($973,453.42) $309,421.75 $630,140.54 
5000 ($1,193,579.69) $121,835.70 $450,689.55 
6000 ($1,453,447.83) ($122,470.40) $210,273.96 
7000 ($1,792,440.99) ($447,244.88) ($110,945.85) 

11500 ($2,831,967.04) ($1,441,327.21) ($1,093,667.25) 

 

15 year ($0.07/kWh)  
NPV (5.12%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($2,438,325.02) ($1,155,449.86) ($834,731.07) 
5000 ($2,692,561.91) ($1,377,146.51) ($1,048,292.67) 
6000 ($2,956,632.21) ($1,625,654.78) ($1,292,910.42) 
7000 ($3,286,932.35) ($1,941,736.24) ($1,605,437.21) 

11500 ($4,347,062.55) ($2,956,422.71) ($2,608,762.75) 

 

15 year ($0.04/kWh)  
NPV (5.12%) 

Design flow 
Two TE 
(m3/hr) ($0.40/m3) ($0.20/m3) ($0.15/m3) 
4000 ($3,536,978.73) ($2,254,103.56) ($1,933,384.77) 
5000 ($3,816,798.57) ($2,501,383.18) ($2,172,529.33) 
6000 ($4,084,020.49) ($2,753,043.06) ($2,420,298.70) 
7000 ($4,407,800.87) ($3,062,604.76) ($2,726,305.73) 

11500 ($5,483,384.17) ($4,092,744.33) ($3,745,084.38) 
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15 year 12000 m3  

NPV (3.00%)  
($0.40/m3) ($0.20/m3) ($0.15/m3) 

$0.11/kWh ($1,472,708.73) $117,562.44 $515,130.23 
$0.07/kWh ($3,191,339.14) ($1,601,067.96) ($1,203,500.17) 
$0.04/kWh ($4,480,311.94) ($2,890,040.77) ($2,492,472.97) 
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About DFC-ERG Power Plants

Enbridge Inc. is the exclusive distributor of DFC-ERG power plants 

and will support North America's gas utilities in evaluating how the

technology can be integrated with their pipeline network.

Enbridge, Inc. teamed up with FuelCell Energy,

Inc. to capitalize on this opportunity.

Combining their expertise in gas pipeline

operations and Ultra-Clean electric power

generation, respectively, Enbridge and

FuelCell Energy developed a revolutionary

new solution integrating a gas expansion 

turbine (turboexpander) and Direct FuelCell®

(DFC®) power plant. The DFC-ERGTM system is 

a hybrid multi-megawatt power plant capable

of providing Ultra-Clean electrical power for

thousands of homes and businesses with 

virtually no harmful smog emissions.

Energy normally lost when natural gas

expands is harnessed by the turboexpander

to drive an electric generator. Natural gas

from the pipeline is then internally reformed

by the DFC to produce hydrogen. Hydrogen 

is converted to electrical power and heat

energy through a non-combustion 

electrochemical reaction in the fuel cell.

Heat produced in the process is channeled

back into the system to heat the gas before it

is expanded and to optimize

the electrical power genera-

tion of the turboexpander.

The turboexpander is

essentially a bottoming

cycle for the fuel cell

where thermal energy from

the electrochemical process

ensures the entire power plant

operates without combustion. Utility

grade electric power produced by the 

turboexpander and DFC system can be 

used to service on-site power requirements 

or delivered onto the power grid.

problem:

solution:

result:

Natural gas transmission networks operate at very high pressure which

must be reduced at utility letdown stations to accommodate the 

distribution network. Traditionally, this energy is lost, but can now be

harvested as Ultra-Clean power.

Direct FuelCell and DFC are registered trademarks of FuelCell Energy.
Direct FuelCell-Energy Recovery Generation and DFC-ERG are trademarks 
of FuelCell Energy and Enbridge, Inc.

DFC-ERGTM

Direct Fuel-Cell Energy Recovery GenerationTM
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the Toronto Stock Exchange in Canada and on

the New York Stock Exchange in the United

States under the symbol ENB. For more 

information on the company, its products, and

services, please see www.enbridge.com.

About FuelCell Energy, Inc.

FuelCell Energy develops Ultra-Clean power

plants that generate electricity with higher

efficiency than traditional generation plants

of similar size, and with virtually no air 

pollution. FuelCell Energy trades on the 

NASDAQ National Market system under the

symbol FCEL. For more information on the 

company, its products, and its worldwide 

commercial distribution alliances, please see

www.fuelcellenergy.com.

FFuueellCCeellll EEnneerrggyy,, IInncc..

3 Great Pasture Road 

Danbury, CT 06813-1305 

203 825-6000

www.fuelcellenergy.com

A few of the many benefits associated with

the DFC-ERG system include an electrical 

efficiency of 65%, negligible emissions of 

pollutants such as nitrogen oxides (NOx) and

sulfur oxides (SOx), and dramatically reduced

CO2 greenhouse gas emissions.

Enbridge and FuelCell Energy are helping 

to create a cleaner and greener tomorrow

while simultaneously offering gas utilities 

an innovative way to capitalize on a natural

opportunity to produce Ultra-Clean power.

About Enbridge, Inc.

Enbridge Inc. is a leader in energy transporta-

tion and distribution in North America and

internationally. Headquartered in Calgary,

Canada, Enbridge's common shares trade on

EEnnbbrriiddggee,, IInncc..

3000 Fifth Avenue Place

425-1st Street, S.W.

Calgary, Alberta

T2P 3L8 Canada

(403) 231-3957

www.enbridge.com
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Key Features
• High Efficiency

• Low Environmental Impact

• Fuel Flexibility

• High Reliability

• Quiet Operation

Advantages
The DFC®300™ stationary fuel cell power plant from 

FuelCell Energy provides high-quality, Ultra-Clean electrical

power with 47% efficiency in a small footprint. Designed for

commercial and industrial applications, the system offers 24/7

operation, easy transport, quiet and reliable operation, and 

easy site planning and regulatory approval.

Performance
Power Output 
Power @ Plant Rating 300 kW

Standard Output AC Voltage 480 V

Standard Frequency 60 Hz

Optional Output AC Voltages 460, 440, 420, 400, 380 V

Optional Output Frequency 50 Hz

Efficiency
LHV 47 +/- 2 %

Available Heat
Exhaust Temperature 700 +/- 50 °F

Exhaust Flow 3,950 lb/h

Allowable Backpressure 5 iwc

Heat Energy Available for Recovery 
(to 250°F) 480,000 Btu/h
(to 120°F) 808,000 Btu/h

Fuel Consumption 
Natural gas (at 930 Btu/ft3) 39 scfm

Heat rate, LHV 7,260 Btu/kWh

Water Consumption
Average 0.9 gpm

Peak during WTS backflush 10 gpm

Water Discharge
Average 0.45 gpm

Peak during WTS backflush 10 gpm

Pollutant Emissions
NOx 0.01 lb/MWh

SOx 0.0001 lb/MWh

PM10 0.00002 lb/MWh

Greenhouse Gas Emissions
CO2 980 lb/MWh

CO2 (with waste heat recovery) 520-680 lb/MWh

300 kW, 480 VAC,
333 kVA, 50 or 60 Hz

Electrical Balance 
of Plant (EBOP)

Mechanical Balance 
of Plant (MBOP)

Fuel Cell Module

DFC300
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FuelCell Energy, Inc.

3 Great Pasture Road 

Danbury, CT 06813-1305 

203 825-6000

www.fuelcellenergy.com

Dimensions
Front View
A Overall Width 20.0 ft

B Height of Air Intake Filter 15.1 ft

C Height of Exhaust Stack 14.5 ft
(Required on units with no heat recovery)

Weights
Mechanical Balance of Plant 27,000 lb

Electrical Balance of Plant 15,000 lb

Fuel Cell Module 35,000 lb

Side View
D Overall Length 28.0 ft

E Height of EBOP 11.8 ft

F Height of Discharge Vent 14.5 ft

Noise Level
Standard 72 dB(A) at 10 feet

Optional 65 dB(A) at 10 feet

Specifications

Experience & Capabilities
With more than 35 years of experience, FuelCell Energy 

is recognized as a world leader in the development,

manufacture, and commercialization of fuel cells for stationary

electric power generation. The result of years of research 

and the investment of more than $530 million, our patented,

carbonate Direct FuelCell products have generated more 

than 200 million kilowatt hours of electrical energy to date at

more than 50 locations worldwide.

This brochure provides a general overview of FuelCell Energy products and services. This brochure is provided for informational purposes only.
Warranties for FuelCell Energy products and services are provided only by individual sales and service contracts, and not by this brochure.
This brochure is not an offer to sell any FuelCell Energy products and services. Contact FuelCell Energy for detailed product information 
suitable for your specific application. FuelCell Energy reserves the right to modify our products, services, and related information at any time 
without prior notice.

FuelCell Energy’s fleet of Direct FuelCell power plants are certified to or comply with a variety of commercial and industrial standards:
ANSI/CSA America FC-1, UL 1741, CARB 2007, OSHA 29 CFR Part 1910, IEEE 1547, NFPA 70, NFPA 853, and California Rule 21.

©2008 FuelCell Energy, Inc.

DFC300
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Key Features
• High Efficiency

• Low Environmental Impact

• Fuel Flexibility

• High Reliability

• Quiet Operation

Advantages
The DFC1500™ stationary fuel cell power plant from 

FuelCell Energy provides high-quality, Ultra-Clean electrical

power with 47% efficiency 24/7. Designed for commercial and

industrial applications, the system offers easy transport, quiet

and reliable operation, and easy site planning and regulatory

approval. The DFC1500 is ideal for wastewater treatment plants,

manufacturing, food and beverage processing, large hotels,

hospitals, and universities.

Performance
Power Output 
Power @ Plant Rating 1,400 kW

Standard Output AC Voltage 480 V

Standard Frequency 60 Hz

Optional Output AC Voltages 460, 440, 420, 400, 380 V

Optional Output Frequency 50 Hz

Efficiency
LHV 47 +/- 2 %

Available Heat
Exhaust Temperature 700 +/- 50 °F

Exhaust Flow 18,300 lb/h

Allowable Backpressure 5 iwc

Heat Energy Available for Recovery 
(to 250°F) 2,216,000 Btu/h
(to 120°F) 3,730,000 Btu/h

Fuel Consumption 
Natural gas (at 930 Btu/ft3) 181 scfm

Heat rate, LHV 7,260 Btu/kWh

Water Consumption
Average 4.5 gpm

Peak during WTS backflush 15 gpm

Water Discharge
Average 2.25 gpm

Peak during WTS backflush 15 gpm

Pollutant Emissions
NOx 0.01 lb/MWh

SOx 0.0001 lb/MWh

PM10 0.00002 lb/MWh

Greenhouse Gas Emissions
CO2 980 lb/MWh

CO2 (with waste heat recovery) 520-680 lb/MWh

1.4 MW, 480 VAC,
1,550 kVA, 50 or 60 Hz

Electrical Balance 
of Plant (EBOP)

MMeecchhaanniiccaall BBaallaannccee 
ooff PPllaanntt ((MMBBOOPP))

Fuel Cell Module

DFC1500
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FuelCell Energy, Inc.

3 Great Pasture Road 

Danbury, CT 06813-1305 

203 825-6000

www.fuelcellenergy.com

Dimensions
Front View
A Overall Width 40.0 ft

B Width of Process Skid 8.5 ft

C Width of Module 12.6 ft

D Height of Module 13.7 ft

E Height of EBOP 11.3 ft

F Elevation of Desulfurizer Platform 10.0 ft

G  Height of Exhaust Stack 30.0 ft
(Required on units with no heat recovery)

Weights
Water Treatment Skid 15,000 lb

Main Process Skid 40,000 lb

Desulfurization 8,000 lb

Electrical Balance of Plant 50,000 lb
(Total weight of 3 pieces)

Fuel Cell Module 115,000 lb

Side View
H Overall Length 55.8 ft

I Height of Water Treatment Skid 13.0 ft

J Height of Discharge Vent 18.3 ft

Noise Level
Standard 72 dB(A) at 10 feet

Optional 65 dB(A) at 10 feet

Specifications

Experience & Capabilities
With more than 35 years of experience, FuelCell Energy 

is recognized as a world leader in the development,

manufacture, and commercialization of fuel cells for stationary

electric power generation. The result of years of research 

and the investment of more than $530 million, our patented,

carbonate Direct FuelCell products have generated more 

than 230 million kilowatt hours of electrical energy to date at

more than 50 locations worldwide.

This brochure provides a general overview of FuelCell Energy products and services. This brochure is provided for informational purposes only.
Warranties for FuelCell Energy products and services are provided only by individual sales and service contracts, and not by this brochure.
This brochure is not an offer to sell any FuelCell Energy products and services. Contact FuelCell Energy for detailed product information 
suitable for your specific application. FuelCell Energy reserves the right to modify its products, services, and related information at any time 
without prior notice.

FuelCell Energy’s fleet of Direct FuelCell power plants are certified to or comply with a variety of commercial and industrial standards:
ANSI/CSA America FC-1, UL 1741, CARB 2007, OSHA 29 CFR Part 1910, IEEE 1547, NFPA 70, NFPA 853, and California Rule 21.

FuelCell Energy with the corresponding logo is a registered trademark of FuelCell Energy, Inc.“Direct FuelCell,”“DFC” and “DFC/T” are registered trademarks of FuelCell Energy, Inc.
© FuelCell Energy, Inc. 2008. All rights reserved.

DFC1500

10/16/08
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C ryostar turbine data sheet

Generator loaded “TG”

CHARACTERISTICS

Generator loaded expanders have been in production for
many years by Cryostar. Impellers are designed accor-
ding to the needs of the process, out of a family of impel-
lers that have been designed with most modern compu-
ting tools for best efficiency and mechanical behaviour.

The oldest units in operation are still perfectly running
with a minimum of maintenance.

This unit is skid mounted in order to have perfect and
stable alignment of the turbine, high-speed gearbox and
the generator.

All necessary instrumentation is provided for stable and
safe operation.
Individual machine tests are performed and can be usual-
ly witnessed by the customer.

HIGHLIGHTS

● High guaranteed efficiency as no speed compromise
has to be made between expander and braking system.

● Flat efficiency curve due to fixed speed.
● Very stable and safe operation.
● Electrical energy is recovered.

TG  120  /  32
Bearing diameter
Impeller diameter
Generator
Turbine150



Range of operation

TG 120 200 300 400
Inlet pressure max. [bar] 60 60 60 60

[psi] 870 870 870 870
Efficiencies max. [%] 90 92 92 92
Cold production max.[kW] 600 1700 3000 5000

[HP] 804 2279 4023 6705
Flanges typical [inches] 4/6 6/8 8/12 12/16

Cross-section of a TG type 

High efficiency impeller.
Polygon shaft fixing.
High-speed coupling.
Epicyclical high speed, high efficiency gearbox.
Rigid skid to ensure perfect alignment.

1

2

3

4

Dimensions

TG 120 200 300
A [mm] To be defined according to the power 

[inch] of the generator
B [mm] / 2500 2700

[inch] 98.4 106.3
C [mm] / 2400 2600

[inch] 94.5 102.3

SALES OFFICES

3D TG view

CRYOSTAR France • ZI • BP 48 • 68220 Hésingue • France • Tel +33 (0)3 89 70 27 27 • Fax +33 (0)3 89 70 28 88
CRYOSTAR UK • Unit 1, Kea Park Close, Hellaby, Rotherham, S66 8LB • Tel : +44 1709 702 777 • Fax : +44 1709 702 771
CRYOSTAR USA East (Sales contact) • 2670 Le High street • Whitehall, PA- 18052 • Tel +1 610 231 0210 / 1 800 483 1052 (from US & Canada) • Fax +1 610 231 1522
CRYOSTAR USA West (Service/Production)  • 9211 S.Greenleaf Ave. • Santa Fe Springs, CA 90670 • Tel : +1 562 903 1290 • Fax : +1 562 903 4511.
CRYOSTAR Singapore • 203 Henderson Road • BLK B #10-09 • Henderson Industrial Park • SGP 0315 Singapore • Tel +65 276 7441 • Fax +65 276 7442
CRYOSTAR Africa • Gate B, Barlow Street, Germiston South• PO Box 9932• 1411 Elsburg • Tel : +27 11 820 57 04 • Fax : +27 11 825 54 91
Web site: http://www.cryostar.fr

1

2

3

4
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VITOCROSSAL 300
Gas-fired condensing boiler

638 to 3361 MBH / 187 to 985 kW

Product may not be exactly as illustrated.

Vitocrossal 300, CT3 boiler with
Vitotronic NR2 control

Technical Data Manual
Model Nos. and pricing: see Price List

Vitocrossal 300

CT3 Series

High efficiency, gas-fired condensing boiler
for natural gas or liquid propane
with vertical Inox-Crossal heat exchanger surfaces
of corrosion-resistant stainless steel.
For operation without low limit on boiler return water
temperature.
For closed loop hot water heating systems with maximum
supply water temperatures of 210°F / 99°C for a
maximum operating pressure of 30 psig.

Heating input: 638 to 3361 MBH
187 to 985 kW

5285 871 v1.4 06/2008 152



Product Information

2 VITOCROSSAL 300, CT3

VITOCROSSAL 300

The benefits at a glance:

H Vertical Inox-Crossal heating surfaces for
high operational reliability and long service
life.
– Easy dispersal of condensate through
vertical gas flues; therefore no
concentration of condensate.

– Increased self-cleaning effect through
smooth stainless steel surfaces.

H Highly efficient heat transfer and high
condensation rate through
– heat exchanger surfaces which intensely
turbulate the flue gas flow

– boiler water and hot gases flowing in
counterflow.

H Efficiency up to 98.3% through intensive
condensation. The flue gas temperature is
only approx. 9 - 27°F / 5 - 15°C above
boiler return temperature.

H Clean combustion – through perfect match
of burner and boiler, low combustion
chamber loading and straight-through
combustion chamber.

H Two return connections – providing
separate connection for heating circuits
with lower return temperature. This leads
to increased hot gas condensation.

H Easy handling in boiler rooms through
particularly low build height and weight;
also available in sections.

H Easy installation and elimination of wiring
mistakes with Viessmann prewired plug-in
system.

H Heating boiler, heating system control,
domestic hot water storage tank and all
other Viessmann system technology
components are co-ordinated to one
another. All components are
design-matched for quick installation.

H Economical and safe heating system
operation through Vitotronic digital control
system with communication capability.
Tailored to every need, covering all known
control strategies and applications.
Standard LON BUS for complete
integration into building management
systems.
Possible integration into the Vitocontrol
control panel.

5
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8
5
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Partial load in %

B
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y
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%

Vitocrossal 300 boiler efficiency dependent on system
heating water return temperatures and load conditions

System
supply/return
40°C / 30°C
104°F / 86°F

System
supply/return
75°C / 60°C
167°F / 140°F

System
supply/return
90°C / 70°C
194°F / 158°F

100

99

98

97

96

94

93

95

91

89

90

92

86

88

87

50

85

84

40 60300 908070 100

Condensing boiler efficiency
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Product Information
Cut-Away Section

Product may not be exactly as illustrated

VITOCROSSAL 300, CT3 3

Two return Stainless steel Stainless steel Wide diameter Highly effective, 4”
connections arranged Inox-Crossal heat water-cooled water walls – proper wrap-around insulation
above each other exchanger surfaces combustion chamber gravity circulation
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4 VITOCROSSAL 300, CT3

Technical data
Boiler model CT3- 17 22 28 37 46 57 72 89

Input MBH 638 846 1071 1389 1726 2160 2702 3361

kW 187 248 314 407 506 633 792 985

Output*1 MBH 626 827 1044 1350 1675 2094 2616 3252

kW 183 242 306 396 491 614 767 953

Combustion efficiency

Thermal efficiency

MBH

MBH

98.3

98.1

97.8

97.7

97.4

97.4

97.2

97.2

97.1

97.1

96.9

96.9

96.8

96.8

96.7

96.7

Boiler output at
80/60°C - 176/140°F

70/50°C - 158/122°F

40/30°C - 104/86°F

MBH
kW

MBH
kW

MBH
kW

554
162.3
576

168.7
607

177.8

734
215.3
763

223.7
805

235.8

930
272.6
966

283.2
1019
298.6

1206
353.3
1253
367.1
1321
387.1

1502
440.2
1561
457.4
1645
482.2

1879
550.7
1953
572.2
2059
603.2

2351
689.0
2443
716.0
2575
754.8

2924
857.0
3038
890.4
3203
938.7

Boiler standby loss
at maximum input
80/60°C - 176/140°F

70/50°C - 158/122°F

40/30°C - 104/86°F

Btu
W
%

Btu
W
%

Btu
kW
%

2566
752
0.40
2139
627
0.34
856
251
0.13

2818
826
0.33
2347
688
0.28
938
275
0.11

3064
898
0.29
2552
748
0.24
1020
299
0.10

3583
1050
0.26
3047
893
0.22
1143
335
0.08

4299
1260
0.25
3583
1050
0.21
1433
420
0.08

5240
1536
0.24
4367
1280
0.20
1747
512
0.08

5753
1686
0.21
4794
1405
0.18
1918
562
0.07

6633
1944
0.20
5753
1686
0.17
2211
648
0.07

Dimensions - boiler shell
Length*2

Width 1

Width 2

Height (incl. connectors)

Overall dimensions
Overall length

Overall width (incl. insulation
and control)

Overall height

Foundation
Length

Width

Height

inches
mm

inches
mm

inches
mm

inches
mm

inches
mm

inches
mm

inches
mm

inches
mm

inches
mm

inches
mm

59¾
1516

27
684
27

682
68½
1744

64¼
1636

40
1012

77
1959

39¼
1000
31½
800

4
100

62¾
1594

27
684
27

682
70½
1794

67½
1714

40
1012

79
2009

41¼
1100
31½
800

4
100

66
1675

27
684
27

682
70½
1794

70½
1795

40
1012

80
2032

47¼
1200
31½
800

4
100

69
1751
31½
800
31½
796
79¼
2013

73½
1871

44½
1128

90
2290

49¼
1250
35½
900

4
100

72¼
1829
31½
800
31½
796
79¼
2013

76¾
1949

44½
1128

90
2290

51¼
1300
35½
900

4
100

78¼
1985
31¼
800
31¼
796
79¼
2013

83
2105

44½
1128

90
2290

59
1500
35½
900

4
100

82½
2095
37½
951
35¼
896
86

2187

85½
2172

49
1243
100

2537

59
1500
39¼
1000

4
100

90
2289
37½
951
35¼
896
86

2187

93¼
2366

49
1243
100

2537

65
1650
39¼
1000

4
100

Weight
boiler shell

front cone (includes
combustion chamber door)

Overall weight
complete with insulation and
control (less burner)

lbs
kg
lbs
kg

lbs
kg

1012
459
413
187

1228
557

1114
505
413
187

1352
613

1202
545
413
187

1455
660

1671
758
490
222

1962
890

1759
798
490
222

2064
936

1995
905
490
222

2322
1053

2706
1230
600
273

3014
1370

3014
1370
600
273

3344
1520

*1 Output ratings are based on the IBR BTS-2000 “method to determine efficiency of commercial space heating boilers”.
*2 Combustion chamber door removed.

Technical Data

5
2
8
5
8
7
1
v1

.4

155



Technical Data

VITOCROSSAL 300, CT3 5

Technical data (continued)
Boiler model CT3- 17 22 28 37 46 57 72 89

Boiler water content USG 71.3 78.2 87.2 129.5 140.8 150.6 199.2 221.9

ltr 270 296 330 490 533 570 754 840

Heat exchanger surface
water-cooled ft.2 89.3 106.6 127.0 162.5 184.1 220.7 305.7 372.5

m2 8.3 9.9 11.8 15.1 17.1 20.5 28.4 34.6

Max. operating temperature °F 210

°C 99

Max. operating pressure psig 30

kpa 207

Flue gas resistance “w.c. 0.40 0.56 0.64 0.80 0.88 1.08 1.20 1.32

Pa 100 140 160 200 220 270 300 330

Boiler connections
boiler supply (BS)
& return (BR1)

Boiler return (BR2)*3

Safety supply

Boiler drain
Condensate drain

inches
mm

inches
mm

inches
mm

inches
inches

2½
65
2

50
1¼
32
1
½

2½
65
2

50
1¼
32
1
½

3
80
2

50
2

51
1
½

4
100

3
75
2

50
1
½

4
100

3
75
2

50
1
½

4
100

3
75
2

50
1
½

5
125

4
100
2½
65
1
½

5
125

4
100
2½
65
1
½

Vent pipe
internal Ø inches

mm
8

201
8

201
8

201
10

251
10

251
10

251
12

301
12

301

Flue gas values*4

Temperature (at a return
temperature of 86°F / 30°C)
- at rated input

- at partial load

Temperature (at a return
temperature of 140°F / 60°C)

Mass flow rate (of flue gas)

Gas volume of combustion
chamber and heat exchanger

°F
°C
°F
°C

°F
°C

lbs/h
kg/h

ft.3
m3

113
45

104
40

167
75

704
320

8.83
0.250

113
45

104
40

167
75

928
422

9.92
0.281

113
45

104
40

167
75

1179
536

12.00
0.340

113
45

104
40

167
75

1531
696

15.90
0.450

113
45

104
40

167
75

1903
865

18.40
0.521

113
45

104
40

167
75

2380
1082

21.54
0.610

113
45

104
40

167
75

2979
1354

40.61
1.150

113
45

104
40

167
75

3705
1684

42.73
1.210

Pressure
at boiler flue outlet
- at partial input
- at maximum input

Pa
Pa

±0
-3

-3
-4

±0
-2

-5
±0

±0
±0

±0
±0

±0
±0

±0
±0

*3 Boiler has two return connections - the heating return with the lower temperature should be connected to the boiler return BR1.
*4 Values for calculating the size of the flue system based on 10% CO2 for natural gas.

Flue gas temperatures measured as gross values at 68ºF / 20 ºC combustion air temperature.
The details for partial load refer to an output of 30% of rated input. Calculate the flue gas mass flow rate accordingly when the
partial load differs from that stated above (subject to the burner mode).

"For information regarding other Viessmann System Technology componentry, please reference documentation of respective product.
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Technical Data

6 VITOCROSSAL 300, CT3

Note: - Boiler shell, overall and foundation dimensions listed on page 4.
- Minimum shipping dimensions: use “o” in the table below, and height, width 1 in the diagram above.

Dimensions
Boiler model CT3- 17 22 28 37 46 57 72 89

a

b

c

d

e

f

g

h

k

l

m

n

o (split boiler
shipping length)
Boiler pad length

inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm
inches
mm

28¾
715
11¾
298
20½
518
62¾
1594

74
1879

7
177

9
227
31½
802
10

257
51¼
1299

7½
194
5½
141
37

942
35¼
895

28¾
715
11¾
298
20½
518
64¾
1644

76
1929

7
177

9
227
33½
852
10

257
53

1349
7½
194
5½
141
40

1020
35¼
973

28¾
715
11¾
298
20½
523
64¾
1644
76¼
1937

7
177

9
221
33½
852
10

257
53

1349
7½
194
4¾
121
42½
1081
41¼
1051

29¾
751
12¾
325
22¾
577
73

1854
85½
2185

9½
200

8
241
36¼
921
11¼
284
59

1500
7½
190

3
79

42½
1079

47
1192

29¾
751
12¾
325
22¾
577
73

1854
86

2185
9½
200

8
241
36¼
921
11¼
284
59

1500
7½
190

3
79

45½
1157

50
1270

29¾
751
12¾
325
22¾
577
73

1854
86

2185
9½
200

8
241
36¼
921
11¼
284
59

1500
7½
190

3
79

51½
1313
56¼
1426

29¾
755
14¼
363
25¼
644
80½
2043
95¼
2417

11
280
10

250
38

965
14

360
63¾
1621
7¾
197
2½
65

55¼
1405
56¼
1426

29¾
755
14¼
363
25¼
644
80½
2043
95¼
2417

11
280
10

250
38

965
14

360
63¾
1621
7¾
197
2½
65
63

1599
63¾
1621

*1 The minimum combustion head length of 5½” / 140 mm must be maintained. When a burner with a shorter combustion head is used,
all functions including combustion results must be verified. The maximum combustion head length must also be observed so that the
burner on the hinged combustion chamber door can swing into service position. Radius of door hinge to outside combustion head:
18¾” / 476 mm. 5
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Legend
V Vent pipe connection
SH Female connection R½” for air vent

and pressure gage
D Drain
CD Condensate drain
BR 1 Boiler return 1
BR 2 Boiler return 2
BTS Boiler temperature sensor
BD Boiler door with burner connecting

flange
BS Boiler supply
IO Inspection opening
SS Safety supply for pressure relief

valve
OP Observation port (boiler from

CT3-17 - 28: offset by 90º )
IN Insulation

Width 2
with IN 2

Overall length

e

d H
ei
gh

t

IO
CD

gf
Width 2

Width 1

Width 1
with IN 1

Overall width

O
ve

ra
ll
he

ig
ht

h
c

b

n
BS

160

m

l

Length
a

SH

OP

BD

Length of
boiler pad

SS

BTS

BR2

BR1
D
V

k

*1
min. 140 mm

min. 5½”

o

157



Technical Data

VITOCROSSAL 300, CT3 7

Recommended minimum service clearances

Boiler
Burner

To enable convenient installation and
maintenance, observe the stated clearance
dimensions. Maintain the minimum
clearances where space is tight. In the
delivered condition, the boiler door opens to
the right. You can relocate the hinge bolts
so that the door can open to the left.

Mechanical room
H Do not operate when air is polluted with
halogenated hydrocarbons (e.g. as in
aerosols, paints, solvents and cleaning
agents)

H Prevent very dusty conditions
H Prevent high levels of humidity
H Prevent freezing and ensure good
ventilation

Boiler model CT3- 17 22 28 37 46 57 72 89

v

w

x

y

z

inches
mm
inches
mm
inches
mm
inches
mm
inches
mm

28
711
62¾
1593
36½
930
40

1012
41¼
1048

28
711
65¾
1671
39¼
1000

40
1012
41¼
1048

28
711
69

1752
43¼
1100

40
1012
41¼
1048

35
889
72

1828
59

1500
44½
1128
45¼
1149

35
889
75

1906
59

1500
44½
1128
45¼
1149

39
991
81¼
2062

59
1500
44½
1128
45¼
1149

45
1143
85½
2172

59
1500

49
1243

48
1219

45
1143
93¼
2366

59
1500

49
1243

48
1219

Minimum clearances to combustibles

Boiler model CT3- 17 22 28 37 46 57 72 89

Top 6” / 150 mm

Sides 6” / 150 mm

Flue 2” / 51 mm - CT*

1” / 25 mm - PS*

0” / 0 mm - CI*

Front 6” / 150 mm

Floor combustible

* CT: Single wall stainless steel vent
PS: Double wall stainless steel vent
CI: Double wall insulated stainless steel vent
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8 VITOCROSSAL 300, CT3

Pressure drop (primary circuit)

The Vitocrossal 300 boiler is only suitable for heating systems with
pumped heating water.

Legend:
CT3-17 to -22
CT3-28
CT3-37 to -57
CT3-72 to -89

Recommended Flow Rates
Boiler model CT3- 17 22 28 37 46 57 72 89

20°F ∆t
40°F ∆t

11°C ∆t
22°C ∆t

GPM
GPM

ltrs/s
ltrs/s

61
31

3.9
2.0

81
41

5.1
2.6

103
52

6.5
3.3

134
67

8.5
4.2

166
83

10.5
5.3

208
104

13.2
6.6

260
130

16.5
8.2

323
162

20.4
10.3

"∆t = temperature difference
"This boiler does not require a flow switch.
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Standard Equipment
Boiler Control Alternatives
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Standard Equipment

Note:
Boiler controls and burners are purchased
separately. Please see Price List for details.

Boiler body and fitted boiler door with burner
plate, fitted clean-out cover and fitted
mating flanges incl. gaskets on all
connectors, with flue gas collector.
For tight spaces, Vitocrossal 300 can also be
delivered in sections. The front of the
combustion chamber can be removed on
site, be brought into the boiler room and
refitted there.

H 2 cartons with insulation
H 1 carton containing boiler control unit
H 1 water connection pipe fitted to the

boiler skid (from CT3-37)
H 1 burner plate pack
H 1 carton of installation fitting

Standard equipment of installation fittings
includes:
H low water cut-off
H safety header (c/w 30 psig pressure relief
valve, air vent and pressure gage)

H drain valve
H product documentation

Ensure specific regional, provincial, or
state requirements, such as gas train and
additional safety control requirements
etc., are known before the product order
is placed, to determine proper burner
selection and pricing.

Boiler Control Alternatives

For single boiler systems:

H without Vitocontrol control panel

Vitotronic 100 (type GC1)
for constant boiler water temperature or
outdoor reset mode in conjunction with an
external control unit (BMS).

Vitotronic 300 (type GW2)
for modulating boiler water temperature
with mixing valve control for a maximum
of two heating circuits with mixing valve.

H with Vitocontrol control panel

Vitotronic 100 (type GC1)
and
Vitocontrol-S, CT3 control panel
with Vitotronic 333 for outdoor reset
mode and mixing valve control for a
maximum of 2 heating circuits with mixing
valve and additional Vitotronic 050,
type HK1S or HK3S for 1 or up to 3
heating circuits with mixing valve.

For multi-boiler system (up to
4 boilers):

Hwithout Vitocontrol control panel

Vitotronic 100 (type GC1) and LON module
for modulating boiler water temperature in
conjunction with an extrnal control unit
(BMS).

H with Vitocontrol control panel

Vitotronic 100 (type GC1) and LON module
for modulating boiler water temperature
for each boiler of the multi-boiler system
and
Vitocontrol-S, CT3 control panel
with Vitotronic 333 for multi-boiler system,
outdoor reset mode and mixing valve
control for a maximum of 2 heating circuits
with mixing valve and additional
Vitotronic 050, type HK1S or HK3S for 1 or
up to 3 heating circuits with mixing valve.

For single- or multiple-boiler
installations:

Custom control panels
Custom control panels for residential or
commercial applications are designed and
manufactured by Viessmann to suit any
customer’s specific requirements. Custom
control panels can have features such as
pool heating, hot tub heating, snow melting,
telephone tie-in, integration with Building
Management Systems, as well as several
other functions. Please inquire.
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System Design Considerations

Venting

The Vitocrossal 300 boiler is a category IV
positive pressure condensing boiler. Each
boiler must be vented individually.
Depending on the boiler return water
temperature, the flue gases in the boiler are
cooled down into the condensation or dew
point area of the flue gases. Where they exit
the boiler, they reach a relative moisture of
100%. The flue gas temperature is between
9°F and 27°F (5°C and 15°C) higher than
the boiler return water temperature.
Therefore, depending on the connected
heating system, the flue gas temperature
can be beween 77°F / 25°C and 200°F /
93°C. Due to the low flue gas temperature
and the resulting minute updraft conditions,
as well as the additional condensation of the
flue gases in the venting system, the vent
system must be properly designed and
suitable materials must be selected. The
chimney must be gas and water tight.

Use an AL29-4C® special stainless steel
venting system (UL listed for category IV)
for single-wall vertical venting of the
Vitocrossal 300 boiler.

Also, suitable vent pipe material is
316 L-grade* stainless steel from Security
Chimneys only. The chimney must be
designed to be gas and water tight.

The following manufacturers may be
contacted for suitable stainless steel
chimneys:

ProTech Systems Inc.
26 Gansevoort Street
Albany, NY 12202
Tel.: (518) 463-7284
Fax: (518) 463-5271
Toll free: 1-800-766-3473

Selkirk Metalbestos
Selkirk Canada Corporation - head office
375 Green Road
Stoney Creek, ON L8E 4A5
Tel.: (905) 662-6600
Fax: (905) 662-5352
Toll free: 1-800-263-9308

Security Chimneys
Division of Security Chimneys Ltd.
2125 Monterey
Laval, PQ H7L 3T6
Tel.: (450) 973-9999
Fax: (450) 973-2222
Toll free: 1-800-667-3387

* Stainless steel 316L vent material from
Security Chimneys is approved by CSA to
be used on Vitocrossal 300, CT3 Series
boilers without ULC stickers.

Van-Packer Co. Inc.
302 Mill Street
PO Box 307
Buda, IL 61314
Tel.: (309) 895-2311
Fax: (309) 895-3891
Toll free: 1-888-877-8225

Exhausto CASV/CASI
Mechanical Draft System

Wesmech Technical Sales
50 Ronson Drive, Suite 160
Toronto, ON M9W 1B3
Tel.: (416) 251-8990
Fax: (416) 251-8900
Toll free: 1-800-613-3789

Condensate and its disposal

During the operation of the boiler, the
amount of condensate to be expected can
be read from the diagram below.

The values given are approximate amounts
occurring under practical conditions. Not
included in the diagram is the amount of
condensate occurring in the vent pipe and
chimney system. The condensate from the
chimney system can be collected together
with the condensate from the heating boiler
and be disposed of into a floor drain. The
condensate will be between 3 and 4 on the
pH scale. If local building requirements
demand neutralizing the condensate before
disposal, contact Viessmann Manufacturing
Company Inc. for a correctly sized
neutralization tank. The treated condensate
will show pH values of between 6.5 and 9
and can then be disposed of into the waste
water system.
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Do not use PVC or CPVC material for
venting the Vitocrossal 300 boiler.
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Note: The “amount of condensate” and the “flue gas temperature
gross” graphs are independent of each other.
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System Design Considerations (continued)

Design notes regarding draining
condensate

The condensate drain to the sewer
connection must be able to be inspected.
Route it with a gradient and equip the pipe
with a P-trap; also provide suitable facilities
for taking samples.
The bottom drain should be located below
the anti-flooding level of the flue gas
collector box.

Condensate drains must only be made from
corrosion resistant materials (e.g. fibre
reinforced hoses). Never use any galvanised
materials or those containing copper or
black iron for pipes, connectors, etc.
Install a P-trap in the condensate drain to
prevent flue gases from escaping.
The size of the drain pipe must be at least
¾“.

Ensure that the domestic drainage systems
are made from materials which are resistant
to acidic condensate such as:

H Stoneware pipes
H Hard PVC pipes
H PVC pipes
H PE-HD pipes
H PP pipes
H ABS/ASA pipes
H Stainless steel pipes
H Borosilicate pipes

Combustion air supply

The boiler must not be located in areas or
rooms where chemicals containing chlorine,
bromine, fluorine, or other corrosive
chemicals are stored. Examples include
refrigerants, bleach, paint, paint thinner, hair
spray, cleaning solvents, water softener
salt, etc. The combustion air must not be
contaminated with any amount of the above
mentioned chemicals.

Boiler should never be installed in areas
where excessive dust, high humidity, or risk
of frost exist. Ensure adequate ventilation
and supply of fresh combustion air.

Consult your local Viessmann sales
representative with uncertainties in regard
to a suitable boiler installation location.

This boiler/burner unit needs clean fresh air
for safe operation. Provisions for
combustion and ventilation air must be
made at time of installation. For gas or
propane installations, use the “Natural Gas
Installation Code CAN/CSA-B149.1 or
B149.2” (Canada), or “National Fuel Gas
Code ANSI Z223.1” (USA), and/or
provisions of local codes.

The sizing methods outlined in the
aforementioned codes should be used when
installing a round duct to supply combustion
air from the outside.

Warranty

Our warranty does not cover damages
resulting from the following:
– Operation with contaminated fill and

supplementary feed water.
– Operation with contaminated combustion
air.

– Exposing the boiler to pressures and
tempratures higher than its certified rating.

See warranty sheet for details.

System layout

The boiler water temperature limit is factory
set to 167°F / 75°C.
The boiler water temperature limit can be
increased by altering the adjustable high
limit to increase the supply water
temperature.
To minimize piping losses of the system,
however, Viessmann recommends that the
radiation and domestic hot water production
in the system be designed for a 158°F /
70°C boiler supply water temperature.

Water quality

Treatment for boiler feed water should be
considered in areas with known problems,
such as where a high mineral content and
hardness exist. In areas where freezing
might occur, an antifreeze may be added to
the system water to protect the system.
Please adhere to the specifications given by
the antifreeze manufacturer. Do not use
automotive silicate-based antifreeze. Please
observe that an antifreeze/water mixture
may require a backflow preventer within the
automatic water feed and influence
components such as diaphragm expansion
tanks, radiation, etc. A 40% antifreeze
content will provide freeze-up protection to
-10°F / -23°C. Do not exceed 50%
antifreeze mix ratio and do not use
antifreeze other than specifically made for
hot water heating systems. System also
may contain components which might be
antifreeze manufacturer.

Oxygen diffusion barrier under
floor tubing

The boiler warranty does not cover pressure
vessel failure resulting from corrosion
caused by the use of underfloor plastic
tubing without an oxygen diffusion barrier.
Such systems without oxygen diffusion
barrier must have the tubing separated from
the boiler with a heat exchanger. Viessmann
always recommends the use of underfloor
plastic tubing with an oxygen diffusion
barrier.

Boiler/Burner start-up

Vitocrossal 300, CT3 boilers with
Weishaupt or Riello burners may require
start-up by Viessmann. Please inquire with
your local Viessmann sales representative to
obtain details regarding the necessary
prerequisites of boiler/burner start-up
procedures.

To minimize delivery lead times, please
ensure that critical technical information is
provided at time of order. Viessmann will
not process an order without site-specific
information regarding available voltage and
gas pressure. In addition Viessmann
recommends that gas pressure information
be provided in writing by the local gas
utility.
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System Design Considerations (continued)

Sound attenuation

Please consult a professional engineer who
is specialized in noise attenuation for advice.

The burner/boiler systems, circulation
pumps and other auxilliary equipment used
in heating systems generate noise.
This noise is transferred from the boiler
room via floorboards, ceiling and walls to
neighboring rooms and via the flue gas
system as well as the ventilation air and
exhaust air apertures into other rooms and
into the open, where they may cause a
nuisance.
To avoid this from happening, additional
protective measures may be required which
should be considered at the design stage.
Subsequent measures to reduce noise
nuisance frequently require extensive effort
and expenditure.

Airborne noise attenuation
Frequently, modern boilers are equipped
with silencer hoods or sound insulated
ventilation air inlet housings. Additional
silencer hoods may be used where more
stringent anti-noise measures are required.
These measures may be implemented later
with a minimum of effort.
Silencer hoods are offered (usually by the
burner manufacturer) for various levels of
noise attenuation and are generally designed
and built in accordance with specific system
conditions (boiler type, fuel supply, building
characteristics).

For larger systems, it may be necessary to
route the ventilation air through a
sound-insulated channel, in order to avoid a
noise nuisance outside the building.
Flue gas silencers are generally only required
where higher noise protection measures are
called for. Whether or not a flue gas silencer
is required can be predicted only with some
difficulties, because of the complexity of the
creation and propagation of flame noise, the
interaction between the burner, boiler and
the flue gas system as well as the operating
mode (flue gas system operating with
positive or negative pressure).
It is advisable, therefore, to assess the noise
emission into the neighborhood and to
consider the sound pressure level measured
at the flue gas system outlet. It should be
considered at the planning stage whether
silencers might become necessary later.
In planning for its possible use, it is
important that sufficient space for the flue
gas silencer is available behind the boiler.
Good engineering practice mandates that
the exhaust pressure drop of the silencer be
included in the vent size calculation.

Anti-vibration measures
Anti-vibration supports can be field supplied
as an economical and effective solution to
combat noise generated.
When sizing such supports, take the entire
operating weight of the boiler system and,
when using longitudinal anti-vibration
brackets, the condition of the supporting
surface into consideration.
Effective anti-vibration measures are
particularly important when installing boilers
into an attic. Compensators may be used to
physically separate the combustion
equipment from the building.
These should be installed into the boiler
flow, return and safety pipe and as near as
possible to the boiler.
Also insulate any braces or hanging
arrangements, if installed, against sound/
vibration transmission to the building.

Seismic restrainer
Viessmann offers an engineered seismic
restraining kit for compliance with local
seismic requirements for building and
structures. Please contact your local
Viessmann Sales Representative for more
details.
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Weishaupt Burners*1
Linkage-less version

Boiler model CT3- 17 22 28 37 46 57 72 89

Fully modulating
burner*2

Model WG20 WG30 WG30 WG40 WG40 WM-G 10/3 WM-G 10/3 WM-G 10/4

Weishaupt Burners*1
Linkage version

Boiler model CT3- 17 22 28 37 46 57 72 89

Fully modulating
burner*2

Model WG30 WG30 G3 G3 G3 G5 G5 G7

Riello Burners*1

Boiler model CT3- 17 22 28 37 46 57 72 89

Fully modulating
burner*2

Model G750 G900 RS28/M RS38/M RS50/M RS50/M RS70/M RS100/M

*1 Only the Weishaupt (low-NOx and standard head) and Riello (standard head) burner models stated are CSA certified with the
Vitocrossal boiler series as indicated on the boiler rating plate.

*2 Burners are available in 2-stage and fully modulating versions.

"Contact your local Viessmann sales representative for details.
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Viessmann Manufacturing Company Inc.
750 McMurray Road
Waterloo, Ontario • N2V 2G5 • Canada
Tel. (519) 885-6300 • Fax (519) 885-0887
www.viessmann.ca • mail@viessmann.ca

Viessmann Manufacturing Company (U.S.) Inc.
45 Access Road
Warwick, Rhode Island • 02886 • USA
Tel. (401) 732-0667 • Fax (401) 732-0590
www.viessmann-us.com • mail@viessmann-us.com
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