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ABSTRACT ON COGENERATION SYSTEM AT ST. LUCIA DISTILLERS

Richard Gunpat, B.Sc. (Mech. Eng)

This paper is on the addition of a single stage back pressure turbine to an existing distillery that uses low pressure steam, but generates it at a higher pressure. The main concern in this project is matching the electrical demand with the process demand, while not being connected to the electrical grid whatsoever (stand alone system).

A steam turbine was incorporated by retrofitting the steam mains and directing it to the turbine, thereby producing rotational energy resulting in electrical energy being generated. The steam is then transmitted to process (low pressure steam).

This project was attractive as there was an existing source of continuous steam supply; fuel costs are minimal and the cost of electricity is relatively high. This makes cogeneration ideal in this application.

Waste oil from ships was the main fuel used in the boilers. It is obtained at virtually no cost; else the ships would have to pay to dispose of it. It is treated before being burnt in the boiler to remove water content and other impurities that may affect combustion. Here is a classic example where a company is making use of available source of fuel which would otherwise be disposed of and contaminate the earth.

The turbine will generate a fixed portion of the facility load since, in this case it is a stand alone system and the utility will not allow paralleling with the grid. The turbine will control on electrical demand and any surplus steam will be bypassed to vent. In this case a synchronous generator must be used and the gear ratio optimized to produce the maximum kW output with the minimum amount of steam flow. The excess steam was marginal and it was used to either heat the feedwater or heat the waste oil in order for it to burn properly.

This project was to highlight the use of waste oil as a primary fuel bearing in mind that treatment of it was absolutely essential. The waste oil has a relatively high calorific value compared to the other fuels, which would make it burn at a slower rate. One can estimate the cost of this fuel as being in the vicinity of US$0.30 per gallon. Given that the cost of electricity was US$0.27/ kWh, one can foresee significant savings, even if the cogeneration plant was not feeding the entire distillery. Simple payback for this project was between 1.8 to 2 years, with just generating 85 kW on maximum demand.

In conclusion, there is significant potential for tropical islands to make use of readily available low cost fuel, which would otherwise be disposed given that the cost of electricity is relatively high, in effect the cogeneration potential is substantial and significant energy savings can be realized.
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The cost of electricity in the Caribbean Islands is rising at an increasing rate and is amongst the highest across the Western Hemisphere. Only recently has there been an agreement where most of the Caribbean Islands can get natural gas at an affordable price. They have access to other types of fuels such as diesel oil, LPG and heavy oil (#6), which they can use on their boilers, 24 hours a day to generate steam for the distillation process.

In this particular application, St. Lucia Distillers invested in the use of waste oil collected from cruise ships and storage facilities at site. The primary use of the waste oil (Bunker C) was as fuel for the main boiler. Retrofitting the existing system with a backpressure turbine can offer significant energy savings up to US$ 106,000 annually with a simple payback of two (2) years. 

This paper will briefly describe backpressure steam turbine technology that can be adopted to provide onsite power generation. The feasibility of using a back pressure steam turbine will be evaluated for St. Lucia Distillers. 

1.0
Introduction

The steam turbine has been in use for the past century and is available in virtually any capacity ranging from a few (hp) kW to a several hundred (hp) kW. It is highly reliable, needs little maintenance and extremely long service life. Steam turbines are custom built, hence efficiency and operating characteristics can be optimized for each application. Retrofitting a steam turbine into a facility’s steam system can be done quite easily, minimizing installation costs. Most facilities that have a steam plant usually are unaware of their potential to cogenerate (PTC). 

This paper will provide  brief theory and operation of steam turbines with particular focus on backpressure turbines; it will analyze the steam turbine being the preferred choice for electrical production and present sensitivity analysis based on varying plant operating conditions. This information can then be used to provide an indication for distilleries and facilities in the Caribbean to cogenerate, since the cost of electricity is the Caribbean islands is generally high. 

2.0 Theory of Steam Turbines

Steam turbines extract heat or Btu’s from steam and transform it into rotational energy by expanding the steam from high to low pressure, resulting in mechanical work. Small and intermediate-sized steam turbines are used for a wide range of applications, including power generation, drivers for mechanical services. When coupled with gears they can be used to drive fans, reciprocating compressors and other classes of low-speed machinery. The largest turbine applications are generator drives in utility and other central power stations. 

Since steam can be generated with any type of fuel and in some cases, with recovered heat, steam energy can often be produced at a very low cost. Industrial steam turbines can potentially be applied with any high-pressure steam system and the result is low-to-moderate cost power generation with high reliability, low maintenance (when added to existing steam plants), and extremely long life. 

2.1
Steam Turbine Power Cycles

 Steam turbines operate on the Rankine Cycle. This cycle can be reduced to four processes typical in a steam system (refer to Schematic 2 on page 7):

1. Boiler feedwater (condensate) is pressurized and injected into the boiler.

2. Water is heated and evaporated in the boiler. The resulting steam may be superheated to increase its enthalpy and reduce moisture.

3. Steam is expanded in the turbine to a lower pressure. A small portion of the steam thermal energy is used to drive a generator.

4. Steam is condensed by a cooling medium in the condenser. In a back-pressure turbine, exhaust steam is delivered to a remote heating load, where condensation occurs.

The steam turbine is considered part of a cogeneration system when an application involves the sequential use of a single source of energy for both power generation and useful thermal energy output. These applications are broadly classified as either topping or bottoming cycles.

A topping cycle uses a back-pressure or extraction turbine as a pressure-reducing valve. As high pressure steam is expanded to a lower pressure, the turbine generates shaft power. A bottoming cycle uses excess steam, discharged from a high-pressure process, to generate shaft power. Bottoming cycles are also used for applications which discharge high-temperature exhaust gas, convert it to steam in a heat recovery steam generator (HRSG), and pass it through a steam turbine.

2.2 Steam Turbine Classification and Types

Steam turbines are classified according to their fundamental operating principles, some of which are:

· Number of stages: single or multi stage

· Number of valves: single or multi valve

· Steam supply: saturated or superheated; single or multi pressure

· Turbine stage design class: impulse or reaction

· Steam exhaust conditions: condensing, non-condensing, automatic extraction, mixed pressure, regenerative extraction or reheat

· Types of driven apparatus: mechanical drive or generator drive

More focus will now be emphasized on the single-stage, non-condensing steam turbine as it was the preferred choice in this application.

In a single-stage turbine, steam is accelerated through a nozzle or cascade of stationery nozzles and guided into the rotating buckets on the turbine wheel to produce power. A single pressure drop occurs between the nozzle inlet and the exit for the last row of blades. Single-stage turbines are usually limited to sizes of a few thousand hp (kW) or less. Mechanical efficiency will vary between 30% to 60%. The emphasis on the single-stage design is simplicity, dependability and first low cost.  

Other designs are available for higher efficiency generally used for higher steam flows. However the cost and complexity can be several times that of the single-stage design. 

Steam turbines can be generally classified as either condensing or non-condensing (back-pressure). A condensing turbine operates with an exhaust pressure less than atmospheric or vacuum pressure. Because of the very low exhaust pressure, the pressure drop through the turbine is greater and hence more energy can be extracted from the steam flow. There can be a variety of designs with this type such as straight flow or dual flow. This type of configuration needs a condenser (either air or water cooled). Because the unused steam energy is rejected to atmosphere by the condenser, it is therefore wasted; hence condensing turbines are generally designed with several stages to maximize efficiency. This design therefore adds increased capital and operating cost.

Non-condensing (back-pressure) turbines operate with an exhaust pressure equal to or in excess of atmosphere. Exhaust steam is used for heating, process or other purposes. Because all of the unused steam in the power generation process is passed on to the process application and, therefore, not wasted, mechanical efficiency is not a major concern.

3.0
Plant System Configuration

As shown in Schematic 1, the plant has the basic components necessary for the implementation of a steam turbine. There is an existing 200 HP Boiler capable of producing 6,900 Pounds Per Hour (PPH), dry saturated steam.  The back-pressure steam turbine will replace the existing pressure reducing valve. The existing distillery uses low pressure steam at 15 PSIG, but generates it at a higher pressure of 150 PSIG. Currently, there is a total loss of condensate from the process, however treated water is passed through a heat exchanger to transfer heat from the spent wash, a byproduct from the distillery process. The temperature of the feedwater entering the deaerator can approach 170 F. The feedwater pump raises the pressure of the feedwater to 150 PSIG and pumped to the boiler. The main fuel used in waste oil with similar properties to No. 6 oil. The boiler is equipped with an electric heater to heat the oil so that it can be atomized easily in the boiler burner. 

The maximum demand for the process is 3,000 PPH low pressure steam with a baseload demand of 1,600 PPH. 
















Schematic 1- Existing Plant Schematic

As shown below in Schematic 2, simple retrofit to the existing plant can be done to accommodate the back-pressure steam turbine. The steam turbine will replace the existing pressure-reducing valve function by creating a pressure drop with useful shaft power. 

The boiler pressure will be raised from 150 PSIG to 175 PSIG allowing the steam turbine –generator to produce a net power output of 85 kW. This can safely happen, as the Boiler design pressure is 200 PSIG. 

The existing deaerator will have to be replaced to accommodate an increased condensate flow and to operate under pressure at 20 PSIG. It will also have to handle a steam flow of 1,000 PPH at a maximum to preheat the feedwater up to 225 F. The feedwater pumps will have to handle higher temperatures and as a result will need to be replaced. 

The excess steam will be utilized for deaerating the feedwater and thereby removing dissolved gases; preheating the fuel oil prior to being sent to the boiler and the minimal excess being vented to atmosphere.



















Schematic 2- Proposed Plant Schematic

3.1 Electrical System Layout

[image: image1.wmf]
As shown on the Electrical System Layout for the cogeneration system, this is a stand alone system with the steam turbine being coupled to a synchronous generator and feeding baseloads for the distillery. When the steam turbine generator is out of service Automatic transfer Switch 2 will transfer power from the utility. On normal mode, the steam turbine generator will provide power to the distillery’s baseload. On emergency mode, the utility will provide power to the entire facility and when both the steam turbine generator and the utility are out of service, the existing diesel generator will provide power. 

4.0
Feasibility Analysis of Cogeneration 


In Appendix 1- Detailed Analysis, different scenarios are given based on if an induction or synchronous generator was used; how steam usage and annual hours of operation would affect the economics of the project. The cost of fuel was estimated at US $0.32 per gallon. This was based on mainly transporting and storage costs. Given the Higher Heating Value (HHV) of waste oil as 150,000 Btu/gallon, the cost of waste oil was averaged to be US $ 2.133 per MMBtu.

A conservative boiler efficiency of 80% was used in the analysis. This was assumed given the age and the fact that the boiler uses waste oil as the primary fuel, which when used requires that the firetubes be clean frequently. 

Further in the analysis, calculations were done to find out the cost of producing 1,000 Pounds of steam based on the heat content of steam. Finally the cost of producing electricity from the steam turbine was found based on the extra steam required to generate 85 kW (114 hp). This was then subtracted from the cost of electricity at US$ 0.29/kWh to find the net savings. From the client’s record of steam usage it was estimated that on maximum demand, the distillation process requires 2,900 Pounds per hour (PPH) of steam. 

The Sample Data shown on Page 10 and 11 are excerpts from the Appendix I – Detailed Project Analysis showing best and worst cases for the Cogeneration project using a synchronous or induction generator. Both cases will be explained referencing the Sample Data.

Using a synchronous generator, which was the preferred choice because of use in stand alone or paralleling operation, the extra steam required to generate power is 2,650 PPH (91% more) requiring a total of 5,550 PPH. The net savings was then obtained and was constant for varying annual hours of operation but varying for extra steam required. This was used to simulate if the distillery was taken offline, the effect this would have on the project economics. Alternatively, the annual hours of operation was varied to simulate conditions of varied operating time. 

It can be seen intuitively that when you maximize on the annual hours of operation and require the least amount of surplus steam to generate electricity the project has the lowest payback of  (2) years. 

4.1
SAMPLE DATA

Synchronous Generator Option 1 – based on 50 weeks annual operation and 2,650 PPH extra steam required to generate 85 kW (best case)

	Item 
	Cost
	Annual Savings
	Payback (years)

	Steam Turbine Generator Package
	$ 155,680
	
	

	Mechanical Works (estimated)
	$ 50,000
	
	

	Electrical Works Package
	$ 5,000
	
	

	Total
	$ 210,680
	$ 106,772
	1.97


Synchronous Generator Option 2 – based on 25 weeks annual operation and 5,550 PPH extra steam required to generate 85 kW (worst case)

	Item 
	Cost
	Annual Savings
	Payback (years)

	Steam Turbine Generator Package
	$ 155,680
	
	

	Mechanical Works (estimated)
	$ 50,000
	
	

	Electrical Works Package
	$ 5,000
	
	

	Total
	$ 210,680
	$ 30,882
	6.82


The second set of scenarios involved the use of an induction generator, which was not the preferred choice as induction generators need to be connected to the grid to receive excitation. Note that the cost of the induction generator is less than the synchronous. However the extra steam (121% more) required is higher than with a synchronous generator. This is because the induction generator as well as the turbine has to run at or near 3,000 RPM, for 50 Hz. A four pole synchronous generator in this case will run at 1,500 RPM for 50 Hz. However the turbine can run at its best efficiency point, which the gear reducer will reduce to 1,500 RPM. In other words, the steam turbine can be selected to take more BTU’s from the steam and make more kWh. 

Induction Generator Option 1 – based on 50 weeks annual operation and 3,500 PPH extra steam required to generate 85 kW (best case)

	Item 
	Cost
	Annual Savings
	Payback (years)

	Steam Turbine Generator Package
	$ 84,042
	
	

	Mechanical Works (estimated)
	$ 50,000
	
	

	Electrical Works Package (estimated)
	$ 30,000
	
	

	Total
	$ 164,042
	$ 93,580
	1.75


Note that although the capital cost for the induction generator is lower, the annual savings is smaller since the extra steam required is substantially higher, which represents a cost. The payback is actually smaller but does not give a realistic picture since the electrical bid package was not received as yet and most likely the induction generator would require paralleling switchgear, which is more expensive. Estimated costs for the paralleling switchgear was put at US $30,000.00 as compared to standard automatic transfer switchgear at US $ 5,000.00

Induction Generator Option 2 – based on 25 weeks annual operation and 6,000 PPH extra steam required to generate 85 kW (worst case)

	Item 
	Cost
	Annual Savings
	Payback (years)

	Steam Turbine Generator Package
	$ 84,042
	
	

	Mechanical Works (estimated)
	$ 50,000
	
	

	Electrical Works Package (estimated)
	$ 30,000
	
	

	Total
	$ 164,042
	$ 27,390
	5.99


It is important to note that a condensing turbine was not considered in the feasibility analysis simply because the capital cost and operating cost of the system would prove the feasibility uneconomical as the condenser would add additional capital and operational cost.

5.0 Conclusions

The following points can be concluded from this paper:

1. Back-pressure steam turbine technology is a worthwhile investment for facilities in the Caribbean where the cost of electricity is high; fuel costs are low and there is an existing steam system where high pressure steam is generated.

2. Back-pressure steam turbines can be easily retrofitted into an existing steam system.

3. The increase in steam usage resulting from cogenerating can be substantial, but will decrease as the steam system size increases. In summary the minimum amount of steam demand necessary for cogeneration should be in the vicinity of 3,000 PPH.

4. Using low cost fuel such as waste oil is one method to realize tremendous savings. However treatment of the oil to remove contaminants must be considered.

5. Cogeneration is ideal for implementation into existing facilities that have maximum annual operating hours and the extra steam required to cogenerate is minimal.
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APPENDIX 1- DETAILED PROJECT ANALYSIS

	Scenario 1: Use of synchronous generator; varying annual hours of operation
	
	
	
	
	

	

	
	25
	30
	35
	40
	45
	50
	weeks
	
	
	

	Cost of Fuel (#6 Oil)
	$0.32
	 
	 
	 
	 
	 
	US$/gal.
	
	
	

	Heat Content of #6 Oil
	150,000
	 
	 
	 
	 
	 
	Btu/gal
	
	
	

	Cost of fuel (#6 Oil)
	2.133
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Boiler efficiency
	0.800
	 
	 
	 
	 
	 
	 
	
	
	

	Cost of steam (Boiler eff. of 85 %)
	2.667
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	1000 Pound of Steam 
	0.97
	 
	 
	 
	 
	 
	MMBtu
	
	
	

	Cost per 1000 lbs of steam
	2.587
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Extra steam flow req. to generate 85 kW
	2650
	 
	 
	 
	 
	 
	PPH
	
	
	

	Cost to produce electricity
	$0.0806
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Electricity Rate
	0.29
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Savings
	$0.2094
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Annual hours of operation
	3000
	3600
	4200
	4800
	5400
	6000
	hours
	
	
	

	Cost of power plant
	$210,680
	$210,680
	$210,680
	$210,680
	$210,680
	$210,680
	$
	
	
	

	Annual Savings
	$53,386
	$64,063
	$74,740
	$85,418
	$96,095
	$106,772
	$/year
	
	
	

	Simple Payback
	3.95
	3.29
	2.82
	2.47
	2.19
	1.97
	years
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	Scenario 2: Use of synchronous generator; varying steam demand; 50 week annual operation
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	

	Cost of Fuel (#6 Oil)
	$0.32
	 
	 
	 
	 
	 
	US$/gal.
	
	
	

	Heat Content of #6 Oil
	150,000
	 
	 
	 
	 
	 
	Btu/gal
	
	
	

	Cost of fuel (#6 Oil)
	2.133
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Boiler efficiency
	0.800
	 
	 
	 
	 
	 
	 
	
	
	

	Cost of steam (Boiler eff. of 85 %)
	2.667
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	1000 Pound of Steam 
	0.97
	 
	 
	 
	 
	 
	MMBtu
	
	
	

	Cost per 1000 lbs of steam
	2.587
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Extra steam flow req. to generate 85 kW
	2650
	3000
	3500
	4000
	4500
	5550
	PPH
	
	
	

	Cost to produce electricity
	$0.0806
	$0.0913
	$0.1065
	$0.1217
	$0.1369
	$0.1689
	$/kWh
	
	
	

	Electricity Rate
	0.29
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Savings
	$0.2094
	$0.1987
	$0.1835
	$0.1683
	$0.1531
	$0.1211
	$/kWh
	
	
	

	Annual hours of operation
	6000
	6000
	6000
	6000
	6000
	6000
	hours
	
	
	

	Cost of power plant
	$210,680
	$210,680
	$210,680
	$210,680
	$210,680
	$210,680
	$
	
	
	

	Annual Savings
	$106,772
	$101,340
	$93,580
	$85,820
	$78,060
	$61,764
	$/year
	
	
	

	Simple Payback
	1.97
	2.08
	2.25
	2.45
	2.70
	3.41
	years
	
	
	


	Scenario 3: Use of induction generator; varying annual hours of operation
	
	
	
	
	

	

	
	25
	30
	35
	40
	45
	50
	weeks
	
	
	

	Cost of Fuel (#6 Oil)
	$0.32
	 
	 
	 
	 
	 
	US$/gal.
	
	
	

	Heat Content of #6 Oil
	150,000
	 
	 
	 
	 
	 
	Btu/gal
	
	
	

	Cost of fuel (#6 Oil)
	2.133
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Boiler efficiency
	0.800
	 
	 
	 
	 
	 
	 
	
	
	

	Cost of steam (Boiler eff. of 85 %)
	2.667
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	1000 Pound of Steam 
	0.97
	 
	 
	 
	 
	 
	MMBtu
	
	
	

	Cost per 1000 lbs of steam
	2.587
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Extra steam flow req. to generate 85 kW
	3500
	 
	 
	 
	 
	 
	PPH
	
	
	

	Cost to produce electricity
	$0.1065
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Electricity Rate
	0.29
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Savings
	$0.1835
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Annual hours of operation
	3000
	3600
	4200
	4800
	5400
	6000
	hours
	
	
	

	Annual Savings
	$46,790
	$56,148
	$65,506
	$74,864
	$84,222
	$93,580
	$/year
	
	
	

	Cost of power plant
	$164,042
	$164,042
	$164,042
	$164,042
	$164,042
	$164,042
	$
	
	
	

	Simple Payback
	3.51
	2.92
	2.50
	2.19
	1.95
	1.75
	years
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	Scenario 4: Use of induction generator; varying steam demand; 50 week annual operation 
	
	
	

	

	
	
	
	
	
	
	
	
	
	
	

	Cost of Fuel (#6 Oil)
	$0.32
	 
	 
	 
	 
	 
	US$/gal.
	
	
	

	Heat Content of #6 Oil
	150,000
	 
	 
	 
	 
	 
	Btu/gal
	
	
	

	Cost of fuel (#6 Oil)
	2.133
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Boiler efficiency
	0.800
	 
	 
	 
	 
	 
	 
	
	
	

	Cost of steam (Boiler eff. of 85 %)
	2.667
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	1000 Pound of Steam 
	0.97
	 
	 
	 
	 
	 
	MMBtu
	
	
	

	Cost per 1000 lbs of steam
	2.587
	 
	 
	 
	 
	 
	$/MMBtu
	
	
	

	Extra steam flow req. to generate 85 kW
	3500
	4000
	4500
	5000
	5500
	6000
	PPH
	
	
	

	Cost to produce electricity
	$0.1065
	$0.1217
	$0.1369
	$0.1522
	$0.1674
	$0.1826
	$/kWh
	
	
	

	Electricity Rate
	0.29
	 
	 
	 
	 
	 
	$/kWh
	
	
	

	Savings
	$0.1835
	$0.1683
	$0.1531
	$0.1378
	$0.1226
	$0.1074
	$/kWh
	
	
	

	Annual hours of operation
	6000
	6000
	6000
	6000
	6000
	6000
	hours
	
	
	

	Annual Savings
	$93,580
	$85,820
	$78,060
	$70,300
	$62,540
	$54,780
	$/year
	
	
	

	Cost of power plant
	$164,042
	$164,042
	$164,042
	$164,042
	$164,042
	$164,042
	$
	
	
	

	Simple Payback
	1.75
	1.91
	2.10
	2.33
	2.62
	2.99
	years
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