Increasing Steam Turbine Power Generation Efficiency

Publish Date - 08/01/2003
Source: Energy Tech Magazine

By Joseph A. MacDonald 
(This article accompanies "Upgrading Power Plant Efficiency," which appeared in the June 2003 issue of Energy-Tech magazine.) 

With more than 1,300 steam-turbine power plants in the country at least 30 years old, electric utilities and independent power producers today must optimize these plants to improve efficiencies to reduce operating and maintenance (O&M) costs, and to remain competitive.

The aim of every steam turbine design is an optimum efficiency operation characterizing an optimal energy conversion. Overall efficiency of a steam turbine power plant, however, strongly depends on the turbine’s performance. Thus any improvement, however slight, can increase power availability, decrease equipment and component costs, and generate sizeable operating savings. In today’s highly competitive and deregulated market, optimizing steam turbine operation is no longer a goal but, rather, a necessity for power producers to remain competitive.

For some aging steam-turbine power plants, refitting them with gas turbine systems will boost availability. For others, however, it may be more cost-effective to upgrade existing steam turbines rather than replace them. 

Since a steam turbine’s efficiency ultimately depends on its condition, relative to its design, as a turbine’s condition deteriorates with use its efficiency degenerates proportionately. A thorough evaluation of a steam turbine’s design and operating condition can help increase a plant’s efficiency by identifying improvements in one or more of three areas: 

1. Combustion to improve fuel utilization and minimize environmental impact.

2. Heat transfer and aerodynamics to improve turbine blade life and performance.

3. Materials to permit longer life and higher operating temperatures for more efficient systems. 

Pushing Efficiency Goals
Although computer-optimized turbine design and material improvements over the past few decades have enabled turbine manufacturers to reach the long-elusive goal of 50 percent efficiency (simple cycle) for steam turbine power generation, research and development continues to push the boundaries of the envelope. 

To date, turbine manufacturers have mostly overcome the problem of stationary blade losses, a major concern with older steam turbines, by optimizing the design of the nozzle profiles. Further, using computer-aided tools, they have been able to design and manufacture a completely new generation of more efficient blading for retrofitting existing steam turbines, resulting in higher generation efficiencies.

Improvement in turbine performance has resulted not only from developments in modern blading, but also in the redesign of turbine sidewall contours in high-pressure first stages, and in the reduction of humid steam conditions in low-pressure turbine sections that cause erosion. Such improvements have increased turbine efficiency up to 10 percent and reduced downtime and maintenance costs. 

In addition, steam turbine manufacturers have developed components (such as rotors and casings) using advanced materials that have improved resistance to corrosion. And, to cut steam turbine losses, which contribute to decreased power availability, turbine manufacturers now supply improved turbine seals and sealing systems.

Improving Cycle Efficiency
Although on-going development will continue to produce even greater efficiency gains in steam turbine operation, there are a number of measures power producers can take to improve the efficiency of their existing systems, including: further optimization of auxiliary power requirements and individual component configurations, as well as by reducing pressure losses. 

The four primary causes of losses in steam turbine efficiency and performance are chemical deposits in the steam path; nozzle and bucket surface erosion; mechanical damage to nozzles and buckets due to foreign objects; and steam leakage through the unit's shaft packing, tip seals, and inlet steam pipes – with packing and tip seal losses accounting for more than 50% of a steam turbine’s efficiency losses. 

And, as steam turbines age, extreme operating temperatures and other conditions gradually cause internal components to deteriorate, introducing losses. 

Specific system conditions that power producers should evaluate to improve steam turbine efficiency include: poorly maintained steam seals; eroded/damaged first stage nozzle block; damaged rotating elements and diaphragms; feedwater heaters in/out of service; reduced load operation; manual turbine control; valve and horizontal joint leakages; turbine operation at unusually low steam flows; and operating low pressure turbines in condensing mode. In addition, steam turbines can be re-bladed to improve turbine efficiency. Other turbine cycle improvements could include a program to monitor leaking valves and replace them when necessary (valve cycle isolation). 

Evaluating Performance Impacts
By evaluating performance impacts of the many operating parameters on steam turbine power cycles, power producers can implement various changes in steam cycle mass and energy balances that will help improve overall power plant efficiency. Operating parameters include: 

Steam pressure and temperature — Superheated steam supplied to the power cycle above its saturation point will raise the cycle’s thermal efficiency. Likewise, increasing the pressure at which the boiler evaporates steam raises the system’s saturation temperature, thus increasing the average temperature of heat added to the cycle, in turn, raising the cycle’s thermal efficiency. 

Exhaust pressure — Reducing condenser pressure (and temperature) also increases power cycle efficiency by capturing some of the previously unavailable work; and a lower exhaust pressure adds a very small amount of steam input.

Reheat temperature — Raising the average temperature of heat added will increase the power cycle. While reheating the steam after it has partially expanded through the turbine not only increases the average temperature of heat added, but also provides drier steam in the turbine’s last stages. However, although additional reheating will further increase cycle efficiency, the gains will diminish with each additional reheat. 

Feedwater temperature — Raising the temperature of feedwater entering the boiler increases the average temperature of added heat, thereby improving cycle efficiency. Called regenerative feedwater heating, some of the partially expanded steam from the turbine is diverted to a heat exchanger to heat the boiler feedwater, while the remainder of steam expands through the turbine. The process avoids adding low temperature heat into the cycle, with the increased average temperature of heat added improving the cycle efficiency.

(Although increasing the number of feedwater heaters improves cycle efficiency, the incremental heat rates diminish with each additional heater. In addition, increased capital costs and restricted turbine arrangement limits economic benefits.)

Reheater pressure drop — A one percent decrease in reheater pressure drop improves heat rate and output approximately 0.1 percent and 0.3 percent, respectively. Typically, heater pressure system pressure drop is 10% of the high-pressure turbine exhaust pressure.

Extraction line pressure drop — An increase of 2% in extraction line pressure drop, for all heaters, results in approximately 0.09% lower output and heat rate. The design pressure drop for extractions not at turbine section exhausts, typically is 6% of the turbine stage pressure – 3% for the extraction nozzle and 3% for extraction piping and valves. The total drop for extractions at the turbine exhaust section is 3%, since there is no extraction nozzle loss.

Cycle makeup — Although makeup water is necessary for offsetting cycle water losses (principally from boiler blowdown), energy extracted from the power cycle to pump and heat the additional water is wasted in the boiler blowdown, resulting in a negative impact on the power cycle performance. Makeup cycle impact on net heat rate is approximately 0.4% higher per percent makeup; and on output, approximately 0.2% lower per percent makeup. 

Turbine exhaust pressure — Reducing turbine exhaust pressure increases power cycle efficiency – except when the turbine exhaust is choked. However, both the turbine’s characteristics (last stage blade design and exhaust area) and the unit’s size tend to affect the impact of changing exhaust pressure on performance.

Air preheat — Preheating combustion air, with flue gas exhaust from the steam generator, improves boiler efficiency by lowering the flue gas exit temperature. The combustion air, however, must be preheated before it enters the air heater so as to maintain flue gas air heater-exit temperature above its dew point temperature, thereby preventing formation of sulfuric acid that will damage the air heater and ductwork. To minimize the impact on the turbine cycle, low-pressure extraction steam or hot water from the turbine cycle is often used as the preheating source.

Condensate sub-cooling — Cooling cycle condensate temperature (in the condenser hot well) below the saturation temperature, corresponding to the turbine exhaust pressure, decreases turbine output. The sub-cooling process increases duty on the first feedwater heater, causing an increase in extraction flow to the heater that, in turn, increases the turbine heat rate.

Superheat and reheat spray flows — Extracting main steam and reheat spray flows from the boiler feed pump discharge adversely impact on turbine heat rate. For main steam spray, the flow evaporates in the boiler and becomes part of the main steam flow, which bypasses the high-pressure feedwater heaters making the cycle for this fraction of steam flow less regenerative. For reheat spray, not only does the cycle become less regenerative, but also the reheat spray flow bypasses the high-pressure turbine expanding only through the reheat turbine section. Thus the cycle is non-reheat for the reheat spray portion of steam flow.

Ambient wet-bulb temperature — Rising ambient wet bulb temperature results in an increase in condenser backpressure that adversely affects turbine output and heat rate. As the ambient wet bulb temperature increases, circulating water temperature to the condenser increases in power plants having evaporative cooling towers for cycle heat rejection, resulting in output and heat rate impacts of up to 1.5% to 2% occurring, depending on specific plant design conditions. Condenser and cooling tower designs also affect performance. 

Top heater removal — Removing top heater(s) for servicing (such as for tube leaks) results in poorer turbine and plant heat rates. Their removal eliminates turbine extraction (for the heaters), thereby increasing steam flow through the turbine’s remaining sections. For a given throttle flow, the greater flow increases turbine output while the lower final boiler feedwater temperature increases turbine cycle heat input. Plant operators should check with the turbine manufacturer for limitations on operation with heaters removed from service.

HP heater drains pump — Decreasing the steam turbine’s throttle flow adversely impacts the turbine’s cycle heat rate, because it decreases the available pressure between the turbine’s final and preceding heater to pump the drains to the deaerator – making it necessary to add a high-pressure heat drains pump to the system. Alternatives include dumping heater drains to the condenser, or flashing heater drains to the condenser, both less effective than a pump for improving cycle heat rate.

Providing Efficiency Solutions
Steam turbine improvements will improve the system’s heat rate, thereby improving efficiency of operations, as well as decreasing maintenance costs. In addition, greater steam turbine efficiency also reduces or eliminates greenhouse gas emissions.

To help steam turbine owners and operators maintain or enhance unit efficiency, the Electric Power Research Institute of Palo Alto, Calif., has published a two-volume reference – Turbine Steam Path Damage: Theory and Practice – based on the technical expertise and practical experience of hundreds of researchers, equipment manufacturers, and turbine designers and operators over the last 50 years. The publication provides steam turbine solutions for increasing turbine availability and extending maintenance intervals, while operating the units safely and reliably; thereby, protecting the equipment’s value and maximizing its lifetime. nET

Resources: Black & Veatch, Kansas City, Miss.; Electric Power Research Institute (EPRI) Palo Alto, Calif.; Siemens AG, Erlangen, Germany.

PAGE  
3

