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INTRODUCTION

Climate change concerns and the rising price of coal are driving the power generation market toward more efficient cycles than the conventional subcritical steam plant. Steam turbines (STs) need to operate at substantially higher pressures and temperatures in the supercritical (SC) and ultra-supercritical (USC) domain. The SC steam plant design is rapidly becoming the preferred option for many owners, given its cost-effective use of coal, an abundant domestic fossil fuel. Concurrently, there is an ongoing push to reduce stack emissions of all pollutants and to capture CO2. The future will, without a doubt, lead to the increased use of USC technologies. While the definition of SC conditions is straightforward, the meaning of USC is subject to interpretation. To provide a clearer understanding of the goals of this paper, the three types of plants are defined below:

· SC is a thermal cycle with a main steam temperature of less than 1,112 °F (600 °C) operating at pressures between 3,208 and 4,000 psia.

· USC is a thermal cycle with a maximum steam temperature greater than 1,112 °F (600 °C) operating at pressures higher than 4,000 psia.

· Advanced USC is a thermal cycle with a steam temperature of 1,300 °F (705 °C) or greater.

While SC technology development continued in Japan and Europe for a number of decades, a concerted large-scale effort to reintroduce it in the US has occurred only recently. An example of this effort is EPRI’s CoalFleet initiative, which is designed to assist with the deployment of higher efficiency, lower emissions, CO2 capture-ready SC and USC plants. To compete with alternative solutions for coal utilization (i.e., IGCC), SC and USC plants must achieve net plant efficiency (based on higher heating value [HHV] of the fuel) greater than 40 percent without significantly increasing the plant’s capital cost. 

The initial step in this development process is thermodynamic cycle optimization, followed by an effort to increase ST overall efficiency by improving the high pressure (HP) and intermediate pressure (IP) modules. Higher steam temperatures in particular as well as increased steam pressure, will significantly improve thermal cycle efficiency. Rather than ST technology dictating the selection of the temperatures and pressures, cycle optimization is governed by coal properties and the effect of aggressive/corrosive coals on the materials selected for the boiler tubes, headers, and other internal components. If the coal contains deleterious components, then thermal cycle optimization should focus on pressure increases rather than more-effective temperature increases.

Equipment manufacturers also continue to aggressively pursue upgrading the low pressure (LP) turbine, which, in many cases, accounts for 40 percent of the power generated by the turbine. One of the development objectives is to increase the size of the last-stage blade (LSB), which could reduce the number of LP modules and boost the power output at lower condenser pressures. 

On one hand, the trend in advanced ST design is to achieve greater standardization in the number of modules and their sizes as a means of reducing cost and accelerating schedule. On the other hand, the only way to improve thermal efficiency is to custom-design the blading of each turbine module, with the exception of the last three stages of the LP section. These approaches can be accomplished only by using highly computerized methods of design and manufacturing. 

The discussion covers the value of EPC contractor experience and the challenges involved in ST equipment selection. The paper describes how contractor decisions are guided by lessons learned from the plant conceptual design stage through construction, startup, and testing of a number of power plants using large STs from several manufacturers in several SC applications. 

Cycle design optimization

This analysis identifies optimized cycle configurations and steam conditions for coal-fired power project SC and USC designs that will yield the best overall ST efficiency. For a predetermined plant net power output of 600 MW, nominal matrices of thermal performance and differential costs were developed by varying the main steam pressure and the main/reheat steam temperatures. The pressure range was set from 3,500 psia (240 bar) to 4,500 psia (310 bara), and main steam/reheat temperatures from 1,000 F/1,000 F (538 °C/538 °C) to 1,300 F/1,300 F (705 °C/705 °C). The heat balances were developed for a variety of pressure and temperature combinations using commercially available simulation programs. In addition to the ST, the boiler and other major equipment, namely the boiler feed pump and condenser, should be considered in overall plant evaluation because their capabilities also affect the selection of steam conditions for a specific site. 

The optimum approach is a thermal cycle design that incorporates significant increases in both main steam pressure and temperature. A key aspect of the design is the determination of the enthalpy end point (EEP) or moisture level in the exhaust of the LP turbine. A thermal cycle design that incorporates significant increases in the operating pressure of the ST without comparable increases in temperature can lead to an EEP in the wet zone of the LP exhaust greater than the average of 10–12 percent. Similarly, a thermal cycle that significantly increases the steam temperature without corresponding pressure increases can lead to superheated steam at the EEP during part-load operation. In addition, this thermal cycle does not take full advantage of the cycle capability, resulting in less-than-achievable cycle efficiency. 

The investigation would not be complete without an evaluated cost, which includes the capital cost and the benefit attributed to the heat rate improvements. However, due to the volatility of commodity prices for the materials required for advanced SC and USC plants, cost comparisons have not been included in this paper.

The study matrix was based on four pressure levels (3,500, 3,700, 4,000, and 4,500 psia [240, 255, 275, and 310 bar, respectively]). Four combinations of main steam temperature (MST) and hot reheat temperature (HRT)—1,000 F/1,000 F, 1,050 F/1,050 F, 1,100 F/1,100 F, and 1,150 F/1,150 F (538 °C/538 °C, 566 °C /566 °C, 593 °C/593 °C, and 621 °C/621 °C, respectively)—were considered for each pressure level. The throttle pressure of 3,700 psia was considered the base case. As indicated in Figure 1, an increase in operating pressure without a respective increase in operating temperature is counterproductive. The best results are achieved at the highest pressure and temperature (4,500 psia, 1,150 F/1,150 F), an improvement of 0.39 percent compared with the base case. 
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Figure 1.  Pressure and Temperature Impact on STG Heat Rate

A similar analysis was conducted for the MST and the HRT. In the first case, both the MST and the HRT were varied simultaneously; in the second case, only the MST was varied; and in the third case, only the HRT was changed. The temperature of 1,050 F/1,050 F was considered the base case. However, for the 4,500 psia case, the analysis included the higher MST and HRT temperatures of 1,300 F/1,300 F. 

In the first case (see Figure 2), the heat rate was about 2 percent worse for the lowest temperature values (1,000 F/1,000 F) and improved by nearly 3 percent for the higher temperature values of 1,150 F/1,150 F. When the temperature was further increased to 1,300 F/1,300 F, for the 4,500 psia pressure, the trend indicated an improvement of nearly 7 percent from the base case. 
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Figure 2.  MST and HRT Impact on Net Plant Heat Rate

Next, comparisons were made for individual changes in MST and HRT. 

The main and reheat steam temperatures of 1,050 F/1,050 F were considered the base case. An increase in MST of 100 F (55.55 °C) from the base case (see Figure 3) improves the heat rate by nearly 2 percent. Again, a temperature increase of 250 F (121 °C) above the base case for the corresponding 4,500 psia main pressure yields a heat rate improvement close to 5 percent. 

As expected, the impact of increasing only the HRT by 100 F improves the net plant heat rate by only 1.25 percent from the base case (see Figure 4). When the HRT is increased by 250 F, for the 4,500 psia case, the improvement in heat rate is approximately 3 percent. 
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Figure 3.  MST Impact on Net Plant Heat Rate
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Figure 4.  HRT Impact on Net Plant Heat Rate

The cycle optimization analysis indicates that the higher the main steam throttle temperature, when accompanied by a corresponding increase in main steam pressure, the better the cycle efficiency. An increase in reheat temperatures also improves the cycle efficiency, but to a lesser degree. However, it is recommended that this type of analysis be performed for each specific site condition. It is also interesting to observe the slightly different approach taken by different manufacturers in terms of power generation split between the HP, IP, and LP modules. For an EPC contractor, the inlet and outlet steam flow, pressure, and temperature conditions of the HP, IP, and LP stream are important for the sizing and support of the interconnecting elements (pipes, headers, bypass valves, and so on). Figure 5 presents the alternative solutions offered by five different original equipment manufacturers (OEMs) for a 950 MW steam turbine. OEM A offered an HP+IP common module; as a result, the LP section generated the most power (43 percent). OEM D had the most balanced distribution between the HP, IP, and LP modules. OEM E had the highest HP exhaust pressure conditions, which explains the high power output generated by the IP module. For the next level of performance, manufacturers, research facilities, and government agencies are devoting resources to developing new, improved materials that will be suitable for higher levels of throttle pressure and steam temperatures. 
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Figure 5.  Power Generation Split between the Modules of a 
950 MW SC Steam Turbine 

The IMPACT OF INCREASED CYCLE EFFCIENCY ON co2 EMISSIONS 

Improving the thermal performance of the steam cycle also plays an important role in reducing CO2 emissions. Table 1 presents the impact of water/steam cycle efficiency on the reduction of CO2 emissions. When compared with current subcritical plants, an SC plant reduces emissions by 12 percent. An advanced USC plant with 50 percent steam cycle efficiency reduces emissions by more than 41 percent (see Reference 15).
Table 1.  Co2 Reduction and Plant Efficiency
	
	Thermal Cycle Efficiency Range (HHV), % 
	CO2 Emissions Reduction, % 
	Remarks 

	Subcritical 
	33–35
	Basis
	

	SC Plant 
	36–40
	12
	1 Reheat 

	USC Plant
	42–45
	28 
	1 Reheat 

	Advanced USC Plant
	46–50
	41
	2 Reheat 


High temperature materials

The high thermal efficiency of the SC and USC steam power plants cannot be achieved without the use of new alloys with higher creep strength and improved oxidation resistance. More than 20 units are in operation worldwide with main steam temperatures of 1,080–1,112 (F (582–600 (C) and pressures of 3,400–4,200 psi (234–290 bar). Operation above 1,000 (F was possible due to the continuous development effort to improve the 9–12 percent ferritic steels (T91/P91, T92/P92, T112/P122), as well as some advanced austenitic alloys (TP347, HFG, Super 304). While the most severe requirements to withstand SC and USC operating conditions apply to boilers, significant constraints are also relevant to STs and interconnecting hardware such as main steam pipes, valves, and so on. It should be noted that the high temperature strength of ferritic steels (P92, P122,E91) is equal to that of the low-end austenitic alloys, but their resistance to oxidation is lower. A major problem associated with the use of P91/P92 materials is the need for quality control at the manufacturing facilities. In project execution, the quality of the welding and post-welding treatments, particularly in the field, continues to be a concern, requiring that the treatments be monitored closely.

Attaining USC main steam conditions of about 1,300 F and 5,000 psia (345 bar) is possible only by using nickel and chrome-nickel superalloys (e.g., Inconel 740), which exhibit the mechanical properties needed for these high temperatures and pressures.

In the ongoing struggle to balance cost and performance, equipment designers must also consider more affordable materials such as austenitic stainless steel. A typical example of this new generation of materials is a cast steel called CF8C-Plus (see Reference 1). Developed using both a unique “engineered microstructure” method that mitigates aging-induced embrittlement and stable nano-scale dispersions of NbC within the grains, this new steel has high creep-rapture ductility as well as outstanding mechanical and thermal fatigue resistance. These properties are achieved without using any additional heat treatment procedures, making it an excellent candidate for turbine casing applications, where large castings are necessary. 

Major initiatives to develop suitable materials are underway in the US, Europe, and Japan. The European material development program AD 700 (named for its target of achieving 700 C [1,292 F] as the MST) includes research institutes and several major ST manufacturers, including Siemens, Ansaldo, and Alstom, which are actively collaborating on this effort, despite being fierce commercial competitors. 

The status of material development for ST parts used in various high pressure and high temperature applications is given in Table 2, based on References 1 and 2. 

Table 2.  High Pressure and High Temperature Materials for HP Turbines

	Component
	1,050 F
	1,150 F
	1,300 F
	1,400 F

	Casings 

(shells, valves, steam chests, nozzles)
	CrMoV (cast)

10CrMoVMb
	9–10% Cr (W)

12CrW (Co)

CrMoWVNbN
	CF8C-Plus

CCA617

Inconel 625

In 718

Nimonic 263
	CCA617

Inconel 740

CF8C-Plus 

	Bolting
	422

9–12% CrMoV

Nimonic 80A

In 718
	9–12% CrMoV

12 CrMoWVNbN 
	Nimonic 105

Nimonic 115

In 718

Waspaloy

Allvac 718Plus
	Nimonic 105

Nimonic 115

U700

U710

U720

	Rotors/Discs
	1CrMoV

12CrMoVNbN

26NiCrMoV11 5
	9–12 % CrWCo

12CrMoWVNbN
	CCA617

Inconel 625

Inconel 740

Hynes 230
	CCA617

Inconel 740



	Nozzles/Blades
	422

10CrMoVNbN
	9–12% CrWCo

10CrMoVCbN
	Wrought 
Ni-based
	Wrought 
Ni-based

	Piping
	P22
	P92
	CCA617
	Inconel 740 


As Table 2 shows, the choice of the cycle main steam conditions depends primarily on the availability and cost of materials for the ST casings—the largest and most expensive components. To minimize thermal and operational stresses, HP sections of USC equipment use triple-shell construction (see Reference 2). With this type of arrangement, the outer casing is not subject to elevated temperatures and can be constructed of traditional CrMoV material. The nozzle box is exposed to the highest pressures and temperatures and should be made of forged 12CrMoVCbN steel. 

Another important criterion in material selection for stationary vanes relates to the material used for packing castings, which must be similar to the rotor material to match its thermal expansion characteristics. 

The choice of material for bolting appears to be relatively easy. The major requirements are high resistance to stress relaxation, thermal expansion compatibility, and low notch sensitivity. As with ST rotating blades, the experience accumulated from the use of identical materials in large industrial gas turbines operating at high temperatures is also relevant for these applications. 

It should also be emphasized that these materials must be introduced in association with rigorous analytical prediction tools as well as comprehensive, large-scale testing programs. Without convincing validation methodologies to predict the life expectancy of critical components, the equipment will be introduced to the market very slowly.

HP/IP design 

Despite the fact that advanced STs are specifically tailored to the needs of the particular cycle design, all ST manufacturers use modular building blocks with standardized components and parts. This approach ensures flexibility and confidence in proven designs, without escalating equipment cost. 

The blades of an ST are the components that receive the most attention. Significant efforts are invested to optimize blade design, which has a direct and powerful effect on HP and IP modules efficiency. It is customary to use a fully developed 3-D design, accounting for all blade profile losses, leakage losses, and other secondary effects. Because the blades are short, relatively large end-wall losses occur at the hub and the shroud. By modifying the conventional cylindrical design with a fully developed 3-D design, bent and twisted at the blade hub and tip, a stage efficiency improvement of approximately 2 percent is obtained. Another improvement for HP/IP blading is the use of variable reaction for each stage in the blade path length instead of the constant 50 percent reaction (see References 3 and 4). Improvements of 1 percent and higher in module efficiency have been reported. 

A typical optimization process for the HP or IP turbine could contain more than 40 variables (such as pressure between the stationary and rotating blades, enthalpy drop across the stages, and blade-path geometry) and be subject to more than 100 design constraints (see Reference 3). At SC and USC steam conditions, a very complex, iterative design process is required to achieve an optimized geometry with minimum losses. In the first stages of the HP turbine, the maximum allowable stress is very low, due to high inlet temperature, while in the last stages of the module, the stresses are high, due to the larger blade height. The stage loading must also be decreased in the last stages to reduce the exit velocity and minimize profile and exit losses. 

HP and IP Configurations
A key decision centers on whether separate or integral HP/IP modules should be used. The number of modules is an important element affecting the overall cost of the power plant. For cost and schedule reasons, several manufacturers suggest the use of a single, opposite-flow combined HP/IP module. This type of arrangement has been used successfully for STs producing up to 600 MW gross power. If the rotor can be shipped pre-assembled into the inner and outer casings, as one design indicates, shorter erection and commissioning times are possible (see Reference 4). The advantages offered by the integral HP/IP modules provide manufacturers with incentives to propose this arrangement for even higher overall power output (around 800 MW). Careful review and analysis are required to determine the optimal IP blade size. As the ST output approaches 800 MW, the height of the last IP blade in a single-flow IP module increases to accommodate a larger flow. Until now, very few manufacturers have offered this arrangement. From the O&M perspective, splitting the HP and IP into two different modules is preferred. This arrangement offers more expedient access to the hardware and a more convenient way to assemble and disassemble interconnecting pipes, thus reducing outage time. 
Sealing

Beyond the use of conventional non-contact labyrinth seals, new sealing technologies have been introduced in advanced ST designs, aiming to further reduce leakage losses. Several sealing methodologies used in gas turbines, such as abradable seals and brush seals, have found their way into ST applications. 
For the first type of seal, the seal segments in the shaft glands, balance pistons, or low-height spring-backed seals below the stationary blades are coated with an abradable material, thus reducing the actual clearance and consequently the leakage. If the segments rub against the opposite labyrinth fins, the material wears away and operational safety is not affected. This design can reduce the leakage flow by 20 percent  (see Reference 4) compared with that of uncoated seals. 

Brush seals are becoming standard features in advanced STs, particularly for the HP and IP modules of SC and USC STs. Brush seals provide a curtain of metal bristles between adjacent areas of different pressures. The bristles are canted at an angle relative to the radial direction of the shaft, and the sealing process starts as soon as differential pressure is created, even though there is still a gap between the bristles and the rotor. In this type of application (see Reference 4), a 50 percent reduction of leakage flow is achieved compared with that of a conventional seal. The absence of any clearance between the brush and the surface of the part reduces the leakage considerably—70% and more—and can improve turbine efficiency by 0.5 percent (see Reference 5). 

LP TURBINE design

Although the LP turbine LSB is one of the most important elements in the overall ST design, design improvements in LP turbines are only summarized in this paper because these improvements are generic to subcritical, SC, and USC turbines. As discussed earlier, future efforts to increase ST overall efficiency for advanced thermal cycles will focus on improving the HP and IP modules. However, we must not ignore the fact that, in the last few years, equipment manufacturers have initiated ambitious plans to upgrade the LP turbine. One objective has been to increase the size of the LSB, which could reduce the number of LP modules under certain conditions and/or boost the power output at lower condenser pressures. The equipment manufacturers have devoted considerable effort to understanding and improving the design of stationary and rotating blades. Changes from the existing traditional design boundaries, such as supersonic relative inflow at the tip of the rotating blade, have been evaluated in extensive analytical and experimental trials to gain user acceptance. 

Only a fully developed 3-D stage flow analysis can provide an optimum blade profile capable of minimizing the losses from shock waves resulting from supersonic flow. The accuracy of modern 3-D analysis as a prediction tool has vastly improved—it can now account for non-equilibrium condensation flows with different steam wetness conditions and phase change variations (see References 6 and 7). 
Along with aerodynamic considerations, mechanical constraints also play an important role in developing new, longer LSBs. As key turbine components subject to the largest centrifugal forces, LSBs have a critical impact on the performance and reliability of the entire turbine. 

The allowable tensile radial stress value represents the major limiting factor for blade length. Other limiting stresses include the bending stress resulting from steam forces in the blade root part and the tensile stress in the rotor caused by centrifugal forces. 

Continuous market pressure to increase LSB length led developers to use titanium alloys instead of steel. Titanium alloys are less dense (1.8 times) and much stronger than steel, thus allowing the use of longer blades and larger annulus areas. For example, the yield strength of the Ti-6Al-4V titanium alloy is the same as 17-4pH steel, but the weight of titanium is only 57 percent of that of steel (see Reference 9). Another benefit of titanium alloy material is associated with greater resistance to wetness losses and damage, compared with stainless steel. On the downside, however, titanium blades are more brittle and prone to scratches. Titanium alloy blades have been in service for a number of years. Manufacturers are currently applying lessons learned from the first generation of titanium blades as they develop the second generation, with a 10–15 percent larger exhaust area and more complex aerodynamic and mechanical design. 

Processes that take place in the LP turbine section (LPTS) account for significant efficiency losses. Nearly 8 percent of the losses can be attributed to a “wetness phenomenon,” which results mainly from the nucleation of moisture from superheated steam in the phase transition zone (PTZ), the formation and release of liquid films on the blade surface within the PTZ, and two-phase flow from the LPTS into the condenser (see Reference 10). 

The LSB mechanical design also needs to provide protection against erosion caused by water droplets. In a typical cycling operation, the level of steam moisture varies significantly. While the average steam wetness is not higher than 10–12 percent, the local steam wetness (see Reference 11) can be much higher, particularly in the tip region. The higher the tip speed, the more dangerous the effect of the coarse-grained water that lags behind the steam and affects the blade. 

For very long LSBs, the conventional method of protecting against water erosion—using Stellite strips brazed to the blade surface—presents new challenges (see Reference 8). The Stellite strips create discontinuities in the blade profile, and if the Stellite strips break, they can also cause local damage and changes to the dynamic characteristics of the blade. An expensive alternative (see Reference 12) for reducing the moisture is internal steam heating of the stationary blades. Another new method for protecting against erosion is the laser hardening of the blades. This method delivers similar or better results for 16-4pH material relative to the flame hardening of conventional steels (see Reference 12). 

The exhaust loss of an ST is proportional to the square of the ratio of the volumetric flow over the turbine exhaust annulus area. Better performance is attained by employing a larger exhaust area, either by decreasing hub diameter and increasing blade length, or by reducing blade length over a larger hub diameter. The lower the kinetic energy of the steam leaving the turbine, the higher the ST efficiency realized. Since the ST “last three stages system” can be used for a number of configurations and operating conditions, design optimization should not consider system behavior at a single operating point but, rather, should evaluate performance at several different flows and pressures. 

EPC CONTRACTOR PERSPECTIVE

Importance of ST Experience

In general, the continuous evolution of the ST presents many challenges for EPC contractors, such as Bechtel, which are responsible for selecting equipment and functionally integrating it with other power plant components. 
Working on the customer’s behalf to make technology-neutral decisions in selecting and integrating plant equipment, the EPC contractor relies on the experience and expertise it has gained using equipment from many manufacturers, in many project settings. Bechtel’s experience with STs covers combined cycle as well as conventional steam plants. STs used for conventional steam cycle plants on Bechtel projects are listed in Table 3. Two recent projects are STs operating at SC conditions. Several other projects are in the initial development stages. 

Table 3.  Steam Cycle Projects

	Year 
	Nominal Gross Power (MW) 
	Rotational Speed

(RPM) 
	Supplier
	Total Casings/
LP Casings 
	Last Stage Blade Length
	Last Stage Blade Material 

	2009
	677
	3,600
	Hitachi
	3/2
	40
	Titanium

	2006
	450
	3,600
	MHI
	2/1
	40
	Steel

	2002
	420
	3,000
	Ansaldo
	2/1
	31
	Steel

	2001
	396
	3,000
	GEC Alstom
	2/1
	41
	Steel

	2001
	490
	3,600
	Toshiba
	3/2
	30
	Steel

	2000
	490
	3,600
	GE
	3/2
	26
	Steel

	1995
	377
	3,600
	GE
	2/1
	33.5
	Steel

	1995
	114
	3,600
	ABB
	2/1
	35.7
	Steel

	1995
	295
	3,600
	Westinghouse
	2/1
	26
	Steel

	1994
	285
	3,600
	GEC Alstom
	2/1
	29
	Steel


ST Equipment Selection 

Before selecting equipment from different suppliers, an EPC contractor must conduct a thorough investigation to ensure that the owner’s pro forma objectives are met for power output, heat rate, startup times, reliability, availability, and so on. The process includes an independent assessment of the technology, equipment operating history, engineering, and manufacturing processes. The ST performance offered by the OEMs for a specific project is normalized and reconciled with the past performance of various types of equipment in a similar configuration on other projects. Bechtel maintains a performance database of all past projects, which is routinely updated with information from field tests. Special emphasis is given to the validation process of the exhaust loss curve. 
Figure 6 shows the thermal internal efficiency values for all three modules (HP, IP, and LP) calculated for a typical supercritical 800 MW application, where the main steam conditions are set at 3,800 psia (262 bar) and 1,075 °F (579 °C). As the figure indicates, the module efficiencies are high for all OEMs. However, there are certain differences, based on the technologies and the emphasis put on the particular module. Supplier A’s IP module is designed for the highest efficiency (96 percent), whereas Supplier C has more equally distributed the efficiency value among the modules, varying between 91.6 percent and 93.1 percent. 
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Figure 6.  ST Module Efficiencies for 800 MW SC Plant 
(3,800 psia, 1,075 F Main Steam Conditions)

Control issues:  sliding or constant pressure

The future generation of SC and USC plants in the US must be able to achieve high efficiencies not only in continuous base-load operation but also at part-load operation. The conventional approach suggests that, in the US, the new generation of SC and USC plants will operate, for the most part, at base-load conditions and constant steam pressure. However, for a plant with a life span of 30–40 years, it is inevitable that in the future these units will operate in load-cycling operation using sliding pressure. 

Operation under constant pressure requires steady boiler and main steam line pressure over the entire load range. At part load, the steam turbine requires a lower pressure and flow to generate the amount of power needed. The operational system where the boiler provides only the required amount of steam and pressure to meet the demand without any throttling, is referred to as “sliding pressure.” Most steam generators and turbines in combined cycle applications operate in this mode. 

For SC and USC, the sliding pressure method used in the industry (see Reference 14) is known as “modified sliding pressure.” In this case, a certain amount of pressure throttling is allowed, to provide a fast response to load changes. One advantage of the “constant pressure” mode of operation is a more robust load reserve capability at part load. Following a load increase demand, the throttling or admissions valves open and the pressures in the turbine and boiler begin to even out. The instantaneous reduction in pressure in the boiler creates a sudden increase in the steam-specific volume within the system and initiates an immediate discharge of steam mass towards the turbine. The additional steam mass provides an increase in the power output even before the firing or the fuel handling equipment is in operation. 

It should be also emphasized that, below 70–75 percent base load, most steam generators operating in sliding pressure mode are at subcritical conditions. 

Many SC plants use only constant pressure operation through startup and the entire load range. Contrary to what occurs when sliding pressure units are used, such an arrangement makes the startup process more complicated, extends the startup times, and forces the minimum load to be set higher. A current operational mode combines constant pressure and sliding pressure by maintaining the constant pressure range between 85 percent and 100 percent load and allowing a sliding pressure operation at part load below 85 percent. It should be emphasized that any decision concerning the mode of operation has a significant impact on the boiler design. 

From the turbine standpoint, during constant pressure part-load operation, the turbine will have power reserves, due to significant throttling or the capability to quickly open additional admission valves. The sliding pressure boiler designs for USC plants can have significantly higher furnace outlet temperatures (approaching 1,100 F) and may require special alloys for furnace walls, whereas a constant pressure furnace exhibits much lower temperatures. The cost difference (see Reference 14) between the two designs can be high. 

On the other hand, selecting sliding-pressure operation with lower boiler pressures at part load improves plant heat rate. The HP turbine module efficiency is higher, and the boiler feed pump power consumption is reduced. 

Therefore, it is important to properly evaluate the ST control system. An older throttle-control at constant pressure exhibits significantly worse efficiency at part load. A modern nozzle-control turbine, using sequential admission valves in constant pressure mode, operates at efficiencies over the load range similar to those of sliding pressure design. This can be achieved by keeping several admission valves fully open and operating at “valve best points” for selected part-load conditions. 

Because selecting the operating mode entails significant cost implications, owners, EPC contractors, and manufacturers should identify and select the most appropriate operating control system for the ST under the specific power generating contract for the site. 

Conclusions 

Due to the ever-increasing costs of natural gas and other liquid fuels, the coal-fired steam cycle has once again become the technology of choice for new power plants. Operating within the SC and USC steam domain, the HHV-based net cycle efficiency of these plants could reach 42–45 percent.

The drivers behind the higher efficiency are associated with higher operating pressures and temperatures for the main steam as well as the reheat steam. As indicated in the cycle analysis, the influence of the temperature is much more significant than that of the pressure. The effect on the heat rate due to a 50 (F (27.78 °C) increase in the main and reheat steam temperatures is 10 times greater than an increase of 300 psia (21 bar) of the main pressure. It should be emphasized, however, that any rise of the main steam temperature must be accompanied by an appropriate increase of the main steam pressure, which is needed to achieve the optimum steam dryness conditions for the LP LSB under part-load operation conditions. 

To meet these technical challenges, OEMs, research facilities, and universities have embarked on aggressive development programs to improve the materials used for turbine components and to apply advanced computerized methods to improve the aerodynamic and mechanical design of the steam path. 

Beyond the generic equipment capabilities, the success of any SC and USC project also depends on the specific site conditions, fuel constituents, emissions limits, and owner’s operational constraints. This integration and optimization effort requires an experienced and bankable EPC contractor, capable, among other things, of assessing equipment limitations due to fuel composition, as well as any high temperature and pressure effects on the balance of plant equipment and operational limitations. 
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