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Abstract- Steam power plants constitute one of the
fundamental technologies for large-scale electricity
generation worldwide. These systems operate on the
Rankine thermodynamic cycle, wherein water is converted
to high-pressure steam in a boiler, expanded through a
turbine to produce mechanical work, and subsequently
condensed for reuse. The present paper provides a
comprehensive review of the working principles,
mechanical design methodology, component selection, and
eco-friendly adaptations of steam power electricity
generation systems. Key aspects including boiler design,
turbine blade engineering, bearing selection, condenser
efficiency, and cycle optimization are discussed. The
environmental challenges associated with conventional
fossil-fuel-driven steam plants are examined alongside
emerging solutions such as biomass integration, solar
thermal hybridization, and waste heat recovery. The paper
concludes  that, with continuous technological
improvements, steam power generation remains a viable
and increasingly sustainable contributor to global energy
supply.

Keywords: Steam Power Plant, Rankine Cycle, Electricity
Generation, Thermodynamic Efficiency, Eco-Friendly
Energy, Boiler, Turbine, Condenser, Renewable Energy
Hybridization.

L INTRODUCTION

Access to reliable electricity is a cornerstone of
modern  civilization, underpinning  industrial
production, healthcare delivery, transportation, and
domestic life. Global electricity demand has grown
substantially over the past century, driven by
population growth, urbanization, and technological
development. Among the diverse methods of large-
scale power generation, steam-based thermal power
plants have historically dominated global electricity
supply. According to the International Energy Agency
(IEA), thermal power—primarily steam-driven—
accounts for approximately 60% of worldwide
electricity generation [1].
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A steam power plant operates on the Rankine
thermodynamic cycle, converting heat energy into
mechanical work via steam expansion, and
subsequently transforming that mechanical work into
electrical energy through an electromagnetic generator
[2]. The primary components—boiler, steam turbine,
condenser, feed pump, and generator—interact in a
closed loop designed to maximize energy conversion
efficiency while minimizing thermodynamic losses

[3].

Despite their widespread adoption, conventional
steam power plants fueled by coal, petroleum, or
natural gas present significant environmental
challenges, including greenhouse gas emissions,
particulate matter release, and water consumption [4].
These concerns have prompted extensive research into
enhancing plant efficiency and integrating renewable
or lower-carbon heat sources. Technologies such as
supercritical and ultra-supercritical steam cycles,
combined heat and power (CHP) systems, and solar-
thermal hybridization represent active frontiers in this
domain [5].

This paper systematically examines the mechanical
design principles, component selection criteria,
operational methodology, and eco-friendly strategies
relevant to steam power electricity generation. By
synthesizing current literature and engineering
practice, the paper provides a holistic perspective on
both the established and evolving aspects of steam
power technology.

IL. LITERATURE REVIEW

The engineering and scientific literature on steam
power generation is extensive, spanning fundamental
thermodynamics to applied plant design and
environmental assessment. Nag [2] provides a
comprehensive treatment of power plant engineering,

ICONIC RESEARCH AND ENGINEERING JOURNALS 997



© APR 2026 | IRE Journals | Volume 9 Issue 10 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV9110-1716190

covering the Rankine cycle, boiler design, turbine
selection, and condenser analysis, establishing the
theoretical framework widely adopted in engineering
curricula and practice. ElI-Wakil [3] offers an in-depth
analysis of power plant technology, with particular
attention to the thermodynamic performance of steam
cycles and the factors governing cycle efficiency
improvement. The work emphasizes the role of
superheating, reheating, and regenerative feedwater
heating in boosting overall plant efficiency. Regarding
advanced steam cycles, Breeze [7] documents that
supercritical plants operating above 22.1 MPa and
550°C achieve efficiencies of 42-45%, while ultra-
supercritical ~ units  surpassing  600°C  have
demonstrated efficiencies approaching 50%. These
improvements directly reduce CO: emissions per
kilowatt-hour generated.

Ganapathy [8] addresses industrial boiler design and
heat recovery steam generators (HRSGs), highlighting
the critical role of heat transfer optimization in
determining boiler thermal output and fuel efficiency.
Advances in metallurgy have enabled operation at
progressively higher temperatures and pressures,
driving efficiency gains. The environmental
dimension of steam power has been extensively
studied. The IEA [1] reports that coal-fired steam
plants remain the single largest source of global CO-
emissions. Mitigation strategies reviewed in the
literature include flue gas desulfurization, selective
catalytic reduction for NO,, electrostatic precipitators
for particulate control, and carbon capture and storage
(CCS) [4].

Renewable integration has gained increasing attention.
Peterseim et al. [9] review solar-thermal hybridization
of steam plants, demonstrating that integrating
concentrated solar power (CSP) collectors with
existing steam cycles can reduce fossil fuel
consumption by 15-30% without major modifications
to the power block. Biomass co-firing, reviewed by
Basu et al. [10], offers another pathway for reducing
carbon intensity while utilizing existing steam
infrastructure. Bearing technology in high-speed
rotating machinery is addressed by Harris and
Kotzalas [11], who discuss the selection criteria for
journal bearings versus rolling-element bearings in
turbomachinery, considering load, speed, temperature,
and lubrication requirements. Their work directly
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informs bearing selection for steam turbine
applications. Overall, the literature establishes that
while steam power generation is a mature technology,
substantial scope exists for efficiency improvement,
environmental performance enhancement, and
renewable energy integration.

III.  MECHANICAL DESIGN METHODOLOGY

The design of a steam power plant system requires
systematic engineering decisions across all major
subsystems. The methodology adopted in this work
proceeds from thermodynamic cycle analysis through
component specification to system integration.

3.1 Thermodynamic Cycle Analysis

The Rankine cycle forms the thermodynamic basis of
the steam power plant. The ideal cycle comprises four
processes: (1) isentropic compression of liquid water
by the feed pump; (2) isobaric heat addition in the
boiler to produce superheated steam; (3) isentropic
expansion of steam through the turbine, producing
work; and (4) isobaric heat rejection in the condenser
to return steam to the liquid phase [2]. The thermal
efficiency (n#) of the ideal Rankine cycle is expressed
as:

A =1-(Qi/ Qn) = (Wur— Wpudy) / Qu

where Q) is the heat rejected in the condenser, Q is the
heat supplied in the boiler, Wy, is the turbine work
output, and Wy, is the pump work input. In practice,
superheat, reheat, and regenerative feedwater heating
stages are incorporated to approach higher efficiencies

[3].

3.2 Boiler Design

The boiler is designed to generate high-pressure
superheated steam at specified conditions. Design
parameters include operating pressure (typically 10—
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25 MPa for modern plants), steam temperature (500—
600°C), and required steam flow rate. Pressure vessel
design follows ASME Boiler and Pressure Vessel
Code standards. High-alloy ferritic and austenitic
steels are selected for high-temperature sections to
withstand creep and oxidation [8]. Heat transfer
surfaces are sized to achieve the target steam output
based on fuel calorific value and combustion
efficiency.

3.3 Steam Turbine Design

The steam turbine converts the enthalpy of high-
pressure steam into shaft mechanical work through
staged expansion. Impulse and reaction blade stages
are designed based on velocity triangles, stage loading
coefficients, and degree of reaction. For large utility-
scale plants, multi-stage turbines with high-pressure
(HP), intermediate-pressure (IP), and low-pressure
(LP) sections are employed. Blade profiles are
optimized to minimize aerodynamic losses and
erosion from wet steam at the LP stages [7].

3.4 Condenser Design

The surface condenser operates at sub-atmospheric
pressure (typically 5-10 kPa), condensing exhaust
steam from the LP turbine. Shell-and-tube heat
exchangers are standard, with cooling water flowing
through titanium or stainless steel tubes to resist
corrosion. Condenser performance directly affects the
back pressure on the turbine and thus overall cycle
efficiency. Air ejectors or vacuum pumps maintain the
required vacuum by removing non-condensable gases

[3].

3.5 Feed Pump and Regenerative System

Multi-stage centrifugal pumps raise condensate
pressure to boiler feed pressure. Regenerative
feedwater heating using steam extracted from turbine
stages (bleed steam) preheats the feedwater, reducing
the boiler heat input required and improving overall
thermal efficiency. A series of closed and open
feedwater heaters progressively raise feedwater
temperature toward the boiler saturation temperature

[2].
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IV.  PROCESS FLOWCHART OF STEAM
POWER GENERATION

Figure 1 illustrates the complete operational sequence
of a steam power plant. The flowchart depicts the
energy conversion chain from fuel input through
electricity dispatch, and the closed-loop water/steam
cycle that enables continuous, efficient operation.
Color coding distinguishes the heat input stage (blue),
power generation stage (green), heat rejection and
feedwater recovery stage (purple), and the return loop
(red).

The flowchart underscores the cyclic nature of the
Rankine process: feed water is continuously
circulated, heated, expanded for power generation,
condensed, preheated, and returned to the boiler. The
cycle repeats arrow (shown in red on the right)
represents the feed pump returning pressurized water
to the boiler inlet, completing the thermodynamic
loop.

V. BEARING SELECTION FOR TURBINE
AND GENERATOR SHAFTS

Bearings are critical tribological components in steam
power plant rotating machinery, directly influencing
mechanical efficiency, operational reliability, and
maintenance intervals. Selection of appropriate
bearing type requires systematic evaluation of load
magnitude and direction, rotational speed, operating
temperature, lubrication regime, and expected service
life [11]. Journal bearings (hydrodynamic sliding
contact bearings) are the standard choice for main
turbine shafts in utility-scale steam plants.
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Fig. 1: Operational Process Flowchart of a Steam
Power Plant

Under high-speed, high-load conditions, these
bearings develop a full hydrodynamic oil film that
separates the rotating shaft from the bearing surface,
minimizing friction and wear. Babbitt metal (white
metal) lining on steel shells provides conformability
and embeddability [11]. Pressurized forced lubrication
systems deliver filtered, temperature-controlled
mineral oil to maintain the oil film under all operating
conditions.

For auxiliary equipment such as feed pumps and fans
operating at moderate speeds and loads, rolling-
element bearings (ball or cylindrical roller types) are
preferred due to their lower starting friction, reduced
lubrication complexity, and compatibility with grease
lubrication. Bearing life calculations follow ISO 281
standards, based on dynamic load ratings and
equivalent bearing load [12]. Operating temperature is
a key constraint: standard mineral oil lubricants are
suitable up to approximately 120°C, while synthetic
lubricants extend this range. Shaft alignment
tolerances are maintained within specified limits to
prevent bearing misload and premature failure.
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Vibration monitoring systems provide early warning
of bearing degradation, enabling condition-based
maintenance strategies.

VI. RESULTS AND DISCUSSION

The systematic design and operational analysis of the
steam power plant system demonstrates that each
component contributes to overall cycle performance in
a predictable and quantifiable manner. Key
performance metrics include thermal efficiency,
specific steam consumption, heat rate, and emissions
intensity.

Thermodynamic analysis confirms that the adoption of
superheating (steam temperature raised to 500°C)
increases cycle efficiency by approximately 4-6
percentage points compared to a saturated steam cycle
at the same boiler pressure, consistent with published
data [2]. Incorporating a single reheat stage yields an
additional 2-3% efficiency improvement, while
regenerative feedwater heating with five extraction
stages further improves efficiency by 5—8% [3]. The
condenser operating pressure has a pronounced effect
on cycle efficiency: reducing condenser pressure from
20 kPa to 5 kPa increases thermal efficiency by
approximately 3-5%, underscoring the value of
maintaining vacuum integrity [7]. Boiler excess air
control to approximately 10-15% optimizes
combustion efficiency and reduces flue gas heat
losses.

From a mechanical perspective, the use of
hydrodynamic journal bearings with forced lubrication
maintained mechanical losses at the turbine shaft
within acceptable limits (<0.5% of rated output),
consistent with manufacturer specifications and
literature benchmarks [11].

Environmental performance analysis indicates that a
well-maintained modern subcritical coal plant emits
approximately 820-850 g CO: per kWh, compared to
670-700 g CO2/kWh for supercritical plants and
below 580 g CO2/kWh for ultra-supercritical units [1].
Integrating biomass co-firing at 20% thermal share
reduces net CO: emissions by approximately 15-18%
due to the biogenic carbon cycle offset [10].
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VII. ECO-FRIENDLY STEAM POWER
GENERATION

7.1 Renewable Heat Source Integration

Transitioning from fossil fuels to renewable heat
sources represents the most impactful step toward
environmentally sustainable steam power.
Concentrated solar power (CSP) systems, particularly
parabolic trough and solar tower configurations,
generate high-temperature heat suitable for steam
production. CSP-steam hybrid plants can supply solar-
derived heat during daylight hours while maintaining
dispatchability through thermal storage or fossil fuel
backup [9].

Biomass combustion, utilizing agricultural residues,
forestry waste, or dedicated energy crops, provides a
near-carbon-neutral heat source for steam generation.
Co-firing biomass in existing coal-fired boilers
requires relatively modest modifications and offers an
immediate pathway to reducing carbon intensity [10].

7.2 Waste Heat Recovery and Cogeneration
Combined heat and power (CHP) systems
simultaneously produce electricity and useful thermal
energy from the same fuel input, achieving overall
energy utilization efficiencies of 70—85% compared to
35-45% for electricity-only generation [5]. Waste heat
recovery steam generators (WHRSGs) capture exhaust
heat from gas turbines or industrial processes to
generate steam for power production, exemplifying
the combined cycle concept.

7.3 Pollution Control Technologies

For plants continuing to use fossil fuels, pollution
abatement systems are essential. Electrostatic
precipitators (ESPs) and fabric filter baghouses
capture particulate matter with efficiencies exceeding
99.5%. Flue gas desulfurization (FGD) units remove
SO. through wet limestone scrubbing, achieving
removal efficiencies above 95%. Selective catalytic
reduction (SCR) systems reduce NOy emissions by
80-90% through catalytic reaction with ammonia [4].

7.4 Cost-Effectiveness of Eco-Friendly Systems

While eco-friendly steam power systems carry higher
initial capital costs, lifecycle cost analysis
demonstrates  their economic competitiveness.
Reduced fuel expenditure, avoidance of carbon taxes,
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improved equipment longevity, and eligibility for
government renewable energy incentives all
contribute to favorable long-term economics [5]. The
levelized cost of electricity (LCOE) from modern
solar-thermal hybrid steam plants has declined
significantly over the past decade, approaching
competitiveness with new coal-fired capacity in
regions with high solar irradiance.

7.5 Compact and Portable Steam Power Units
Miniaturized steam power systems have been
developed for distributed generation, remote area
electrification, and emergency power applications.
These units integrate boiler, turbine, generator, and
condenser into a compact, skid-mounted assembly
using lightweight high-strength alloys and advanced
insulation materials. Modular design facilitates
transport, rapid installation, and scalability [13].

VIII. CONCLUSION

Steam power electricity generation remains one of the
most important and widespread methods of large-scale
power production globally. This paper has reviewed
the fundamental thermodynamic principles governing
the Rankine cycle, the engineering design
methodology for major plant components, and the
operational characteristics that determine system
performance. The analysis confirms that modern
design practices—including superheating, reheating,
regenerative feed water heating, and advanced turbine
blade aerodynamics—can substantially improve
thermal efficiency beyond levels achievable with basic
steam cycles.

The environmental challenges associated with fossil-
fuel-driven steam plants motivate continuing research
into cleaner alternatives. The integration of renewable
heat sources such as concentrated solar power and
biomass, combined with cogeneration and waste heat
recovery, offers practical pathways to reduce the
carbon intensity of steam power generation while
preserving its operational flexibility and scalability.

In conclusion, with continued advances in materials
science, thermodynamic cycle design, pollution
control, and renewable integration, steam power
generation can evolve into an increasingly sustainable
and cost-effective contributor to global electricity
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supply, supporting the energy transition while meeting
the reliability requirements of modern power systems.
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