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Lecture 1.1

Indian Energy Scenario

2026-07-24

Welcome to the first lecture of Power Plant Engineering. Today
we establish the context of our study by examining the macro-level

LeCtu re ]- . 1 energy scenario in India, laying the groundwork for understanding

power generation needs and constraints.

Indian Energy Scenario
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I—Agenda

We will cover the structural layout of the Indian grid, analyze cur-

Topics to Cover

rent capacity statistics, discuss the heavy reliance on coal, explore

@ Overview of India’s Power Sector Structure renewable trajectories, and conclude with current sector challenges

Installed Generation Capacity and Energy Mix and policy interventions.

Thermal Power Dominance and Coal Dependency
Renewable Energy Expansion and Integration

Transmission Infrastructure and Sector Challenges

Government Initiatives and Future Outlook
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Overview of the Indian Power Sector

@ India is the third-largest producer and consumer of electricity globally.

@ Electricity is a concurrent subject under the Indian Constitution,
implying shared jurisdiction between Central and State governments.

@ The sector is functionally unbundled into Generation (Gencos),
Transmission (Transcos), and Distribution (Discoms).

o Grid stability and dispatch are managed by the Power System
Operation Corporation (POSOCO) via National and Regional Load
Despatch Centres (NLDC/RLDCs).

MoP / CERC

[ Gencos To—we{ Transcos ]G—m{ Discoms }
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L_Overview of the Indian Power Sector

The unbundling of state electricity boards was a major reform. It
separated generation, transmission, and distribution to improve ef-
ficiency and attract private investment. Grid management is highly
centralized to prevent cascading failures.
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Installed Generation Capadty Mix 3:}1 L—Lecture 1.1: Indian Energy Scenario
o
Capacity Overview § LInstalled Generation Capacity Mix
@ Total installed capacity exceeds 400 GW. N
@ Fossil Fuels (~56%): Dominated by coal-fired thermal plants. While coal remains the backbone, notice the significant and grow-
@ Renewable Energy (~30%): Rapidly growing solar and wind ing share of renewables. The shift from state monopolies to private
capacity. generation has been a key driver in capacity addition over the last
@ Hydroelectric (~11%): Provides essential peaking capabilities. decade.
@ Nuclear (~2%): Small but strategic base-load contributor.
@ Private sector participation now accounts for nearly 50% of
total installed capacity.

Fossil Fuels (56%)
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Thermal Power Dominance

3:}1 L—Lecture 1.1: Indian Energy Scenario
o
Coal Characteristics & Challenges § L-Thermal Power Dominance

@ Base load generation is overwhelmingly supplied by coal-fired o
subcritical and supercritical thermal power plants.

o Domestic Indian coal has extremely high ash content (35-45%) and The engineering challenge in India is combusting high-ash coal ef-
low calorific value, requiring specialized boiler and ash-handling ficiently while minimizing erosion. Additionally, the mandate to in-
designs. stall FGDs requires significant capital expenditure and causes plant

o Challenges include declining Plant Load Factor (PLF) for older units downtime.
due to merit order dispatch favoring cheaper renewables.

@ Stricter environmental emission norms for SOx, NOx, and Particulate
Matter mandate the retrofitting of Flue Gas Desulfurization (FGD)
systems.
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Renewable Energy Expansion Targets

Growth & Integration

India has set aggressive targets: 500 GW of non-fossil fuel capacity by
2030 (Panchamrit declaration).

Solar PV (utility-scale parks and decentralized rooftop) leads the
capacity additions due to steep drops in Levelized Cost of Energy
(LCOE).

Wind energy is concentrated in southern and western states, offering
generation profiles that often complement solar output.

Major technical challenge: Integrating intermittent renewables requires
increasing grid flexibility and grid-forming inverters.
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L-Renewable Energy Expansion Targets

The economic tipping point has been reached where solar is often
cheaper than new coal. However, managing the grid with high
renewable penetration requires advanced forecasting and ancillary
services.



Hydro and Nuclear Contributions

Role in Grid Stability

@ Large Hydroelectric projects provide crucial ramping capabilities,
peaking power, and black start facilities during grid collapses.

o Renewed focus on Pumped Storage Hydro (PSH) for large-scale,
long-duration energy storage to balance solar intermittency.

@ Nuclear capacity relies on indigenous Pressurized Heavy Water
Reactors (PHWRs) and the strategic Three-Stage Nuclear Power
Programme.

@ Nuclear provides reliable, zero-carbon base-load power, though capital
costs and gestation periods remain high.
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|—Hydro and Nuclear Contributions

Hydro and Nuclear act as the stabilizers in a renewable-heavy grid.
Pumped storage is currently the most viable technology for storing
excess daytime solar energy to meet evening peak demand.



Transmission Infrastructure: The National Grid

One Nation, One Grid

@ The 'One Nation, One Grid, One Frequency’ initiative successfully
synchronized all regional grids.

o Extensive deployment of High Voltage Direct Current (HVDC) and
765 kV Ultra High Voltage AC (UHVAC) corridors.

@ These corridors minimize transmission losses when wheeling power
from generation-rich regions (e.g., Eastern coalfields) to load centers.

o Implementation of Wide Area Measurement Systems (WAMS) and
Phasor Measurement Units (PMUs) for real-time dynamic stability
monitoring.
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L Transmission Infrastructure: The National
Grid

A unified grid means a surplus in the North East can instantly
offset a deficit in the South. HVDC is particularly important for
long-distance bulk power transfer without stability issues.



Energy Consumption Patterns

Sector-wise Consumption

o Industrial Sector: Largest consumer, requires high reliability, heavily
cross-subsidizes other sectors.

@ Agricultural Sector: High seasonal demand (irrigation pumps),
characterized by highly subsidized or free power, causing financial
strain.

@ Domestic Sector: Rapidly rising demand driven by rural electrification
schemes (Saubhagya) and increased appliance penetration.

o Commercial Sector: High tariff paying, driving demand for rooftop
solar and open access.

41
40
30 26
20 20
13
10

Industrial Domestic Agriculture Commercial

% Share
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I—Energy Consumption Patterns

The tariff structure in India involves complex cross-subsidization
where industries pay higher rates to subsidize agriculture and low-
income domestic users, which incentivizes industries to set up cap-

tive power plants.



Key Sector Challenges: AT&C Losses

Financial Bottlenecks

o Aggregate Technical and Commercial (AT&C) losses represent the gap
between energy supplied and revenue realized.

@ Technical losses stem from inadequate distribution infrastructure and
overloaded transformers.

o Commercial losses are driven by power theft, unmetered agricultural
supply, and inefficient billing/collection cycles.

@ High AT&.C losses severely impact the financial viability of state-owned
DISCOMs, creating a bottleneck for upstream payments to Gencos.
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I—Key Sector Challenges: AT&C Losses

AT&C losses are the Achilles heel of the Indian power sector. If
DISCOMs don't collect revenue, they can't pay for the power they
buy, leading to financial stress across the entire supply chain.
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Fuel Supply and Grid Integration Challenges

2026-07-24

Operational Risks

o Fuel Supply Risks: Periodic domestic coal shortages force reliance on

expensive imported coal, exposing the sector to global price volatility.

o Renewable Integration: The 'Duck Curve’ phenomenon where high Engineers are tasked with operating rigid coal plants flexibly to
daytime solar generation forces thermal plants to ramp down rapidly,

followed by steep ramping requirements during the evening peak.

@ Grid Inertia: Displacement of synchronous thermal generators by
inverter-based renewables reduces overall system inertia, increasing
vulnerability to frequency deviations.

L Fuel Supply and Grid Integration Challenges

accommodate solar power. This causes thermal fatigue in boilers
and reduces plant efficiency, a major operational challenge today.

100
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Government Initiatives & Policy Framework

Key Policies

o Revamped Distribution Sector Scheme (RDSS): Capital outlay for
infrastructure upgradation and mandatory transition to prepaid smart
metering.

@ Green Energy Corridors: Dedicated transmission infrastructure for
evacuating power from large renewable energy parks.

o Electricity (Amendment) Rules: Promoting competition, enabling
open access for green energy, and strictly enforcing Renewable
Purchase Obligations (RPOs).

@ Production Linked Incentive (PLI) schemes for domestic
manufacturing of high-efficiency solar PV modules and advanced
chemistry cells (batteries).

.
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L—Government Initiatives & Policy Framework -

Policy is actively trying to fix the distribution leakages via smart
metering while simultaneously pushing for energy independence
through localized manufacturing of green technologies.



Future Outlook and Grid Modernization

The Path Ahead

@ Decarbonization trajectory aligned with India’s Net Zero by 2070
commitment.

@ Transition towards intelligent, bi-directional smart grids capable of
handling distributed energy resources (DERs).

@ Emergence of Green Hydrogen as a storage medium and a pathway to

decarbonize heavy industries and transportation.

@ Integration of Electric Vehicles (EVs) not just as load, but as dynamic

grid assets using Vehicle-to-Grid (V2G) capabilities.

.
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L Future Outlook and Grid Modernization

The power plant of the future won't just be a centralized coal
station; it will be a decentralized, highly digitized network of varied
resources managed by advanced software.



Summary

Key Takeaways

@ India’s energy landscape is fundamentally transitioning from high-ash
domestic coal dominance to a diverse, renewable-heavy portfolio.

@ The national grid is unified and highly robust, but distribution sector
financial health remains a critical vulnerability.

@ Technical challenges have shifted from simply adding capacity to
managing grid flexibility, integrating intermittency, and modernizing
legacy assets.

@ Policy frameworks are aggressively pushing smart metering, domestic
manufacturing, and green energy evacuation infrastructure.
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I—Summary

To summarize, the Indian power sector is massive, complex, and
undergoing rapid transformation. Engineering in this space means
solving the trilemma of sustainability, affordability, and reliability.
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Next Lecture Preview 3:}1 L—Lecture 1.1: Indian Energy Scenario
o
Topic: Load Curves and Load Factors § LNext Lecture Preview
@ Understanding how and why consumer electrical demand fluctuates o
over a 24-hour cycle.
@ Analyzing Chronological Load Curves, Load Duration Curves, and Next time, we move from the macro scenario to mathematical
Mass Curves. analysis. We will learn how to read demand patterns, which is the
@ Calculating crucial metrics: Base Load, Peak Load, Average Load, and very first step in designing any power plant.
Plant Use Factor.
@ Determining generation capacity requirements based on load profiling. )
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Indian Energy Scenario

2026-07-24

Welcome to Lecture 2. Today we will explore the comprehensive
energy scenario of India, examining its generation mix, key institu-

LeCtu re 1 . 2 tions, and future trajectories.

Indian Energy Scenario
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I—Agenda

Our agenda covers the current state of India's power sector, the
dominant generation methods, the growing renewable sector, and
Key Organizations and Regulatory Bodies the challenges faced by the grid and distribution companies.
Thermal Power Dominance

Overview of the Indian Power Sector

Renewable Energy and Nuclear Power Landscape
Transmission and Distribution (T&D) Network

Challenges in the Power Sector

Government Policies and Future Trends
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Overview of the Indian Power Sector

3:}1 L—Lecture 1.2: Indian Energy Scenario
o
@ India is the third-largest producer and consumer of electricity globally. 9 L Gnverview of ihe Inden Bewer Saciar
o Total installed capacity exceeds 416 GW (as of recent Central &
Electricity Authority data).
@ Per capita electricity consumption is around 1,255 kWh, which is lower India’s power sector is massive and rapidly expanding. Despite be-
than the global average but growing steadily. ing the third-largest consumer, our per capita consumption high-

@ The sector operates on a concurrent list framework, meaning both
central and state governments have jurisdiction.

@ Private sector contribution has grown significantly, now accounting for
over 50% of installed capacity.

lights significant room for growth as energy access and industrial-
ization deepen.

Central 24%
Private 50%
State 26%
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Generation Mix: Installed Capacity

Fossil Fuels (~56%): Coal remains
the backbone of Indian power
generation, followed by lignite, gas, and
diesel.

Non-Fossil Fuels (~44%): Significant
growth in renewables and large hydro.
Renewable Energy Sources (RES):
Solar and wind constitute the majority
of RES, alongside biomass and small
hydro.

Nuclear: Contributes around 1.6% to
the total installed capacity.

India has committed to achieving 50%
cumulative electric power installed
capacity from non-fossil fuel-based
energy resources by 2030.

Capacity
Fossil
Non-Fossil (44%)
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L—Generation Mix: Installed Capacity

The generation mix is undergoing a transition. While coal remains
dominant for baseload, the addition of non-fossil fuel capacity is
accelerating rapidly to meet climate goals.
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Key Regulatory Bodies and Organizations

3:}1 L—Lecture 1.2: Indian Energy Scenario
o
@ Ministry of Power (MoP): Apex body responsible for planning, g L_Key Regulatory Bodies and Organizations
policy formulation, and administration. Y
o Central Electricity Authority (CEA): Advises on national power
policy and coordinates planning. Understanding the institutional framework is crucial. The MoP
o Central Electricity Regulatory Commission (CERC) & SERCs: sets policy, CERC regulates pricing, and Grid-India manages the

Regulate tariffs and promote competition.
o Grid Controller of India (formerly POSOCO): Ensures integrated
operation of the National Grid through NLDC, RLDCs, and SLDCs.
@ Public Sector Undertakings (PSUs): NTPC (thermal), NHPC
(hydro), PGCIL (transmission).

real-time balancing of supply and demand across the national grid.

Ministry of
Power (MoP)

(_ ceA ) (__cerc ) [ Grid-India )

Power Plant Engineering July 24, 2026 32/632



Power Plant Engineering
L—Lecture 1.2: Indian Energy Scenario

rmal Power Dominance

o Coal-fired plants provide the baseload power, ensuring grid stability.

@ Subcritical to Supercritical Transition: New plants deploy
supercritical (SC) and ultra-supercritical (USC) technology for higher
efficiency and lower emissions.

o Plant Load Factor (PLF): The average PLF of thermal plants
fluctuates based on demand and renewable integration. baseload. The shift to supercritical technology is vital for reducing

|—Thermal Power Dominance

2026-07-24

Thermal power, specifically coal, provides the necessary inertia and

o Fuel Security: Managed through domestic production (Coal India specific coal consumption and emissions.
Ltd) and imports to blend for calorific value.

o Flue Gas Desulfurization (FGD): Mandatory installation for
environmental compliance to reduce SOx emissions.

Efficiency (%)

ftical (~40%)

Syberitical (~36%)

» Pressure/Temp
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Renewable Energy Landscape

@ India ranks 4th globally in Renewable Energy Installed Capacity
(including Large Hydro).

@ Solar Power: National Solar Mission drives rapid capacity addition,
focusing on solar parks and rooftop installations. The renewable sector is the fastest-growing segment. However,

o Wind Power: Concentrated in western and southern states (Tamil
Nadu, Gujarat, Maharashtra) due to favorable wind corridors.

o Intermittency Challenges: Integration requires grid balancing,
forecasting mechanisms, and flexible thermal operation.

o Renewable Purchase Obligations (RPO): Mandates DISCOMs to
procure a minimum percentage of power from renewable sources.

2026-07-24

LRenewable Energy Landscape

solar and wind are variable. Integrating them requires advanced
forecasting and grid flexibility.

Solar irradiance is highest in Rajasthan and Gujarat, while wind density
peaks along the western and southern coastlines.
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Nuclear Power Generation

3:}1 L—Lecture 1.2: Indian Energy Scenario
o
@ Operated exclusively by Nuclear Power Corporation of India Limited © L Nudesr Bower Canamiion
(NPCIL) and BHAVINI. &
@ Three-Stage Nuclear Power Programme: Formulated by Homi
Bhabha (PHWRs, FBRs, and Thorium-based reactors). India's nuclear strategy is unique, designed to ultimately utilize
o Pressurized Heavy Water Reactors (PHWR): Form the bulk of the our vast thorium reserves. Currently, PHWRs dominate, but large
current operating fleet (e.g., Kakrapar, Rawatbhata). LR s i melh

o Imported Technology: Light Water Reactors (LWR) deployed with
international cooperation (e.g., Kudankulam VVER reactors).

@ High Capacity Factor: Nuclear plants operate continuously,
providing reliable, zero-emission baseload power.

Stage 1
PHWR
(Natural U)

Stage 2
FBR
(Plutonium)

Stage 3
AHWR
(Thorium-U233)
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Transmission Network: The National Grid

o One Nation, One Grid, One Frequency: Integration of five regional
grids (Northern, Eastern, Western, North-Eastern, Southern).

@ Central Transmission Utility (CTU): Power Grid Corporation of
India Limited (PGCIL) manages the inter-state transmission system v
(ISTS).

o High Voltage Direct Current (HVDC): Crucial for bulk power
transfer over long distances with minimal losses (e.g., -800 kV The integration into a single synchronous grid operating at a unified
Champa-Kurukshetra line). . .

° Zg:\;)"A/éC Li"esk= Form the backbone of the extra-high voltage frequency was a monumental achievement, allowing power from

network.

o Green Energy Corridors: Dedicated transmission infrastructure being resource-rich regions to flow to demand centers.

built to evacuate power from renewable-rich states.

I—Transmission Network: The National Grid

2026-07-24

National Synchronous Grid

=)
@ B
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Distribution Sector Challenges (DISCOMs) & Lecture 1.2: Indian Energy Scenario
R .2:
o
@ The distribution sector is the weakest link in the value chain, primarily g I—Distribution Seeier Challanas (D|SCOMS)
managed by State utilities. = &
o Aggregate Technical & Commercial (AT&C) Losses: High losses
due to inefficient infrastructure, theft, and billing inefficiencies.
o ACS-ARR Gap: The difference between the Average Cost of Supply Despite generation adequacy, the financial health of DISCOMs re-
(ACS) and Average Realizable Revenue (ARR) leads to chronic stricts the sector's growth. High AT&C losses and political pricing

financial distress.

@ Cross-Subsidization: Industrial and commercial consumers pay
higher tariffs to subsidize agricultural and domestic sectors.

o Smart Metering: Rollout of Advanced Metering Infrastructure (AMI)
to improve collection efficiency and reduce losses.

mechanisms are primary concerns.

********************** Total AT&C Loss

Commercial
Losses

[Technica
Losses

» Components
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Government Initiatives and Policies

3*}1 L—Lecture 1.2: Indian Energy Scenario
N~
o
o Electricity Act, 2003: De-licensed generation, promoted open & L Covermmam: ntiaiives and Belicdes
access, and established regulatory commissions. &
e UDAY (Ujwal DISCOM Assurance Yojana): Financial turnaround
and revival package for state DISCOMs. Successive government interventions have aimed at structural re-
@ Saubhagya Scheme: Achieved universal household electrification by forms. RDSS is the current flagship scheme aiming to fundamen-
providing last-mile connectivity. tally fix DISCOM finances through infrastructure upgrades.

o RDSS (Revamped Distribution Sector Scheme): Result-linked
financial assistance to DISCOMs for infrastructure strengthening and

smart metering.
@ PLI Scheme for High Efficiency Solar PV Modules: Promoting
domestic manufacturing of solar components.

Electricity
Act UDAY Saubhagya RDSS
L L L L \
T T T T 7
2003 2015 2017 2021
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Future Trends and Energy Transition

o Energy Storage Systems (ESS): Battery Energy Storage (BESS)
and Pumped Storage Hydro (PSH) are critical for grid stability with
high renewable penetration.

@ Green Hydrogen Mission: Aiming to make India a global hub for
production, usage, and export of Green Hydrogen.

o E-Mobility: Rapid integration of Electric Vehicles (EVs) creates new
demand profiles and opportunities for Vehicle-to-Grid (V2G)
technology.

o Decarbonization of Hard-to-Abate Sectors: Transitioning
industries like steel and cement towards cleaner fuels.

o Digitalization: Al, loT, and blockchain being integrated for predictive
maintenance, smart grid management, and peer-to-peer trading.

The future is green and electric. Integrating variable renewables with
massive energy storage and smart digital grids is the pathway to India’s
net-zero goal by 2070.
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Power Plant Engineering
L—Lecture 1.2: Indian Energy Scenario

L—Future Trends and Energy Transition

The future is electric and green. The focus is shifting from merely
adding capacity to integrating storage, promoting green hydrogen,
and digitalizing the grid.
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@ India’s power sector is characterized by massive scale, growing
demand, and a concurrent regulatory framework.

@ While coal remains the dominant baseload provider, the generation
mix is rapidly shifting towards renewables (solar and wind). To summarize, India has made massive strides in generation and

@ The "One Nation, One Grid" infrastructure effectively balances
regional supply and demand using EHV AC and HVDC.

@ Financial and technical inefficiencies in the distribution sector
(DISCOMs) remain the primary bottleneck.

@ Future growth depends on energy storage, green hydrogen, and
modernization through schemes like RDSS.

2026-07-24

I—Summary

transmission. The next decade will be defined by the clean energy
transition and fixing the distribution sector.

Power Plant Engineering July 24, 2026 40 /632



Power Plant Engineering
L—Lecture 1.2: Indian Energy Scenario

Next Lecture Preview

L Next Lecture Preview
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Topic: Load Curves and Load Factors

Understanding base load and peak load demands.

o Mathematical analysis of load curve, load factor, demand In the next lecture, we will move into the quantitative aspects of

factor, and diversity factor power plant economics, learning how to analyze load curves and

calculate key performance factors.

Impact of these factors on the economics of power generation.

Load (MW)
Peak Load

**************** Base Load

> Time (Hours)
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Welcome students. Today we will dive into the technical details of
how different types of power plants convert primary energy sources

LeCtU re 1 . 3 into usable electrical energy.

Energy Conversion in Various Power Plants
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?{I, LLecture 1.3: Energy Conversion in Various

N~

(S Power Plants

§ I—Agenda

N
Principles of Energy Conversion This is our roadmap for today. We will systematically cover the
Thermal Power Plants (Steam/Rankine) energy conversion mechanisms across major power plant types.

Gas Turbine Power Plants (Brayton)
Combined Cycle Power Plants
Hydroelectric Power Plants

Nuclear Power Plants

Renewable Power Plants (Wind/Solar)

Efficiency and Losses
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3*}1 LLecture 1.3: Energy Conversion in Various

N~

(S Power Plants

& I—Principles of Energy Conversion

&
First Law of Thermodynamics
Energy cannot be created or destroyed, only transformed from one All power plants fundamentally rely on converting some form of
form to another. primary energy into rotational mechanical energy, which then drives

a generator.
@ General Conversion Pathway: Primary Energy
(Chemical/Nuclear/Potential /Kinetic) — Thermal/Kinetic
Energy — Mechanical Energy — Electrical Energy.

@ The role of the Prime Mover: A turbine or engine that
converts fluid energy into mechanical shaft work.

@ The role of the Generator: Converts mechanical shaft work
into electrical energy via electromagnetic induction (Faraday's
Law).
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Steam Power Plants (Rankine Cycle)

2026-07-24

o Primary Source: Chemical energy in coal, biomass, or oil.

e Conversion Step 1 (Boiler): Chemical energy — Thermal
energy (heat of combustion) — Internal energy of steam (high
pressure and temperature).

In coal power plants, the biggest energy loss occurs in the con-
denser, which is unavoidable due to the Second Law of Thermo-

. . dynamics (Carnot limit).
e Conversion Step 2 (Steam Turbine): Internal energy of

steam — Kinetic energy (in nozzles) — Mechanical work
(rotor blades).

e Conversion Step 3 (Generator): Mechanical work —
Electrical energy.

Major Losses

Condenser heat rejection (latent heat of vaporization), boiler
exhaust gases.
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Gas Turbine Power Plants (Brayton Cycle)

2026-07-24

o Primary Source: Chemical energy in natural gas or liquid

fuels.
. . . Gas turbines have high exhaust temperatures. Because the com-
e Conversion Step 1 (Combustion Chamber): Chemical e ve mgh ehad pera -y N

. . ressor requires a lot of power, the net efficiency of a simple open-
energy — Thermal energy of high-temperature combustion P d P ’ pie op

cycle gas turbine is typically lower than a steam plant, around

gases. 30-35%.
e Conversion Step 2 (Gas Turbine): Thermal energy of gases

— Mechanical work.

Self-Consumption: A significant portion (up to 50%) of turbine
work is used to drive the air compressor.

Net Output: Remaining mechanical work drives the generator to
produce electrical energy.
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Combined Cyde Power Plants (CCPP) 3*}1 LLecture 1.3: Energy Conversion in Various
S Power Plants
§ L—Combined Cycle Power Plants (CCPP)
N
Integration of Brayton and Rankine cycles to maximize energy
extraction. Combined cycle plants represent the pinnacle of fossil fuel efficiency
Process: Exhaust heat from the gas turbine (Brayton) is utilized in today, effectively coupling two thermodynamic cycles.

a Heat Recovery Steam Generator (HRSG).

e Energy Flow: High-temperature exhaust (500-600°C) —
HRSG — Produces steam — Drives steam turbine (Rankine).

o Efficiency Boost: Converts previously wasted exhaust heat
into useful mechanical work, raising overall plant efficiency to
over 60%.

o Environmental Impact: Lower specific fuel consumption and
reduced greenhouse gas emissions per MW compared to
separate cycles.
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3*}1 LLecture 1.3: Energy Conversion in Various
N~
S Powli Plants
O .
e Primary Source: Potential energy of water stored at an § Hydroelectric Power Plants
elevation (head).
o Conversion Step 1 (Penstock): Potential energy (m- g - h) Hydro power avoids Carnot cycle limitations because it doesn't
— Kinetic energy (%mvz) as water flows downwards. involve heat engines. Therefore, its energy conversion efficiency is
e Conversion Step 2 (Hydraulic Turbine): Kinetic and much higher than thermal plants.

pressure energy — Mechanical rotational energy.

e Turbine Types: Impulse (Pelton) for high head/low flow;
Reaction (Francis, Kaplan) for medium/low head.

e Conversion Step 3 (Generator): Mechanical energy —
Electrical energy.

Very high overall efficiency (85-90%) as no thermodynamic cycle
(heat conversion) is involved.
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Nuclear Power Plants

2026-07-24

@ Primary Source: Nuclear binding energy released via
controlled nuclear fission (e.g., U-235).

e Conversion Step 1 (Reactor Core): Nuclear energy —
Thermal energy (heat generated by fission fragments and
radiation).

e Conversion Step 2 (Heat Exchanger/Steam Gen.):
Thermal energy of primary coolant — Internal energy of steam
in secondary loop.

The backend of a nuclear plant is essentially a steam power plant.
The fundamental difference lies in the heat source: fission instead
of combustion.

o Conversion Step 3 & 4: Follows standard Rankine cycle
(Steam Turbine — Mechanical work — Generator — Electrical

energy).

Key Differences

Lower steam temperatures/pressures compared to advanced fossil
plants due to material and safety constraints.
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Wind Power Plants
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e Primary Source: Kinetic energy of moving air masses (wind).

@ Theoretical Limit: Betz Limit dictates that a maximum of
59.3% of the wind'’s kinetic energy can be extracted by a
turbine.

Wind energy conversion is heavily dependent on aerodynamic effi-
ciency. The Betz limit is a fundamental physical constraint analo-

. o gous to the Carnot limit in thermal systems.
e Conversion Step 1 (Rotor Blades): Aerodynamic lift/drag

forces convert wind kinetic energy — Mechanical rotational
energy.

e Conversion Step 2 (Drivetrain/Gearbox): Matches low
rotor speed to high generator speed (often bypassed in Direct
Drive systems).

e Conversion Step 3 (Generator): Mechanical energy —
Electrical energy (often requiring power electronics for grid
synchronization).
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Energy Conversion Pathways Comparison
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Notice how Solar PV is unique here—it bypasses the mechanical

Thermal: [ Chemical ]—'[ Heat ]—'[ Mechanical ]—'[ Electrical }
conversion step entirely, utilizing solid-state physics for direct con-
Nuclear: L Nuclear J—{ Heat ]—{ Mechanical ]—{ Electrical ] version.
Hydro: [ Potential ]—{ Kinetic ]—{ Mechanical ]—{ Electrical ]
Wind: [ Kinetic ]—'[ Mechanical ]—{ Electrical ]
Direct
Solar PV: [ Radiant ]—'[ Electrical ]
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Overall Efficiency and Losses

3*}1 LLecture 1.3: Energy Conversion in Various

S Power Plants

§ L—Overall Efficiency and Losses

N
Efficiency Formula
Overall Efficiency = (Electrical Energy Output) / (Primary Energy Understanding where energy is lost is critical for plant engineers.
Input) The Sankey diagram is a perfect visualization of these cascaded

losses.
@ Thermodynamic Losses: Dictated by the Second Law; heat
rejected to the sink (condenser/atmosphere) in thermal plants.

@ Mechanical Losses: Friction in bearings, windage losses in
rotating machinery, pump/compressor work.

o Electrical Losses: /?R (copper) losses in generator windings,
magnetic core losses.

@ Auxiliary Power Consumption: Energy consumed by plant
equipment (pumps, fans, coal crushers) reduces net output.
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v Energy conversion in power plants involves transforming
primary energy into electrical energy through intermediate
thermal, kinetic, or mechanical stages.

To summarize, the sequence of energy conversion dictates the the-
oretical efficiency limits and the physical architecture of the power

plant.
v" Thermal and Nuclear plants utilize thermodynamic cycles

(Rankine, Brayton) subject to Carnot efficiency limits.

v" Combined cycles achieve superior efficiency by cascading heat
flows.

v" Hydro and Wind plants rely on mechanical conversions,
bypassing thermodynamic constraints but facing other limits
(e.g., Betz limit).
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Next Lecture Preview
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Next time, we will shift from how we generate power to how power
is demanded by consumers, and how we mathematically analyze

Topic: 1.3 Load curves and associated terms

these demand patterns.
Understanding base load and peak load demand. P

@ Calculation of load factor, capacity factor, and diversity factor.

@ How energy demand variations impact plant dispatch and
operation.
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Welcome students. Today we shift our focus from general energy
trends to the specific types of power stations that make up our

Lecture 1.4 i

Classification of Power Generating Stations
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?{I, L_Lecture 1.4: Classification of Power Generating
S Stations
§ I—Agenda
N
Here is our roadmap for today. We will first look at how we classify
Broad Classification Criteria plants by their energy source, and then by their role in meeting grid
Classification by Energy Source demand.

Thermal, Hydro, and Nuclear Stations
Classification by Load Type
Base Load vs. Peak Load Plants

Plant Characteristics and Selection
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S Stations

§ L-Broad Classification Criteria

N
Power plants can be classified based on several key criteria to When we look at a power plant, we can categorize it in multiple
understand their role and operational mechanics. ways depending on what aspect of its operation we are focusing

on.

e Primary Energy Source: Conventional (fossil fuels, hydro,

nuclear) vs. Non-conventional (solar, wind, biomass).
e Nature of Load: Base load, Peak load, and Intermediate load

stations.
o Location: Pit-head (near fuel source) vs. Load-center (near

consumers).
e Thermodynamic Cycle: Steam cycle (Rankine), Gas cycle

(Brayton), Combined cycle.
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Classification by Energy Source

Conventional Sources

Non-Conventional Sources

Traditional, widely used sources
with established technologies.

Emerging or heavily promoted
sources for sustainable genera-
tion.

Examples: Coal, Natural Gas,
Nuclear, Large Hydro.

Examples: Solar PV/Thermal,
Wind, Tidal, Geothermal,
Biomass.

@ The choice of energy source dictates the entire plant
architecture, from handling equipment to environmental

control systems.

o Transition Trends: Modern grids are seeing a steady shift
from conventional fossil fuels to non-conventional renewable
sources to reduce carbon footprint.

Power Plant Engineering

July 24, 2026
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Power Plant Engineering

L_Lecture 1.4: Classification of Power Generating

Stations

L_Classification by Energy Source

The most common way to classify a plant is by its fuel. Conven-
tional sources still dominate base load, but renewables are growing

rapidly.
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Tree Diagram of Power Plants
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This diagram gives you a bird's-eye view of the different types of
power plants. Notice how thermal plants further branch out into

Power Plants

coal, oil, and gas.

[Non-ConventionaI]

M / . Biomass
ED

Conventional

Thermal

(Coal, Gas) [Hydro] [Nucle

S
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LThermal Power Stations

Convert heat energy from fuel combustion into electrical energy.
Thermal plants are the backbone of many grids. Combined cycle

e Steam Power Plants: Utilize coal, oil, or gas to produce plants are particularly notable for their high efficiency.
high-pressure steam, driving a steam turbine (Rankine Cycle).
Known for high capacity and continuous operation.

Thermal Power Stations

2026-07-24

o Gas Turbine Power Plants: Use natural gas or liquid fuels.
Air is compressed, heated by fuel, and expanded through a gas
turbine (Brayton Cycle). Quick starting, often used for peak
loads.

e Combined Cycle Power Plants (CCPP): Integrate gas and
steam cycles. Exhaust heat from the gas turbine is used to
generate steam, significantly boosting overall thermal
efficiency (up to 60%).
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I—Hydroelectric Power Stations

Convert potential and kinetic energy of water into electrical energy. Hydro plants are unique because their fuel (water) is free, but they

require massive civil engineering works. Pumped storage is crucial
o Classification by Head: High head (Pelton turbines), for grid stability.
Medium head (Francis turbines), Low head (Kaplan turbines).

Hydroelectric Power Stations

2026-07-24

o Classification by Facility Type: Run-of-river (limited
storage), Reservoir/Storage (large dams), Pumped-storage
(acts as a massive battery by pumping water back up during
low demand).

o Characteristics: Zero fuel cost, high initial capital cost, long
gestation period, extremely quick starting capabilities making
them ideal for grid frequency regulation.
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§ L—Nuclear Power Stations

N
Utilize the heat generated from nuclear fission (e.g., Uranium-235) Nuclear power provides massive amounts of continuous energy
to produce steam. without carbon emissions, but safety and waste disposal are pri-

mary concerns.
@ Core Components: Nuclear reactor, control rods, coolant,

heat exchanger (steam generator), and steam turbine.

o Reactor Types: Pressurized Water Reactor (PWR), Boiling
Water Reactor (BWR), Pressurized Heavy Water Reactor
(PHWR), Fast Breeder Reactor (FBR).

@ Characteristics: Extremely high energy density fuel, zero
greenhouse gas emissions during operation, complex safety and
waste management requirements. Strictly operated as base
load due to inflexibility in rapid power changes.
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LClassification by Load Type

Classification by Load Type

2026-07-24

Power demand fluctuates throughout the day and year. Plants are Grid operators must dispatch different plants to match the exact

classified by how they meet this demand. consumer demand at any given second. This leads to the concepts

of base and peak load.
o Base Load Demand: The unvarying, continuous minimum
demand on the electrical grid over a given period.
@ Peak Load Demand: The variable, temporary maximum
demand that occurs during specific times (e.g., evenings when
lighting and appliances are used).
o Intermediate Load: The demand level that falls between base
and peak, requiring plants that can adjust output relatively
well.
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Understanding the Load Curve

2026-07-24

100 T
This load curve illustrates why we need different types of plants.

/\ The base load is constant, while the peak load changes rapidly and
requires fast-responding generation.
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Base Load Power Plants
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@ Role: Operate continuously at close to their maximum
capacity (high plant capacity factor) to supply the constant
background grid demand.

Base load plants are the workhorses. They run 24 /7. Because they
run so much, minimizing their fuel cost is critical, even if they are

expensive to build.
o Key Requirements: Must be highly reliable, have low

operating/fuel costs, and be capable of continuous,
steady-state operation.

o Examples: Nuclear power plants, large Coal-fired thermal
plants, Run-of-river hydro plants, and large Geothermal plants.

o Drawback: Generally slow to start up and shut down; poor at
ramping power output quickly to follow fluctuating load.
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Peak Load Power Plants

2026-07-24

@ Role: Dispatched only during periods of high demand. They

operate for fewer hours (low plant capacity factor). Peak load plants are sprinters. They need to start up in minutes

o Key Requirements: Must have ultra-fast start-up times, to catch the evening demand spike, but they are expensive to run

rapid ramp rates (ability to change output quickly), and low
capital cost (since they sit idle often).

continuously.

o Examples: Open-cycle Gas Turbines, Diesel generator sets,
Pumped-storage hydro, and increasingly, large-scale Battery
Energy Storage Systems (BESS).

e Drawback: Often have higher operating and fuel costs (e.g.,
natural gas or diesel) and lower overall efficiency compared to
base load plants.
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S Stations
8 S
S ummary
N
Key Takeaways
o Power plants are primarily classified by energy source To summarize, classifying plants helps us understand their strategic
(Conventional vs. Non-Conventional) and their role in the grid purpose. A grid cannot survive on peak plants alone, nor can it
(Base vs. Peak load). operate stably with only base load plants.

@ Thermal, Hydro, and Nuclear plants form the core of
conventional generation.

@ Base load plants operate continuously with low running costs.
Peak load plants are highly responsive but have higher
operational costs.

@ Thermal, nuclear, and large hydro are typical base load plants.
Gas turbines and pumped hydro are typical peak load plants.
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Next Lecture Preview
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In our next session, we will apply these concepts to the Indian
context and start analyzing load curves mathematically.

Topic: Major Power Plants in India and Load Curves
@ We will look at specific case studies of major power
installations across the country.
@ We will dive deeper into load curves, load duration curves, and
understand mathematical terms like connected load, maximum
demand, and average load.
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Welcome to Lecture 5. Today we will delve into how power plants
handle fluctuating demands and the mathematical parameters used

LeCtU re ]. . 5 to evaluate their performance.

Power Plant Load and Performance Parameters
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Understanding Power Demand: Connected Load, Base
Demand, and Maximum Demand

Graphical Representations: Load Curves and Load Duration
Curves

Performance Parameters: Average Load and Load Factor

Utilization Metrics: Plant Capacity, Use, and Utilization
Factors

Diversity Factor and its Economic Impact
Summary and Q&A

Power Plant Engineering July 24, 2026
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L_Lecture 1.5: Power Plant Load and Perfor-
mance Parameters
I—Agenda

Our agenda covers definitions of various loads, how we graph them,
and the critical performance metrics that dictate the economics of
power generation.
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. . 5 mance Parameters

@ Connected Load: The sum of the continuous ratings of all § Introduction to Power Demand

energy-consuming apparatus connected to the system. «
@ System demand is never constant; it fluctuates based on time

of day, weather, and industrial schedules. The connected load represents the maximum possible demand if
@ Understanding demand characteristics is critical for every appliance was turned on simultaneously, which rarely hap-

determining the required size and number of generator units. pens. We must study how actual demand fluctuates.

@ Generation must instantaneously match demand, necessitating
accurate forecasting and performance metrics.

Power Grid

Industrial
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Base Demand vs. Maximum Demand

e Base Demand (Base Load): The unvarying, minimum load
that occurs on the power station throughout a given period
(e.g., 24 hours).

@ Base load plants operate continuously at high capacity factors
(e.g., Nuclear, large Coal/Thermal plants).

e Maximum Demand (Peak Load): The greatest demand of
load on the power station during a given period.

@ Maximum demand dictates the installed capacity of the station
to ensure reliability without supply interruption.

@ Peak load plants (e.g., Gas turbines, pumped storage hydro)
are designed for quick start-up to handle these surges.

2026-07-24

Distinguishing between base and peak demand allows engineers
to optimize the mix of power generation technologies to minimize
costs and maximize efficiency.

Parameter Base Load Plants | Peak Load Plants
Start-up Time Slow Fast
Capital Cost High Low
Operating Cost Low High
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The Load Curve

2026-07-24

@ A Load Curve is a graphical plot of the load (in kW or MW)

on the power station against time (in hours). The load curve is the most fundamental tool for a power engineer.

. . ) The area under the daily load curve divided by 24 gives us the
o Chronological Representation: Shows the exact time

.. average load.
sequence of load variations.

@ Area Under the Curve: Represents the total energy
generated (in kWh or MWh) during the specified period.

o Highest Point on the Curve: Indicates the Maximum
Demand.

e Types of Load Curves: Daily (24 hours), Monthly, and
Annual (8760 hours).
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Anatomy of a Daily Load Curve

?{I, LLecture 1.5: Power Plant Load and Perfor-

5 mance Parameters
e X-axis: Time from 00:00 to 24:00 hours. 8 L—Anatomy of a Daily Load Curve
e Y-axis: Load in Megawatts (MW). N
@ Lower shaded region: Base Load, constant across 24 hours. Notice how the base load is a flat block at the bottom. The
e Middle region: Intermediate load variations. peaks usually align with morning industrial startups and evening
@ Upper spikes: Peak Loads, typically occurring in morning and residential usage.

evening hours.
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@ Derived from the chronological load curve by rearranging the § L Lemd Bugeien Cuve

load elements in descending order of magnitude. &
@ The highest load is plotted on the left, decreasing towards the

minimum load on the right. The load duration curve is exceptionally useful for economic dis-
e X-axis represents the number of hours (or percentage of time) patch and deciding the optimal capacity of base load versus peak

a particular load or higher is demanded. load units.

@ Area under the load duration curve equals the area under the
chronological load curve (total energy).

@ Provides a clearer picture of how long specific generation
capacities must be operated.

Chronological Load Curve Load Duration Curve

Load Load

Time Hours
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Average Load and Load Factor

@ Since average load is always less than maximum demand, Load
Factor is always less than 1 (or 100%).

2026-07-24

o Significance: A higher load factor means the power plant’s

. o . - .. If a plant has a maximum demand of 100 MW but an average load
installed capacity is being utilized more efficiently.

of 50 MW, its load factor is 50%. This means half the capacity is
e Economic Impact: Higher load factor reduces the fixed cost sitting idle on average.

per unit of energy generated, lowering the overall tariff.

Average Load

Area under the load curve

Average Load = = -
& Total time in hours

v

Load Factor

Load Factor = Average Load

Maximum Demand

v
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Plant Capacity and Plant Use Factors

o Plant Capacity Factor: Measures how much energy the plant
actually generated compared to what it could have generated if
running at full capacity continuously.

o Plant Use Factor: Accounts for periods when the plant is shut . . . .
. Capacity factor looks at the total time period, while use factor only
down for maintenance or lack of demand.

Plant Capacity Factor

Actual Energy Produced
Installed Plant Capacity x Total Time

Relationship

Maximum Demand

2026-07-24

considers the hours the plant was actually turned on.

Capacity Factor =

Capacity Factor = Load Factor x -
pacrty Installed Capacity

Plant Use Factor

Actual Energy Produced
Installed Plant Capacity x Actual Operating Hours

— =

Use Factor =
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Plant Utilization Factor
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L_Plant Utilization Factor

@ Plant Utilization Factor = Maximum Demand on the station
/ Rated Installed Capacity of the station.

@ Also known as the Plant Equipment Factor. We never want a utilization factor of exactly 1.0 because a power

@ Indicates the extent to which the installed capacity is being plant must maintain reserve capacity to handle sudden trips or
utilized during peak demand conditions. unexpected surges in demand.

@ Reserve Capacity = Installed Capacity - Maximum Demand.

@ A Utilization Factor of 1.0 means there is zero reserve

capacity, which poses high risks during equipment failure.

Maximum Demand (Utilized) Reserve

Total Installed Capacity
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@ Individual consumers do not experience their maximum § L_Diversity Factor

demands simultaneously. &
@ Because of non-simultaneous peaks, the Simultaneous

Maximum Demand is always LESS than the sum of Diversity factor is the power engineer’s best friend. Because ev-

individual demands. eryone turns on their appliances at slightly different times, we can
@ Therefore, Diversity Factor is always GREATER than 1. build smaller, cheaper power stations.

o Significance: A higher diversity factor reduces the required
maximum demand on the station, lowering capital costs.

Diversity Factor

Sum of Individual Maximum Demands

Diversity Factor = — :
¥ Simultaneous Maximum Demand on the Power S}e

Load
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Economic Implications of Performance Parameters

3*}1 LLecture 1.5: Power Plant Load and Perfor-
. L. . . . 5 mance Parameters

o Capital Cost Optimization: Higher Diversity Factor § Economic Implications of Performance

minimizes the installed capacity required, directly cutting « Parameters

capital investment.
o Operational Efficiency: Higher Load Factor ensures base Ultimately, power generation is an economic endeavor. These

load units run continuously at their peak efficiency point. mathematical parameters directly dictate the price per unit of elec-
o Tariff Design: Customers with high load factors are generally tricity charged to consumers.

offered cheaper tariffs because they use grid infrastructure
more steadily.

o Grid Stability: Forecasting these parameters accurately
prevents grid collapse during extreme peak events.

a e N
D.ngh. Lower
Iversity Capital Costs
Factor - g
- )
: Lower
ngh O 11

— 1
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Power Plant Engineering

L Lecture 1.5: Power Plant Load and Perfor-
mance Parameters
Summary

2026-07-24

e Base Demand is constant: Maximum Demand dictates To summarize, these parameters form the foundational language

installed capacity. of power plant economics. Memorize these formulas as they are

. ) critical for your exams and future careers.
o Load Curves and Load Duration Curves are essential for

visualizing and analyzing energy generation patterns.

e Load Factor (Average/Max) and Capacity Factor measure
utilization efficiency and are always < 1.

o Diversity Factor accounts for non-coincident peaks, is always
> 1, and significantly reduces required capital investment.
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Next Lecture Preview

S LLecture 1.5: Power Plant Load and Perfor- e —
5 mance Parameters
§ Next Lecture Preview )
= See you next time!
@ Economics of Power Generation: Capital, Fixed, and Operating
Costs. Next week, we will translate these physical operational parameters
_ . . o directly into dollars and cents as we cover power plant economics
@ Depreciation Methods: Straight Line, Sinking Fund, and a6 y'fF o s
and tariffs.

Diminishing Value.
Tariff Structures for Electricity Billing.

@ Please review the formulas for Load Factor and Diversity
Factor, as we will use them in cost calculation problems.

See you next time!
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L Lecture 1.6: Economics of Power Generation L
ecture 1.6

Economics of Power Generation

2026-07-24

Welcome to Lecture 6. Today we transition from the technical
aspects of load curves to the financial side of power generation,

LeCtU re ]. . 6 focusing on how power costs are calculated.

Economics of Power Generation

Power Plant Engineering July 24, 2026 83 /632



Power Plant Engineering
L Lecture 1.6: Economics of Power Generation

I—Agenda

2026-07-24

We will cover the entire spectrum of power generation costs, break-
Introduction to Cost Analysis of Electrical Power ing them down into fixed and variable components, and then look

Analysis of Capital and Fixed Costs at the financial parameters that dictate profitability.
Operating and Maintenance (O&M) Costs
Key Financial Parameters and Factors

Impact of Load and Diversity Factors on Cost

Summary and Key Takeaways
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Cost Analysis of Electrical Power: OverVieW 3*}1 L Lecture 1.6: Economics of Power Generation
~ .

@ The fundamental goal of power plant economics is to minimize § L—Cost Analysis of Electrical Power: Overview

the cost of energy production while ensuring reliability. &
@ Total Cost of Generation (C) can be expressed as: C = Fixed

Costs + Variable Costs. Understanding the total cost of generation is crucial. It dictates
@ Cost per kWh is the primary metric for evaluating plant how much consumers pay and whether a plant is financially viable.

performance and setting tariffs. The cost per unit of energy (kWh) is our baseline metric.

@ Factors influencing cost: plant location, fuel availability,
technology choice, and financing rates.

@ Accurate cost analysis is essential for capacity planning, tariff
structuring, and investment decisions.

Variable
Costs,
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Capltal / Fixed Costs (Part 1) 3:}1 L Lecture 1.6: Economics of Power Generation
@ Fixed costs remain constant regardless of the electrical energy g L Capital / Fixed Costs (Part 1)
generated by the plant. «
@ Land and Site Preparation: Cost of acquiring land, clearing,
and developing infrastructure. Fixed costs are incurred even if the plant produces zero electricity.
@ Equipment Cost: Prime movers, generators, boilers, The initial capital investment forms the bulk of this, encompassing
transformers, and switchgear. everything from buying the land to installing the heavy machinery.

@ Civil Works: Construction of powerhouses, cooling towers,
dams, and chimneys.

@ Engineering and Project Management: Fees for design,
consulting, and overseeing construction.

Initial Capi-
tal Investment

. - ~ .

< < >

Land & S Equipment Civil Wor| Engineering
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L Lecture 1.6: Economics of Power Generation

Capital / Fixed Costs (Part 2): Depreciation &

Interest

LCapital / Fixed Costs (Part 2):
@ Interest on Capital: The cost of borrowing money to finance Depreciation & Interest
the plant construction.
@ Depreciation: The decrease in value of equipment due to wear,
tear, and obsolescence over time.
@ Methods of calculating depreciation: Straight Line Method,
Sinking Fund Method, and Diminishing Value Method. ment.
@ Taxes and Insurance: Annual property taxes, income taxes,
and insurance premiums.
@ Management and Administrative Salaries: Fixed payroll for
higher management and essential staff.

2026-07-24

Beyond the initial outlay, fixed costs include the annual interest
on the loans and depreciation. Depreciation is essentially saving
money over the plant’s life to eventually replace the aging equip-

g 100 ——
G Straight Line
> 80 Sinking Fund
_5 60

B 40

g

5 20
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L Lecture 1.6: Economics of Power Generation

Operating (Variable) Costs

@ Variable costs are directly proportional to the amount of L_Operating (Variable) Costs

electrical energy generated.

2026-07-24

@ Fuel Cost: The most significant variable cost for thermal and . . . . )
. . Variable costs scale with production. Fuel is the dominant factor
nuclear plants. Includes purchasing, transportation, and ) o ) ] o
handling here for fossil fuel plants. This is why improving plant efficiency, or
- ] ) ) ] lowering the heat rate, is a primary focus for engineers—it directly
° Fu.el.efﬁaency (Heat Rate) directly impacts this cost; higher cves menay on el
efficiency means lower fuel cost per kWh.
@ Consumables: Water for cooling and boiler makeup, lubricants,
chemicals for water treatment.
@ Ash and Waste Handling (for coal plants): Costs associated

with safe disposal of byproducts.

[ Purchase E Transport E Handling Ecombustion EAsh Disposal}
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nance Costs 3:}1 L_Lecture 1.6: Economics of Power Generation
@ Maintenance costs can have both fixed (routine) and variable § L veiranana: Casie
(wear-related) components. &
@ Routine Maintenance: Preventive checks, minor part
replacements, cleaning, and lubrication to ensure continuous Maintenance is a balancing act. You spend money to keep the
operation. plant running efficiently and to prevent catastrophic failures. Rou-
@ Major Overhauls: Scheduled shutdowns (outages) for deep tine maintenance is somewhat fixed, while major overhauls might
inspection and replacement of major components (e.g., turbine depend on running hours.

blades).

@ Operating Labor: Wages for shift operators, technicians, and
maintenance crew directly involved in daily running.

@ Balancing cost: Skimping on maintenance reduces immediate
O&M costs but accelerates depreciation and increases forced
outage risks.

: : : : : : : : % Time (Years)
Routine  Routine Routine Routine ‘o Routine  Routine - Routine

Power Plant Engineering July 24, 2026 89 /632



Power Plant Engineering
L Lecture 1.6: Economics of Power Generation

Financial Parameters: Load Factor

@ Load Factor = (Average Load) / (Maximum Demand) over a L Financial Parameters: Load Factor
given period.

@ A higher load factor means the plant is utilized more
consistently near its maximum demand.

@ Economic Impact: High load factor spreads the fixed costs
over a larger number of generated units (kWh).

@ This directly reduces the overall cost of generation per unit.

@ Base load plants are designed to operate at very high load

factors (e.g., nuclear, large coal).

2026-07-24

Load factor is arguably the most critical financial parameter. |If
a plant runs constantly at high capacity, the fixed costs—which
you have to pay anyway—are divided by a huge number of kWh,
making each kWh cheaper.

["Maximum Demand |

< 100
=
< 50
3
—
0
0 6 12 18 24

Time (Hours)
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Financial Parameters: Diversity Factor

Diversity Factor = (Sum of Individual Maximum Demands) /
(Simultaneous Maximum Demand on the station).

Always greater than 1.0 because different consumers peak at
different times.

Economic Impact: A high diversity factor reduces the required
installed capacity of the power plant.

By not having to build capacity for the sum of all individual
peaks, capital (fixed) costs are significantly reduced.

Tariff structures often aim to improve diversity factor by
incentivizing off-peak usage.

Load

Tima

Commercial

Industrial Residential = = = Total Station ‘
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Power Plant Engineering
L Lecture 1.6: Economics of Power Generation

L Financial Parameters: Diversity Factor

Diversity factor saves us from overbuilding. Because an industrial
area, a residential area, and a commercial area all peak at different
times, the power plant only needs to handle their combined peak,
not the sum of their individual peaks. This saves massive capital
costs.
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Other Key Financial Parameters

3:}1 L Lecture 1.6: Economics of Power Generation
e Capacity Factor (Plant Factor) = (Actual Energy § L Other Key Financial Parameters
Produced) / (Maximum Possible Energy at rated capacity). &
Indicates how much of the plant’s total capacity is actually
being used over time. While load and diversity factors are primary, these other metrics
e Plant Use Factor = (Actual Energy Produced) / (Plant give a complete picture. Capacity factor tells us if we built too big
Capacity x Operating Hours). Useful for plants that don't run a plant for the demand, while utilization factor tells us how much
24/7. headroom we have during peak hours.

e Utilization Factor = (Maximum Demand) / (Rated Plant
Capacity). Indicates how close the peak load comes to the
plant’s limit.

@ These factors are used by investors and grid operators to
assess the operational and financial health of the asset.

Parameter Formula
Load Factor Toerage Load__

aximum Demand
Diversity Factor

Individual Max Demands

Simultaneous Max Demand
Actual Energy Produced

CapaCIty Factor Max Possible Energy at Rated Capacit;

Dl o _ Actual Energy Produced
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2026-07-24

I—Summary

@ Total generation cost is the sum of Fixed (Capital) and

. . To summarize, managing power plant economics requires a firm
Variable (Operating) costs. B 126 g e e 19 '

grasp on both the capital intensive nature of the initial build and the
ongoing variable costs. Optimizing operational parameters like load
and diversity factors is the key to lowering the cost of electricity.

@ Fixed costs include land, equipment, interest, and depreciation,
and do not vary with generation output.

@ Variable costs depend entirely on output, with fuel being the
dominant expense for thermal plants.

@ High Load Factor reduces the per-unit cost by distributing
fixed costs over more generated units.

@ High Diversity Factor reduces the required capital investment
by lowering the simultaneous peak demand.
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L Lecture 1.6: Economics of Power Generation

Next Lecture Preview

L Next Lecture Preview

2026-07-24

Next lecture, we take these generation costs and figure out how

@ Next time, we will delve into Tariffs and Power Pricing. to charge for them. We will look at different tariff structures and
@ We will explore how the costs calculated today are translated how they are designed to be fair while ensuring the utility recovers
into the bills paid by consumers. its fixed and variable costs.
@ Topics will include Flat Rate, Block Rate, and Two-Part Tariff
structures.

@ We will also discuss how power factor penalties are applied to
industrial consumers.
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L Lecture 1.7: Economics of Power Generation: Lecture 1.7
Cost Analysis and Financial Parameters Ecsnonic of Pover Gneran: Cost s nd

2026-07-24

Welcome to Lecture 7. Today we transition from technical opera-

Lectu re 1 7 tional parameters to the financial and economic aspects of running
| ]

a power plant.

Economics of Power Generation: Cost Analysis and
Financial Parameters
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5.
6.

Agenda

Power Plant Engineering
L_Lecture 1.7: Economics of Power Generation:
Cost Analysis and Financial Parameters

I—Agenda

2026-07-24

We will systematically break down the costs associated with power
Introduction to Power Plant Economics generation, categorizing them into fixed and variable, and then

Cost Analysis of Electrical Power delve into financial math like depreciation.
Capital and Fixed Costs Breakdown

Operating and Maintenance (O&M) Costs

Key Financial Parameters (Interest, Depreciation)

Summary and Next Steps
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Introduction to Cost Analysis of Electrical Power

3*}1 L_Lecture 1.7: Economics of Power Generation:
. o o 5 Cost Analysis and Financial Parameters
@ The primary objective of power pla.nt economics is to. ger?e.rate § L Introduction to Cost Analysis of Electrical
electrical energy at the lowest possible cost while maintaining « Power
reliability and safety.
e Cost analysis dictates the choice of plant type (e.g., Nuclear Cost analysis isn't just about accounting; it's a fundamental en-
vs. Gas Turbine) based on the intended duty (base load vs. gineering design constraint. The type of plant we build depends
peak load). heavily on these economic models.

@ Total cost of electrical energy is generally divided into two
main categories: Fixed Costs (Independent of energy
generated) and Running/Operating Costs (Proportional to
energy generated).

@ Economic viability is assessed using metrics like Levelized Cost
of Energy (LCOE), which normalizes costs over the plant’s
operational lifetime.

Optimization

Cost $. / Power Output

(Electricity)

Inputs
(Capital, Fuel, Labor)
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L_Lecture 1.7: Economics of Power Generation:
Cost Analysis and Financial Parameters

L Capital / Fixed Costs: Definition

Capital / Fixed Costs: Definition

o Fixed costs remain constant regardless of the electrical energy
generated (kWh) by the plant.

@ They are incurred even if the plant is on standby or shut down
for maintenance.

2026-07-24

Remember, fixed costs are like your rent or mortgage. Whether

@ These costs are intrinsically tied to the plant’s maximum yeu sy i die holte oF nok, ser pey D power plamts, wisiier

capacity (kW or MW) rather than its actual energy output.
@ Higher capital intensive plants (like Hydro or Nuclear) have
dominant fixed costs compared to their variable costs.

you generate electricity or not, these costs accrue.

100 i ‘
2 90 85
S 8o :
o
X 60F 50 :
L
v 40 3
=] 20
2 o |
@
0 1 1 1 1
Hydro Nuclear  Coal Gas
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Elements of Capital / Fixed Costs

3*}1 L_Lecture 1.7: Economics of Power Generation:
. ) . _ 5 Cost Analysis and Financial Parameters

o Initial Cost of Land and Site Preparation: Securing the § L Elements of Capital / Fixed Costs

location, environmental clearances, and civil engineering N

groundwork.
@ Cost of Equipment and Machinery: Boilers, turbines, Equipment usually takes the lion’s share of capital cost. Notice

generators, transformers, and switchgear (the largest component). that 'Interest on Capital’ is a massive factor; construction delays
@ Interest on Capital: The cost of borrowing funds to construct can drastically inflate this.

the plant, usually calculated annually over the loan tenure.

@ Depreciation: The accounting allocation of the plant’s initial cost
over its useful life, reflecting wear and tear or obsolescence.

@ Insurance and Taxes: Premiums to cover risks (fire, catastrophic
failure) and statutory property/corporate taxes.

Equipment (60%) Civil (20%)nt (10% others
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L_Lecture 1.7: Economics of Power Generation:
Cost Analysis and Financial Parameters

I—Capital Cost Breakdown

Capital Cost Breakdown

2026-07-24

Construction vs. Operation Phase

Diagram illustrating the timeline of capital expenditure during the
construction phase (S-curve) transitioning into the operational

s g ) e This diagram visualizes how money is spent before a single electron
phase where fixed costs persist as interest and depreciation.

is generated. The S-curve is typical for large infrastructure, with

spending peaking during major equipment installation.
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Operating and Maintenance Cost (O&M)

3*}1 L_Lecture 1.7: Economics of Power Generation:
. . 5 Cost Analysis and Financial Parameters

o O&M costs are the recurring expenses req.m.red to keep the § L Qperating and Maintenance Cost (0&M)

power plant running and generating electricity. «
@ They are typically subdivided into Fixed O&M (FOM) and

Variable O&M (VOM). Not all operating costs are variable. You still need to pay your per-
o Fixed O&M costs occur regardless of generation level (e.g., manent engineers even if the plant is idling. Hence the distinction

permanent staff salaries, routine facility maintenance). between Fixed and Variable O&M.

@ Variable O&M costs are directly proportional to the amount
of energy generated (e.g., fuel consumption, water usage,
waste disposal).

Total O&M Costs

Variable O&M

July 24, 2026

Fixed O&M
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Variable Operating Costs: The Dominance of Fuel

3*}1 L_Lecture 1.7: Economics of Power Generation:
] ) 5 Cost Analysis and Financial Parameters )

@ Fuel Cost: The single largest compone.nt of operatm.g costs § LVariable Operating Costs: The Dominance

for thermal power plants (Coal, Gas, Oil). It scales directly « of Fuel

with MWh produced.
e Fuel handling, transportation, and preparation (e.g., coal For a coal or gas plant, fuel dictates the economics. If fuel prices

crushing and pulverizing) add to this cost. spike, the variable cost spikes, potentially changing the plant’s po-
@ Consumables: Costs for raw water treatment chemicals, sition in the merit order dispatch.

lubricating oils, and emission control reagents (like limestone
for desulfurization).

o Ash Handling and Waste Disposal: Costs associated with
safely removing and storing bottom ash and fly ash in coal

plants.
100
& 80 C—1Ash Handling
:u:: — Consumables
S 60 (== Fuel
3 40
.8
;6 20
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L_Lecture 1.7: Economics of Power Generation:
Cost Analysis and Financial Parameters

Financial Parameters: Interest on Capital

LFinancial Parameters: Interest on Capital

2026-07-24

@ Power plants are highly capital-intensive, often requiring

external financing (debt) and equity.
IDC is a critical concept. If a nuclear plant takes 10 years to build

@ Interest is the financial charge for borrowing this capital. . . .
instead of 5, the interest accrued on the borrowed money during

o Interest During Construction (IDC): Interest that accrues
before the plant becomes operational and starts generating
revenue. IDC is capitalized and added to the total initial cost.

those extra 5 years can cripple the project financially.

@ Annual Interest Rate (r): Typically 8% to 12% depending
on economic conditions and perceived risk of the project.

Total Capital Cost Formula

Total Capital Cost = Direct Construction Cost + Interest During
Construction (IDC)
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LLecture 1.7: Economics of Power Generation:

Cost Analysis and Financial Parameters
L_Financial Parameters: Depreciation

Financial Parameters: Depreciation

@ Depreciation represents the decrease in value of the plant
equipment over time due to wear and tear, physical decay, and
technological obsolescence.

@ It is an accounting mechanism to recover the initial capital
investment over the useful life of the asset.

e Salvage Value (S): The estimated residual value of the plant treated as a fixed cost.
at the end of its useful life (n years).

o Total depreciable amount = Initial Capital Cost (P) -

Salvage Value (S).

2026-07-24

We don't expense a $1 billion power plant in year one. We de-
preciate it over 25 or 30 years. This annual depreciation charge is

P (Initial Cost)

e decreases over time

Asset Value

S (Salvage) f------------------------TS

Time (Years)
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Methods of Calculating Depreciation

3*}1 L_Lecture 1.7: Economics of Power Generation:
. . i 5 Cost Analysis and Financial Parameters

° Stralg.ht.Lme M.ethod: The simplest approach. Annual § L Methods of Calculating Depreciation

depreciation (D) is constant. D = (P — S)/n. «
@ Sinking Fund Method: Assumes a fixed sum is deposited

annually into a fund earning interest (r), which will The straight-line method is easiest, but the sinking fund method

accumulate to (P — S) by the end of life. is more realistic for large utilities because it accounts for the time
o Sinking Fund Formula: Annual deposit value of money.

@ Diminishing Value Method: A fixed percentage is applied to
the remaining book value each year, leading to higher

depreciation in early years.

——  Straight Line
—— Diminishing Value

Time (Years)

Annual Depreciation Charge
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L_Lecture 1.7: Economics of Power Generation:
Cost Analysis and Financial Parameters

LTotal Annual Cost and Specific Cost

Total Annual Cost and Specific Cost

2026-07-24

e Total Annual Cost (C;) = Total Fixed Charges + Total
Operating Expenses.

@ C; = (Interest + Depreciation + Taxes + Insurance + FOM) +
(Fuel Cost + VOM).

e Specific Cost of Generation (Cost per unit): Calculated by
dividing Total Annual Cost by the total energy generated in
the year.

This is the ultimate equation for power plant economics. It math-
ematically proves what we discussed earlier: running a plant at a
high load factor is the key to cheap electricity.

Specific Cost Equation

Cost per kWh =

Ce
Maximum Demandx8760x Load Factor

Higher load factor significantly reduces the specific cost by
spreading fixed charges over more generated units.
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L_Lecture 1.7: Economics of Power Generation:
Cost Analysis and Financial Parameters

2026-07-24

I—Summary

v Power generation costs are broadly classified into Fixed
(Capital) Costs and Variable (Operating) Costs.

v Capital costs include equipment, land, and critical financial
parameters like Interest During Construction (IDC).

To summarize, understanding the split between fixed and variable
costs, and how financial parameters like interest and depreciation
influence them, is crucial for assessing plant viability.

v Variable costs are dominated by fuel expenses in thermal
plants.

v Depreciation is an accounting method to allocate capital costs
over the plant’s useful life.

v" Maximizing the plant load factor is the most effective way to
reduce the per-unit cost of electricity.
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Next Lecture Preview

?{I, L_Lecture 1.7: Economics of Power Generation:
5 Cost Analysis and Financial Parameters
§ LNext Lecture Preview
Next time, we look at the other side of the equation: how we
charge the consumer to recover these costs through various tariff
@ In the next lecture, we will explore Electrical Tariffs. structures.

@ We will learn how utilities price electricity for consumers based
on the cost analysis we discussed today.

@ Topics will include Flat rate, Block rate, Two-part tariff, and
Maximum Demand tariffs.
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Lecture 1.8

Various Tariff Methods

2026-07-24

Welcome to Lecture 8. Today we dive into how the costs of gen-
erating electricity are recovered from consumers through various

LeCtU re ]. . 8 tariff methods.

Various Tariff Methods
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L Lecture 1.8: Various Tariff Methods

I—Agenda

2026-07-24

Here is our roadmap for today. We will start with the basics of

Introduction to Tariffs and Objectives ) } o
tariffs, move through the different types used in industry, and wrap

Simple and Flat Rate Tariffs
Block Rate Tariff
Two-Part and Maximum Demand Tariffs

up with a summary.

Power Factor Tariffs
Three-Part Tariff

Summary and Preview
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Introduction to Electricity Tariffs

What is a Tariff?

@ A tariff is the rate or schedule of rates at which electrical
energy is sold to consumers.

L Introduction to Electricity Tariffs

2026-07-24

) A tariff is essentially the pricing structure. It is designed to recover
@ It must ensure the recovery of the total cost of producing

) ) . ; < ) all capital investments and operational costs while providing a profit
electrical energy, including fixed, semi-fixed, and running costs.

margin.

@ Total cost formula: Total Cost = Fixed Costs (land,
equipment) + Semi-fixed Costs (management, taxes) +
Running Costs (fuel, maintenance).

@ Tariffs need to be fair to the consumer while ensuring a
reasonable return on investment (ROI) for the power company.

Fixed (40%
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Objectives of a Desirable Tariff

3:}1 L Lecture 1.8: Various Tariff Methods
@ Proper Return: The tariff must recover the capital g L_Objectives of a Desirable Tariff
investment, operational, and maintenance costs. «
o Fairness: Different types of consumers (residential,
commercial, industrial) should be charged fairly based on their A good tariff balances the utility’s need for revenue with the con-
consumption patterns. sumer'’s need for fair, understandable pricing.

o Simplicity: The tariff structure should be simple enough for
an ordinary consumer to understand.

@ Incentivize Efficiency: It should encourage consumers to
improve their power factor and utilize electricity during
off-peak hours.

o Attractive: The cost must be competitive enough to
encourage the widespread use of electrical energy.

Attractive

Power Plant Engineering
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Slmple Tariff (Umform Rate Tanff) 3*}1 L—Lecture 1.8: Various Tariff Methods
~
e Definition: A fixed rate per unit (kWh) of energy consumed, % LSimple Tariff (Uniform Rate Tariff)
regardless of the quantity used or the consumer’s load profile. & Z
@ Formula: Total Bill = Rate per unit x Total units consumed. o
o Advantages: Extremely simple to understand and easy to The Simple Tariff is straightforward but fundamentally flawed be-
calculate. cause it ignores the fixed costs of providing maximum demand
o Disadvantages: Does not discriminate between high and low capacity.

consumers, penalizes consumers with high load factors, and
does not encourage off-peak usage.

@ Application: Rarely used today, mostly applicable for very
simple or temporary installations.

Total Bill

> Units (kWh)
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Flat Rate Tariff

3:}1 L Lecture 1.8: Various Tariff Methods

e Definition: Different types of consumers (e.g., lighting, § L e

power) are charged at different uniform rates. &
@ Mechanism: Requires separate meters for different types of

loads (e.g., one meter for lights/fans, another for heavy By separating loads, utilities can charge a higher rate for lighting,

appliances). which typically happens during peak hours, and a lower rate for
o Advantages: More equitable than the simple tariff as it base load power.

attempts to reflect the different load factors of different load

types.

o Disadvantages: Requires multiple meters, increasing
installation and maintenance costs. Complicated wiring is
required.

@ Application: Once common for domestic consumers to
separate lighting from power loads.

Lighting
Meter

Power

House / Plant
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Block Rate Tariff

Definition: The energy consumption is divided into blocks,
and the price per unit is fixed for a given block but decreases
for succeeding blocks.

Example: First 100 units @ $0.15/unit, next 200 units @
$0.10/unit, exceeding 300 units @ $0.05/unit.

Advantages: Encourages consumers to use more electrical
energy because the marginal cost decreases. Reflects the
reduced unit cost of generation at higher volumes.
Disadvantages: Lacks a direct penalty for high maximum
demand if load factor is low.

Application: Widely used for residential and small commercial
consumers.

Rate per Unit

L
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L Lecture 1.8: Various Tariff Methods

L_Block Rate Tariff

The block rate tariff is what most residential consumers experience.
It incentivizes higher usage because the fixed costs are absorbed in
the first, more expensive block.
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Two-Part Tariff (Hopkinson Demand Rate)

3:}1 L Lecture 1.8: Various Tariff Methods
@ Definition: The total bill is split into two parts: a fixed charge % L B (Hopkinson Demand Rate) .
dependent on maximum demand and a running charge «
dependent on energy consumed.
e Formula: Total Bill = (a x kW) + (b x kWh), where 'a’ is This is a critical tariff for industries. It directly maps to the util-
the rate per kW of max demand and 'b’ is the rate per kWh of ity's cost structure, separating capacity reservation from actual fuel
energy. consumption.

e Advantages: Fairly recovers both fixed costs (via kW charge)
and running costs (via kWh charge).

o Disadvantages: The consumer must pay the fixed charge
even if zero energy is consumed. Assessing maximum demand
requires special meters.

@ Application: Standard for industrial consumers with
significant maximum demand.

[Fixed Costs (a x kW)ERunning Costs (b x kWh)j

TS B
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Maximum Demand Tariff

3:}1 L_Lecture 1.8 Various Tariff Methods
@ Definition: Similar to the two-part tariff, but the maximum % L Maximum Demand Tariff
demand is actually measured using a maximum demand «
indicator rather than assessed based on connected load.
@ Mechanism: A meter records the highest average load over a By measuring actual maximum demand, this tariff forces industrial
short time interval (typically 15 or 30 minutes) during the consumers to manage their peak loads carefully, perhaps staggering
billing cycle. heavy machinery startups.

o Advantage: Removes the guesswork from assessing connected
load, charging exactly for the peak infrastructure stress the
consumer causes.

o Disadvantage: Requires expensive maximum demand meters.

o Application: Large commercial and industrial installations
where precise demand tracking is critical.

Smart Meter

Peak: 450 kW
otal: 12000 k
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Power Factor Tariff

Definition: Tariffs that explicitly penalize low power factor, as
it forces the utility to provide higher reactive power (kVAR)
and larger equipment sizing (kVA).

kVA Maximum Demand Tariff: Fixed charges are based on
kVA instead of kW. (kVA = kW/Power Factor). Inherently
penalizes low PF.

Sliding Scale Tariff: The average power factor is measured.
A penalty is applied if PF drops below a reference value (e.g.,
0.85 lag), and a bonus is given if it is above.

kW and kVAR Tariff: Both active power (kW) and reactive
power (kVAR) are measured and billed separately.
Importance: Encourages consumers to install power factor
correction equipment (e.g., capacitor banks).

kVA (Apparent Power)
kVAR (Reactive Power)
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L_Power Factor Tariff

Low power factor increases line losses and requires larger trans-
formers. These tariffs shift the cost of poor power factor directly
to the offending consumer.
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Three-Part Tariff (D 3:}1 L_Lecture 1.8 Various Tariff Methods
@ Definition: The total bill is split into three parts: a fixed % L e B A (Doherty Rate)
consumer charge, a semi-fixed maximum demand charge, and a
a running energy charge.
e Formula: Total Bill = ¢ + (a x kW) + (b x kWh), where "¢’ The Three-Part Tariff is the most comprehensive model. The fixed
is a fixed monthly fee (meter rent, billing costs). charge 'c’ covers the cost of just keeping the account active, like
o Advantages: Most accurately reflects the utility's cost meter reading and billing.

structure. Recovers administrative costs regardless of
consumption or demand.

o Disadvantages: Complex billing structure; 'c’ charge can be
unpopular with small consumers.

@ Application: Commonly applied to large industrial consumers;
variations are increasingly used for modern residential
smart-metered homes.

Energy Charge (b x kWh)
Demand Charge (a x kW)

Consumer Charge (¢)
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Comparative Analysis of Tariffs

3*}1 L_Lecture 1.8 Various Tariff Methods
N~
o
o Tariff selection depends on consumer scale and load § L Comparative Analysis of Tariffs
characteristics. I
e Simple/Flat: High cost per unit, low administrative overhead.
Poor cost recovery alignment. As we can see in this comparison, there is no single perfect tariff.
e Block Rate: Excellent for residential, incentivizes use, easy to Utilities must segment their customer base and apply the most
implement. appropriate model to each group.

e Two-Part/Max Demand: Essential for industrial loads.
Aligns capacity costs with the consumer’s peak usage.

e Power Factor: Critical for large inductive loads (factories).
Protects grid stability and efficiency.

Tariff Complexity | Fairness | Target Consumer
Simple/Flat | Low Low Small / Temp
Block Rate Medium Medium | Residential
Two-Part High High Industrial

Power Factor | High High Large Inductive
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Summary

Key Takeaways

Tariffs are essential for recovering fixed, semi-fixed, and
running costs of power generation.

A good tariff must be fair, simple, and encourage efficient
energy use.

Residential consumers are typically billed using Block Rate
tariffs.

Industrial consumers face Two-Part, Maximum Demand, and
Power Factor tariffs to account for capacity and reactive power
stresses.

Power factor correction is incentivized by kVA-based or
sliding-scale tariffs.

Power Plant Engineering July 24, 2026 121 /632

2026-07-24

Power Plant Engineering
L Lecture 1.8: Various Tariff Methods

I—Summary

To summarize, tariffs are complex financial tools designed to map
the physical costs of power generation and distribution directly to
the consumer’s usage patterns.
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Next Lecture Preview

Demand (MW)

L Next Lecture Preview

2026-07-24

Load Forecasting and System Planning

@ Understanding how utilities predict future power demand. i i i
Next time, we will look into the future. Now that we know how

to charge for power, how do we predict how much power we will
@ The role of economic grOWth and weather patterns in Capacity need to generate tomorrow, or ten years from now?
planning.

@ Short-term vs. Long-term forecasting techniques.

Demand (MW)

> Time (Years)
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Welcome to Lecture 9. Today we shift our focus from the economic

Lectu re 1 9 aspects of individual power plants to the macro-level structure of
| ]

the energy sector, culminating in an in-depth look at the National

Grid.
Energy Sector: Generation, Transmission, and

Distribution
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Overview of the Energy Sector Structure

Pillar 1: Power Generation

Pillar 2: Power Transmission

Pillar 3: Power Distribution

Concept and Architecture of a Power Grid
The National Grid: Structure and Connectivity
Significance of a National Grid System

Grid Management and Technical Challenges
Future Outlook: Transition to Smart Grids
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mission, and Distribution

I—Agenda

Here is our agenda. We will break down the power system into its
three main components, and then discuss how they are all inter-
connected through the National Grid.
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ructure of the Energy Sec

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-
The ol . . | K of o mission, and Distribution
° &
The e ectric power sector comprises a complex n(Iatyvor o 8 L Structure of the Energy Sector
interconnected systems designed to deliver electricity from «
producers to consumers.
@ Primary components: Generating stations (supply), Electricity cannot be stored efficiently on a massive scale; thus,
Transmission networks (bulk transport), and Distribution generation must perfectly match demand at every second. This
networks (local delivery). requires a highly structured and responsive energy sector.

@ System operation must ensure that electrical generation
instantaneously matches electrical load demand.

@ Governed by stringent regulatory frameworks ensuring
reliability, power quality (voltage/frequency constraints), and
security.

Generating Step-up Transmission Step-down N
[Fuel Source}[ Station ]_'[Transformer Lines Transformer Distribution

¥

Consumer
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Power Generation

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-

(S mission, and Distribution

g Power Generation

N
What is Generation?
Generation is the process of converting primary energy (coal, Generation is the starting point. It's important to note the genera-
nuclear, hydro, solar, wind) into electrical energy. tion voltages are relatively low (11-25kV) because higher voltages

in generator stator windings pose insulation challenges.
@ Typically involves synchronous generators driven by prime

movers (steam turbines, hydro turbines, gas turbines),

generating power at 11 kV to 25 kV.

o Categorized into Centralized Generation (large-scale plants,
GW capacity) and Distributed Generation (small-scale
renewables, MW /kW capacity).

@ Operation is dictated by the plant’s position on the load
duration curve (base load, intermediate, or peak load plants).
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Power Transmission Network

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-
T o K bulk | o mission, and Distribution
O
° ransmission networ s.transpo.rt ulk power over long 8§ L Power Transmission Network
distances from generating stations to load centers. «
e High Voltage AC (HVAC) is standard: Generation voltage is
stepped up (e.g., to 220 kV, 400 kV, 765 kV) using Why step up the voltage? For a given power P = VI, a higher V
transformers to minimize I2R transmission losses. means lower |. Since power loss is I°R, reducing current drastically
e High Voltage DC (HVDC) systems are used for ultra-long reduces losses, making long-distance transport economically viable.

distances or interconnecting asynchronous grids (e.g., £500
kV, £800 kV) due to lower line losses and no reactive power
constraints.

@ Comprises transmission towers, multi-stranded conductors
(ACSR), insulators, and substations equipped with circuit
breakers and protective relays.

Transformer

Power

Step-up % 400 kV Transmission
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L_Power Distribution Network

Power Distribution Network

2026-07-24

Purpose of Distribution

Distribution is the final stage, delivering electricity from

S _ Distribution networks operate at lower voltages for safety. The
transmission substations to end consumers.

topology choices—radial vs ring—are a trade-off between infras-

. T . . tructure cost and reliability of service for the consumers.
@ Primary Distribution: Transmission voltage is stepped down v

at a receiving station (e.g., to 11 kV or 33 kV) and routed to
local distribution substations via feeders.

@ Secondary Distribution: Voltage is further stepped down at
local transformers (e.g., to 415V 3-phase or 240V 1-phase) for
residential and commercial use.

e Network topologies include radial (simple, less reliable), ring
main (improved reliability), and interconnected (highest
reliability) systems.
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L Introduction to the Power Grid

Introduction to the Power Grid

@ A power grid is an interconnected network for delivering
electricity from suppliers to consumers.

2026-07-24

@ |t synchronizes multiple generators to operate at the same

frequency (e.g., 50 Hz or 60 Hz) and phase sequence. A grid is essentially a large synchronous machine. All generators

@ Interconnection allows generating stations in different connected to an AC grid must run perfectly in step; otherwise,

geographical regions to pool their resources and share loads. destructive circulating currents will occur.

o Grids span local, regional, and national levels, forming a highly
complex electromechanical system.

Region 2

‘e .
eut® e,
- ~ S

Region 1 | Tie Line Region 4
~ ~- -

Tia =~ PR

‘e (/'17 ~ - '\e\'\“
Region 3
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Architecture of the National Grid

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-
A Nati | Grid . | y ¢ o mission, and Distribution
O
oAl _atlona ri cc.)nnects regional power grids to form a S L Architecture of the National Grid
unified, country-wide synchronous network. N
@ Hierarchy of control: National Load Despatch Centre (NLDC)
— Regional Load Despatch Centres (RLDC) — State Load Operating a National Grid is an exercise in massive data processing.
Despatch Centres (SLDC). The Load Despatch Centres act as the 'brain’ of the grid, ensuring
@ Utilizes massive inter-regional tie lines (AC and HVDC links) stability and optimal routing of power minute by minute.
to facilitate bulk power transfer across different climatic and
time zones.

@ Requires advanced SCADA (Supervisory Control and Data
Acquisition) and PMU (Phasor Measurement Unit) systems for
real-time monitoring.

[ NLDC ]
N

RLDC RLDC
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Significance of a National Grid: Reliability

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-
Enh ds S . L ‘ . ) . S mission, and Distribution
. O
° ! nhance ! ystem Security: Loss of a major generating unit 8 l—Significance o = Wetame] Gick el
in one region can be compensated by power drawn from other «
regions, preventing localized blackouts.
@ Reduced Reserve Capacity: Regions do not need to Reliability is the biggest engineering driver. A larger grid is inher-
maintain high independent spinning reserves; the combined ently 'stiffer'—it resists changes in frequency much better than an
grid requires a lower overall reserve margin. isolated, smaller grid.

o Improved Frequency Stability: A larger interconnected
system possesses higher total rotational inertia, making it less
susceptible to sudden frequency drops during load transients.

o Fault Tolerance: Multiple transmission paths provide
redundancy (N-1 security criterion).

Gen Trip! Surplus

ergency Power Flow

Reg B
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Significance of a National Grid: Economics
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I—Signiﬁcance of a National Grid: Economics

o Diversity Factor Utilization: Different regions experience
peak demands at different times (e.g., due to time zones or
weather). A national grid allows sharing of peak generation
capacity.

By connecting grids, the overall peak demand is less than the sum
of individual peak demands because they don't occur simultane-

. . . ously. This significantly reduces the cost of electricity.
@ Economic Dispatch: Power can be dispatched centrally, Y 8 Y U

prioritizing the cheapest generation sources (e.g., hydro or
pit-head coal) nationwide, regardless of location.

o Optimized Resource Utilization: Enables the integration of
location-specific renewable resources (e.g., remote offshore
wind or desert solar) to distant load centers.

o Capital Efficiency: Defers the need for massive capital
investments in new power plants by optimizing existing
national capacity.
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Challenges in National Grid Management
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I—Challenges in National Grid Management

Key Technical and Operational Challenges

o Congestion Management: Transmission lines have thermal
and stability limits; excessive power transfer can cause
bottlenecks.

While interconnectedness adds reliability, it also introduces the risk
of a domino effect. Managing a grid requires sophisticated protec-

. . ) ) ) ) tion schemes to island faulty sections quickly.
@ Cascading Failures: A fault in a highly interconnected grid

can spread rapidly (e.g., 2012 India blackout), requiring
fast-acting isolation protocols.

@ Grid Synchronization: Connecting separate regional grids
requires precise matching of voltage magnitude, frequency, and
phase angle.

o Cybersecurity: Expanding SCADA and communication
networks increases the vulnerability of critical infrastructure to
cyber threats.
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. . . 5 mission, and Distribution

e Intermittency: Solar and W|r1c.i power are non—dlspatchab.le § L Integration of Renewables into the Grid
and weather-dependent, requiring flexible backup generation or «
energy storage.

@ Loss of Inertia: Inverter-based renewable resources do not The shift away from fossil fuels means the grid must handle highly
provide the physical rotational inertia that synchronous variable inputs. The 'Duck Curve’ is a classic example of the mas-
generators do, affecting transient stability. sive ramping capabilities required by conventional plants as the sun

o Reverse Power Flow: Distributed solar (e.g., rooftop PV) sets.

can cause power to flow backwards from distribution to
transmission, complicating voltage regulation.

e Forecasting Dependency: Grid operators rely heavily on
advanced meteorological forecasting for daily unit commitment
scheduling.

Net Load

Time of Day
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Evolution towards Smart Grids

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-

(S mission, and Distribution

O

g L_Evolution towards Smart Grids

N
What is a Smart Grid?
A Smart Grid overlay adds two-way communication and automated The future of the National Grid is digital. A smart grid doesn't just
control to the traditional power grid. deliver power; it negotiates with consumers and devices to optimize

the entire system dynamically.
o Advanced Metering Infrastructure (AMI): Enables

real-time pricing and demand-side management (encouraging

consumers to shift loads off-peak).

o Grid Automation: Self-healing networks that automatically
detect faults and re-route power, minimizing outage durations.

o Integration of EVs and Storage: Utilizing electric vehicles
as distributed battery storage (Vehicle-to-Grid or V2G
technologies).
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Summary
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I—Summary

@ The energy sector operates through generation, high-voltage

. L T i he National Grid i f th I i-
transmission, and lower-voltage distribution networks. © SImIETFS, (12 beitene) Gt (5 Ee e press Compl=s e

o ) ) o neering achievements, essential for delivering reliable and econom-
@ Transmission relies on high voltages to minimize I1“R losses

: ical power across a country.
over long distances.

@ A National Grid synchronizes regional grids into a massive,
unified electromechanical system.

@ |t offers immense benefits: increased reliability, reduced reserve
margins, economic dispatch, and utilization of diversity factors.

o Future grid management must address renewable integration,
cybersecurity, and the transition to smart, automated networks.
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Preview of Next Lecture

3*}1 L Lecture 1.9: Energy Sector: Generation, Trans-
(S mission, and Distribution
: 8 L Preview of Next L
Next Lecture: Steam Power Plants - Rankine Cycle and Layout S review ot Next Lecture
We will begin our deep dive into specific power generation
technologies. Next week, we move from the macro grid back to the micro level,

exploring the internal workings and thermodynamics of steam-
@ Focus on the thermodynamic principles of the Rankine cycle. based thermal power plants.

@ Detailed analysis of the layout and main components of a
thermal power station (boiler, turbine, condenser, pumps).

Steam

Turbine

'
@ Condenser
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Welcome to Lecture 10. Today is a purely analytical session where
we will apply the theoretical concepts of load curves, power plant

LECtU re ]. . 1 0 economics, and electricity tariffs to solve numerical problems.

Simple Numericals on Load, Cost, and Tariff
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?{I, L—Lecture 1.10: Simple Numericals on Load,

5 Cost, and Tariff

& L

g Agenda

N
Review of Key Formulas (Load Factors) Our agenda today focuses on problem-solving. We will briefly recap
Numerical Problem 1: Load and Demand Factors the formulas for each section before diving into practical numerical
Review of Key Formulas (Power Generation Costs) exaf?;ples covering load factors, generation costs, and consumer

tariffs.

Numerical Problem 2: Cost of Electrical Energy
Review of Key Formulas (Tariff Structures)
Numerical Problem 3: Two-Part Tariff Calculation
Numerical Problem 4: Comprehensive Mixed Problem
Summary and Q&A
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Formula Recap: Load and Demand

actual operating hours)

Term Formula Typical
Range
Demand Factor Max Demand / Connected | <1
Load
Average Load Total energy / Hours -
Load Factor Avg Load / Max Demand <1
Diversity Factor Sum of individual max demands | > 1
/ Simultaneous max demand
Plant Capacity Fac- | Actual Energy / (Capacity x | <1
tor hours)
Plant Use Factor Actual Energy / (Capacity x | <1
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Formula Recap: Load and Demand

Power Plant Engineering
L Lecture 1.10: Simple Numericals on Load,
Cost, and Tariff

LFormula Recap: Load and Demand

Before we solve problems, let's refresh our memory on these crucial
formulas. Pay special attention to the difference between plant
capacity factor and plant use factor, as well as the fact that diversity
factor is the only one generally greater than 1.



Problem 1: Load Factors

Power Plant Engineering

Problem 1: Load Factors

?{I, L—Lecture 1.10: Simple Numericals on Load,

5 Cost, and Tariff

§ L_Problem 1: Load Factors
Problem Statement Here is our first problem. It's a straightforward application of the
A generating station has a connected load of 43 MW and a demand and load factor formulas. Take a minute to identify the
maximum demand of 20 MW. given values: Connected Load = 43 MW, Max Demand = 20 MW,
The units generated being 61,500,000 per annum. Energy Generated = 61.5 x 10° kWh.

Calculate:
@ The demand factor.
@ The load factor.

Assume a non-leap year (365 days).
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LSolution 1: Load Factors

Solution 1: Load Factors

Given:
Connected Load = 43 MW, Maximum Demand = 20 MW, Annual
Energy = 61.5 x 10° kWh

2026-07-24

Walking through the solution: The demand factor is simply 20
divided by 43, giving 46.5%. For the load factor, we first need the
average demand. We divide the annual energy by 8760 hours to

1. Demand Factor Calculation

Demand Factor = Maximum Demand / Connected Load

=20 MW / 43 MW = 0.465 or 46.5Y get 7.02 MW. Dividing this by the 20 MW max demand gives a
load factor of 35.1%. This means the plant is operating at about
2. Load Factor Calculation 35% of its peak requirement on average.

Average Demand = Total Annual Energy / Hours in a

year

61,500,000 kWh / (365 x 24) h
= 61,500,000 / 8760 kW
7020.5 kW = 7.02 MW

Load Factor = Average Demand / Maximum Demand
7.02 MW / 20 MW = 0.351 or 35.1%
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Formula Recap: Power Plant Economics

3*}1 L—Lecture 1.10: Simple Numericals on Load,
) o ICT> Cost, and Tariff
o Total An.nual Cost: -Sum of Fixed Costs, Semi-fixed Costs, § L Formula e Bower Bt [Besiwites
and Running (Operating) Costs. S« A
o Fixed Costs: Independent of generation (e.g., interest on
capital, depreciation, taxes). Moving to economics. Remember that fixed costs occur even if

o Running (Operating) Costs: Proportional to the units the plant generates zero electricity. Running costs only occur when

generated (e.g., fuel cost, maintenance).
o Cost of Generation per Unit: Total Annual Cost / Total
Annual Energy Generated (in kWh). the costiper ki,
o Depreciation: Straight Line method, Sinking Fund method,
or Diminishing Value method.

generating. Our goal in cost analysis is usually to find the total
annual cost and then divide by the total units generated to find

s 0
Running (50‘%)ed (40%)

Semi-fixed
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Problem 2: Cost of Electrical Energy

Problem Statement
A 100 MW power station has the following parameters:
o Capital cost: Rs. 1500 per kW installed.

o Interest and depreciation: 10% on capital.
@ Annual load factor: 40%.

@ Annual capacity factor: 30%.

@ Annual running charges: Rs. 20 x 10°.

Calculate:
@ The cost of power generation per kWh.

@ The reserve capacity.

Power Plant Engineering

July 24, 2026
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L_Problem 2: Cost of Electrical Energy

This problem combines capacity/load factors with economic cal-
culations. We need to find the total capital cost, calculate the
fixed annual charges (interest and depreciation), add the running
charges, and then determine the total energy generated to find the
per-unit cost.
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Solution 2: Cost of Electrical Energy

3*}1 L—Lecture 1.10: Simple Numericals on Load,

5 Cost, and Tariff
Calculations § L_Solution 2: Cost of Electrical Energy
Total Capital Cost = 100,000 kW x Rs. 1500/kW = Rs. 150 x 107 N
Annual Fixed Charges (10%) = 0.10 x 150 x 10’ = Rs. 15 x 10°
Total Annual Cost = Fixed (15M) + Running (20M) = Rs. 35 x 106 First, capital cost is 15 crore rupees. 10% is 1.5 crore fixed cost.

Total cost is 3.5 crore. Using the capacity factor, the average load

Energy Generated is 30MW, generating 262.8 million units. Dividing total cost by
Avg Load = Capacity x Capacity Factor = 100 MW x 0.30 = 30 MW units gives 13.3 paise per unit. For reserve capacity, we find max
Units Generated /year = 30,000 kW x 8760 h = 262.8 x 105 kWh demand using average load and load factor, yielding 75MW. Thus,

reserve is 100-75 = 25MW.

Cost per kWh = Total Cost / Units = 35,000,000 / 262,800,000 = Rs.
0.133 (13.3 Paise)

Reserve Capacity = Plant Capacity - Max Demand
Max Demand = Avg Load / Load Factor = 30 MW / 0.40 = 75 MW
Reserve Capacity = 100 MW - 75 MW = 256 MW
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Formula Recap: Tariff Calculations

3*}1 L—Lecture 1.10: Simple Numericals on Load,
] . . . ICT> Cost, and Tariff

° Slmplle Tariff: Cost per unit = Total cost / Total units § L Formula Recap: Tariff Calculations

supplied. &
o Flat Rate Tariff: Different consumer classes (lighting, power)

are charged at different fixed rates per unit. Finally, tariffs. This is how the utility recovers costs from con-
e Block Rate Tariff: Energy is divided into blocks (e.g., first 50 sumers. The Two-Part tariff is very common for industrial con-

units), with the price per unit decreasing for successive blocks. sumers, reflecting both the fixed infrastructure cost (kW charge)
e Two-Part Tariff (Hopkinson Demand Rate): Total Bill = and fuel cost (kWh charge).

Rs (A x kW + B x kWh)
o A = Rate per kW of maximum demand (Fixed charge)
o B = Rate per kWh of energy consumed (Running charge)
o Power Factor Tariff: Often incorporates a kVA maximum
demand charge or penalties for low power factor.

Rate (Rs/unit)

e Flat Rate

—I— Block Rate
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Problem 3: Two-Part Tariff
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§ L_Problem 3: Two-Part Tariff
Problem Statement
A consumer has a maximum demand of 200 kW at 40% load factor. This problem requires us to calculate an annual bill using a Two-
The tariff is Rs. 100 per kW of maximum demand plus 10 paise per Part tariff. The fixed charge is based on the 200 kW maximum
kWh consumed. demand, and the running charge requires us to first calculate the

total energy consumed using the load factor.
Calculate: = &

© The total energy consumed in a year (8760 hours).
@ The annual electricity bill.
© The overall cost per kWh.

Tariff Equation: Bill = (100 x MD) + (0.10 x Energy)
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Solution 3: Two-Part Tariff

1. Energy Consumed

Average Load = Maximum Demand x Load Factor = 200 kW x
0.40 = 80 kW

Annual Energy = Average Load x 8760 = 80 x 8760 = 700,800
kWh

2. Annual Bill Calculation

Maximum Demand Charge = Rs. 100 x 200 kW = Rs. 20,000
Energy Charge = Rs. 0.10 x 700,800 kWh = Rs. 70,080

Total Annual Bill = 20,000 + 70,080 = Rs. 90,080

A\

3. Overall Cost per kWh

Overall Cost/kWh = Total Annual Bill / Total Energy
Overall Cost = 90,080 / 700,800 = Rs. 0.1285 or 12.85
paise/kWh

= = = = =
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L_Solution 3: Two-Part Tariff

The average load is 80 kW, leading to 700,800 units annually. The
bill has two parts: the demand charge is Rs 20,000, and the energy
charge is Rs 70,080, totaling Rs 90,080. Dividing this total by the
units consumed gives an effective flat rate of 12.85 paise per unit.



Problem 4: Comprehensive Mixed Problem

Problem Statement

A power station supplies three distinct loads:

o Load A: Max demand 10 MW, LF 40%

@ Load B: Max demand 15 MW, LF 50%

@ Load C: Max demand 20 MW, LF 60%
The diversity factor of the station is 1.5.

The tariff for the station is Rs. 150 per kW of station maximum

demand + 5 paise per unit generated.

Calculate: The overall cost of generation per unit (kWh).

Load
A (10

AAVAZN

Station

Power Plant Engineering
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B (15
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L_Problem 4: Comprehensive Mixed Problem

Let's look at a comprehensive problem that requires knowledge of
diversity factor, load factors, and a two-part cost structure. We
need to find the simultaneous maximum demand of the station to
calculate fixed charges, and the total energy of all three loads for
running charges.



Solution 4: Comprehensive Mixed Problem

1. Station Maximum Demand

Sum of individual max demands = 10 + 15 + 20 = 45 MW

Station Max Demand = Sum of MDs / Diversity Factor = 45 / 1.5 = 30
MwW

2. Total Energy Generated Annually

Units A = 10,000 kW x 0.40 x 8760 = 35.04 x 108 kWh
Units B = 15,000 kW x 0.50 x 8760 = 65.70 x 108 kWh
Units C = 20,000 kW x 0.60 x 8760 = 105.12 x 10° kWh
Total Units = 205.86 x 10° kWh

.

3. Total Cost and Cost per Unit

Demand Charge = Rs. 150 x 30,000 kW = Rs. 4.5 x 10°
Energy Charge = Rs. 0.05 x 205.86 x 10°® = Rs. 10.293 x 10°
Total Cost = Rs. 14.793 x 10°

Cost per Unit = 14.793 x 10° / 205.86 x 10° = Rs. 0.0718 (7.18 Paise)

Power Plant Engineering July 24, 2026 150 / 632

2026-07-24

Power Plant Engineering
L Lecture 1.10: Simple Numericals on Load,
Cost, and Tariff

L—Solution 4: Comprehensive Mixed Problem

The diversity factor lowers the station's max demand to 30 MW,
saving on capital/demand charges. We calculate the energy for
each load separately using their respective load factors. The total
energy is 205.8 million units. Applying the tariff gives a total cost,
which divided by total units gives 7.18 paise per unit.



Load Metrics: Load factor, capacity factor, and demand
factor are crucial for assessing plant utilization.

Diversity Factor: A higher diversity factor reduces the
required station capacity and lowers the cost of generation.
Costing: Total cost comprises fixed (capital-dependent) and
running (generation-dependent) components.

Tariffs: Two-part tariffs effectively split costs, charging for
maximum demand (kW) and energy consumption (kWh)
separately.
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I—Summary

To summarize, today we applied theoretical concepts to numeri-
cal problems. We saw how load factor and diversity factor directly
impact the economics of power generation. We also calculated gen-
eration costs and analyzed how two-part tariffs reflect the physical
realities of power generation.
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LNext Lecture Preview

Next Lecture Preview
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In the next lecture, we will conclude Unit 1 and begin Unit 2,
where we shift our focus from general economics to the specific

Unit 2 Preview: Thermal Power Plants
) S|te Select|on Criteria for steam power plants engineering of Thermal Power Piants, Starting with site selection

@ General layout and working principle of modern thermal power e (e (ERe

plants.
@ Coal handling, ash handling, and dust collection systems.

@ Introduction to thermodynamic cycles (Rankine cycle).

.
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Welcome students to Lecture 11. Today we dive into the core ther-
modynamic cycle that governs modern coal-based thermal power

LECtu re 2 ] 1 1 generation: the Rankine Cycle. We will explore both the theoreti-

cal ideal cycle and the practical actual cycle.

Rankine Cycle: Ideal and Actual Cycles
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5 Cycles
8 L
S Agenda
N
S f : Fi Il hy th le fall
Limitations of the Carnot Vapor Cycle Our roadmap for today: First, we, se<.a why t_e Carnot ?yce alls
) short for vapor power. Then we'll build the ideal Rankine cycle,
Components and Processes of the Ideal Rankine Cycle analyze its thermodynamics, and finally introduce real-world irre-
Thermodynamic Analysis of Ideal Components versibilities to model the actual cycle.

Cycle Performance Metrics (Thermal Efficiency, Work Ratio)
Deviations in the Actual Rankine Cycle

Isentropic Efficiencies of Turbines and Pumps

T-s Diagrams for Ideal vs. Actual Cycles
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Limitations of the Carnot Vapor Cycle

Theoretical Maximum vs. Practicality

The Carnot cycle represents the
maximum theoretical efficiency between
two temperature limits, but poses
practical challenges for vapor power.

@ Compression: Compression of a
two-phase mixture (liquid + vapor)
to a saturated liquid in a
compressor is practically difficult to
design and highly inefficient.

@ Heat Addition: Limited to the
saturation dome if it must remain

isothermal, severely restricting the
maximum cycle temperature and
preventing superheating.

Power Plant Engineering
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L Limitations of the Carnot Vapor Cycle

Why not use Carnot? Two main reasons: you can't easily pump
a mixture of liquid and gas, and if you restrict heat addition to
boiling (constant T), you can't superheat the steam. This leads to
wet steam in the turbine, which destroys the blades.
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Basic Components of the Rankine Cycle
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o Boiler (Steam Generator):
Reversible constant pressure
heat addition. Converts
compressed subcooled liquid
into superheated or
saturated steam.

L Basic Components of the Rankine Cycle

The Rankine cycle solves the Carnot compression problem by com-
pletely condensing the working fluid. This allows us to use a liquid
pump, which requires vastly less work than a two-phase compres-

. . sor.
@ Turbine: Reversible

adiabatic (isentropic)
expansion. Steam expands,
turning the rotor and ’ 3
generating shaft work, Boiler —
dropping in pressure and
temperature.

@ Condenser: Reversible
constant pressure heat

rejection. Exhaust steam
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L-The Ideal Rankine Cycle - T-s Diagram

The Ideal Rankine Cycle - T-s Diagram

@ Process 1-2: Isentropic
compression in pump. State
1 is saturated liquid at
condenser pressure; State 2
is compressed liquid at boiler
pressure. T 3

2026-07-24

Here is the thermodynamic heartbeat of the plant. Notice the
vertical lines for the pump and turbine indicating no entropy change
(ideal). The area under the curve 2-3 is the heat added, and under

4-1 is the heat rejected.
@ Process 2-3: Constant !

pressure heat addition in
boiler. Water is heated to
saturation, boiled, and often

superheated (State 3). 5
@ Process 3-4: Isentropic )
expansion in turbine. Steam 1! k Ly
expands to condenser
pressure (State 4), entering A

the two-phase region.
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5 Cycles
Steady Flow Energy Equation (SFEE) § L-Thermodynamic Analysis: Pump and Boiler
Applying the Steady Flow Energy Equation (SFEE) and assuming
negligible changes in kinetic and potential energy. For the pump, because water is incompressible, we can evaluate
the exact work using specific volume times the pressure difference.
© Pump Work (WP): Since process 1-2 is isentropic and fluid is This is a very handy shortcut when calculating the state 2 enthalpy.

incompressible,
Wp = h2 — hl = V1(P2 — Pl)

where v is specific volume of saturated liquid.

o Boiler Heat Addition (Qi,): Constant pressure heating,
meaning

Qin = h3 — ho

@ Approximation: The enthalpy of compressed liquid hy can be
approximated as hy &~ hy + vi(P2 — P1) if compressed liquid
tables are unavailable.
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Thermodynamic Analysis: Turbine and Condenser

e Turbine Work (W;): Isentropic expansion through the
turbine yields positive work output.

Wi = hs — hy

e Condenser Heat Rejection (Qout): The steam rejects heat
at constant pressure to the cooling water.

Qout = ha —

o Net Work Output (Whet): The total useful work from the
cycle is
|/Vnet = Wt - Wp

State 4 Enthalpy

State 4 enthalpy (hs) is determined using the quality of steam (xs)
at the condenser pressure: hy = hr + xa(hgg).

_— == — ~
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I—Thermodynamic Analysis: Turbine and
Condenser

v+ a(h)

The turbine generates our gross power, but we must subtract the
pump work to get the net power. The state at the turbine exit
(state 4) usually lies inside the vapor dome, so determining the
steam quality 'x’ is a critical calculation step.

uality o st
).
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Cycle Performance Metrics
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5 Cycles
. - . e}
e Thermal Efficiency (m): The ratio of S L—Cycle Performance Metrics
net work output to total heat input. o
_ Whee Wi W, 1_ Qout Thermal efficiency tells us how well we convert fuel heat into elec-
"l Qin hz — hy Qin N tricity. Unlike gas turbines, steam plants have a very high work

T ratio because pumping a liquid requires orders of magnitude less

@ Work Ratio: Defined as Net Work divided
by Positive Work. Work Ratio = WW”? In
Rankine cycles, this is very close to 1
because W, is very small compared to W;.

energy than compressing a gas.

e Specific Steam Consumption (SSC):
The mass flow rate of steam required to

produce 1 kW of net power. W, ,;p‘ ’
W, < W
3600
SSC = (in kg/kWh)
Wnet

A lower SSC indicates a more compact
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ctual Rankine Cycle: Sources of Irreversibility

Real-World Deviations
Real-world power plants do not operate ideally. lIrreversibilities exist
in all components, reducing net work and efficiency.

External Irreversibilities

@ Heat loss from the boiler,
turbine casing, and piping to
the surrounding
environment.

Internal Irreversibilities
@ Fluid friction in pipes, boiler
tubes, and turbine blades
causes pressure drops and
entropy generation.

&

Consequently, expansion in the turbine and compression in the
pump are neither isentropic nor adiabatic in reality.
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Cycles
LThe Actual Rankine Cycle: Sources of
Irreversibility

The ideal cycle is a baseline. In reality, entropy always increases.
Friction causes pressure drops, meaning the pump must work
harder and the turbine gets less pressure drop to extract work from.
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Piping and Component Pressure Drops

3*}1 L_Lecture 2.11: Rankine Cycle: Ideal and Actual
5 Cycles
: Spai : § L—Piping and Component Pressure Drops
o Boiler Pressure Drop: To maintain flow, steam exits the S ping P P
boiler at a lower pressure than the feedwater entering it.
@ Line Pressure Drop: Friction in the pipe connecting the Every pipe and heat exchanger tube has flow resistance. This
boiler to the turbine causes a pressure loss and potential heat means our ideal constant-pressure lines on the T-s diagram are
loss (temperature drop). actually sloping downwards slightly in the direction of flow.

@ Condenser Pressure Drop: The condenser pressure at the
turbine exhaust is higher than the pressure at the pump inlet.

o Impact: The feedwater pump must discharge at a pressure
significantly higher than the nominal turbine inlet pressure to
overcome these losses.

> >
Boiler Line Drop Boiler & Line Loss
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Isentropic Efficiencies of Pump and Turbine

To account for internal irreversibilities in rotating machinery, we use
isentropic efficiencies.

Turbine Isentropic Efficiency ()

The ratio of actual turbine work to ideal (isentropic) turbine work.

h3 - h4,actua|

Wt,actual = nt(h3 - h4,idea|)
h3 — hg jgeal

Ne =

5\,

Pump Isentropic Efficiency (7,)

The ratio of ideal (isentropic) pump work to actual pump work.

_ Mjideal — M W _ hjideal —
Np = h h p,actual —
2,actual — M Tlp
v
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Pun
The

I—Isentropic Efficiencies of Pump and Turbine

The turbine efficiency is less than 1, so we get less work out than
ideal. The pump efficiency is also less than 1, but it's in the
denominator, meaning we must put MORE work in than ideal.
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T-s Diagram of the Actual Rankine Cycle

?{I, L_Lecture 2.11: Rankine Cycle: Ideal and Actual
5 Cycles
@ The expansion process (3 to § LT Diagram of the Actual Rankine Cycle
4') curves to the right, A
showing an increase in entropy
(s4 > s3) due to friction in T This is the most important diagram for understanding real plant

performance. The shifting of state 4 to the right increases entropy
and reduces the enthalpy drop, lowering work output. One slight
silver lining: friction reheats the steam slightly, reducing moisture
content at the blade exhaust.

the turbine.

@ The compression process (1 to
2') also curves to the right
(s2r > s1) due to friction in
the pump.

@ Actual net work area is
visually smaller than the ideal
cycle area.

@ Notice the steam quality at
actual turbine exhaust (xg/) is s
higher (drier) than the ideal
exhaust (x4s), slightly reducing
moisture erosion.
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8 L
S Summary
N
@ The Rankine cycle is the practical standard for vapor power
generation, overcoming Carnot cycle limitations by condensing To summarize, the Rankine cycle is the backbone of thermal power.
steam to a pumpable liquid. We must understand the ideal thermodynamic bounds, but as en-

o Ideal cycle analysis relies on isentropic assumptions for pumps gineers, we must always apply isentropic efficiencies and consider

and turbines, and isobaric assumptions for heat exchangers. pressure drops to design and analyze real plants.

@ Cycle thermal efficiency depends heavily on maximizing the
mean temperature of heat addition and minimizing heat
rejection temperature.

@ Actual cycles suffer from fluid friction and heat losses,
modeled using turbine and pump isentropic efficiencies, which
decrease net work and overall efficiency.
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5 Cycles

§ Preview of Next Lecture
Pushing the Limits of Efficiency Now that we know the basics and the limitations, how do we make
How can we improve the efficiency of the basic Rankine cycle? it better? Next class, we'll look at Reheat and Regeneration—the
Next time, we will explore modifications to the Rankine cycle: specific techniques modern plants use to squeeze every last bit of
Reheating and Regeneration. efficiency out of the fuel.

@ Reheat Cycle: Expanding steam in stages and returning it to
the boiler to increase average heat addition temperature and
reduce exhaust moisture.

@ Regenerative Cycle: Using turbine extraction steam to
preheat feedwater, dramatically improving cycle efficiency.
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Course: DI05019041 Power Plant Engineering
Unit 2: Modern Coal-Based Thermal Power Generation

Steam
Boiler

«— | Condenser

Water
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Welcome to Lecture 12. Today we transition to the foundational

thermodynamic cycle for coal-based thermal power generation: the
Rankine cycle. We will examine both theoretical idealizations and
practical realities.
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I—Agenda
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Our agenda covers the transition from the theoretical Carnot cycle
to the practical Rankine cycle. We'll derive equations for efficiency
and then look at how real-world friction and heat losses alter our
T-s Diagram and Energy Analysis idealized T-s diagrams.

Introduction to Vapor Power Cycles

The Ideal Rankine Cycle: Four Basic Processes

Deviations in the Actual Rankine Cycle
Pump and Turbine Irreversibilities

Isentropic Efficiencies

Summary and Key Takeaways
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Why the Rankine Cycle?
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The Challenge with Carnot

The Carnot cycle is the most efficient, but highly impractical for vapor
power systems.

Remember the Carnot cycle from basic thermodynamics. Pumping
a two-phase mixture of steam and water is a nightmare for blade
erosion and cavitation. Rankine solves this by pushing condensa-

Carnot Cycle Limitation Rankine Cycle Solution

Isentropic compression of a two-
phase liquid-vapor mixture is me-
chanically difficult and damages
compressors/pumps.

Completely condense the working
fluid to a liquid before compression
using a simple liquid pump.

Isothermal heat transfer in a
single-phase region is impossible
to achieve practically.

Heat addition occurs at constant
pressure in a boiler, extending into
the superheated region.

tion all the way to the saturated liquid line.

Advantage

Using a liquid pump instead of a two-phase compressor significantly
reduces the back-work ratio.

™ i = — o
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The ideal Rankine cycle consists of four internally reversible processes: © L :
) o S Ideal Rankine Cycle: Components &
@ Process 1-2: Isentropic compression in a pump. « Processes
@ Process 2-3: Constant pressure heat addition in a boiler.
@ Process 3-4: Isentropic expansion in a turbine. These four processes represent the ideal case. No pressure drops
@ Process 4-1: Constant pressure heat rejection in a condenser. in pipes, boiler, or condenser. No heat losses to the surroundings.
0 The expansion and compression are perfectly isentropic.
Boiler State 3
(2—23)
State 2
Turbine
(G- 4) Weut
Win
State 4
Condenser
State 1 (4—=1)

Jout
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T-s Diagram of the Ideal Rankine Cycle

?{I, L_Lecture 2.12: Rankine Cycle:- Ideal & Actual
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o The 8 L_T_s Diagram of the Ideal Rankine Cycle
Temperature-Entropy N
(T-s) diagram visually T
represents the thermal ~ Notice how the pump work (1-2) is visually very small compared to
energy transfers. 233 the turbine work (3-4). Also, heat addition (2-3) occurs at varying
@ Area under curve 2-3 temperatures in the subcooled region, which is a key difference
represents total heat Phigh from the Carnot cycle.

added (gin)-

@ Area under curve 4-1
represents total heat
rejected (Gout)-

@ The enclosed area
(1-2-3-4) represents the
net work output > s
(Wnet = qin — qout)-

3—4

‘| P/ow
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Energy Analysis: The Pump and Boiler

Applying the Steady-Flow Energy Equation (SFEE) to each component
(assuming kinetic and potential energy changes are negligible).

|—Energy Analysis: The Pump and Boiler

2026-07-24

The approximation for pump work using specific volume and pres-
sure difference is very useful because finding enthalpy of com-
pressed liquid tables can be tedious, and v is relatively constant.

Boiler

Pump Work (wp,):
Wp.in = ho — M1

Boiler Heat Input (g;,):

Since liquid is incompressible: Gin = h3 — 2
Wp.in ~ vi(P2 — Py) Thermal energy transferred from
State 2 Enthalpy: combustion gases to the working
hy = hy + Wp,in Jﬂuid.
iqin
h h
= & h; hs
> Boiler p
Wh,in
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Energy Analysis: Turbine and Condenser

Turbine

Turbine Work (w; out):
Wt out = hz — hy

Condenser
Heat Rejection (gout):
Gross mechanical work produced by Gout = ha — 1

the expansion of steam. Heat transferred to the cooling

water.

h3

ha

v

=3

Condenser

¥ Qout

Wt,out

Net Work Output (wpet)

Whnet = Wt out — Wp,in = qin — Gout
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I—Energy Analysis: Turbine and Condenser

)
n w
,F b
Net W )
st i~ ot

In a steam power plant, the turbine work is huge (often over 1000
kJ/kg), while pump work is tiny (often under 10 kJ/kg). Thus,
the back-work ratio is very low, usually around 1-2%.

<<<<<<<
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8 LThermal Efficiency of Ideal Rankine Cycle
Thermal efficiency (1;,) defines how effectively heat is converted to &
work.
- . Thermal efficiency is strictly governed by the average temperatures
Efficiency E ion . . .
clency Equations at which heat is added and rejected. Modern plants run at very
@ Ny = Lot = We,out = Wp,in high pressures and superheated temperatures precisely to push this

din din

efficiency up.

_ 1 _ Yout __ ha—hy
® 7en =1 Qin 1 hs—hy

To Increase Efficiency:

o Increase average temperature of heat addition:
Superheating, high boiler pressure.

o Decrease temperature of heat rejection: Lower condenser
pressure.

Power Plant Engineering July 24, 2026 174 / 632



Power Plant Engineering

ual Rankine Cyde: Irr g,l L_Lecture 2.12: Rankine Cycle:- Ideal & Actual
. . . S Cycle
Beal cy.cl'eé fdeV|ate from the ideal due to internal and external 9 L The A : _ S
irreversibilities. S e Actual Rankine Cycle: Irreversibilities
@ Fluid Friction: Causes pressure drops in the boiler, condenser,
and the connecting piping. Boiler pressure drops require the pump In reality, steam flowing through pipes experiences friction. This
to operate at a higher discharge pressure. means the pressure at the turbine inlet is lower than the boiler exit.

@ Heat Loss: Thermal energy is lost to the surroundings from the
boiler, turbine, and piping, requiring more fuel to maintain
required heat input (gis).

o Component Inefficiencies: The pump and turbine are not
perfectly isentropic; they generate entropy.

We must compensate by designing pumps to deliver higher heads.

P
Ideal Boiler P
Actual Boiler P

Ideal Condenser P
ActiplF{gRpdeager P

Pressure drops due to fluid friction
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Isentropic Efficiencies: Turbine and Pump

Turbine Isentropic Efficiency (7;)

The ratio of actual turbine work to ideal

(isentropic) turbine work:
Actual Work __ hz3—ha,
"It = Tsentropic Work — h3—has

Pump Isentropic Efficiency (7,)

The ratio of ideal pump work to actual

pump work required:
__ lIsentropic Work __ hpos—hy
lp = “Actual Work  — hp.—hy

4

Where ‘a’ denotes actual state and ‘s’ denotes
isentropic state.
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I—Isentropic Efficiencies: Turbine and Pump

Notice the inversion in the definitions.

For the turbine, actual

work is LESS than ideal, so actual is in the numerator. For the
pump, actual work required is MORE than ideal, so actual is in the

denominator.
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T-s Diagram: Ideal vs. Actual Cycle
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® The actual expansior? § LTs Diagram: ldeal vs. Actual Cycle
(3-4a) and compression N
(1-2a) processes show an
increase in entropy (shift The shift to the right due to entropy generation means less area
to the right on the T-s ~ enclosed, hence less net work for the same or greater heat input.

diagram).

@ State 4a has a higher
enthalpy than 4s,
meaning less work was
extracted.

o State 4a also typically
has a higher steam
quality (x) than 4s,
which is slightly
beneficial for preventing
turbine blade erosion.

o State 2a requires a
higher enthalpy input

This directly reduces the thermal efficiency of the real power plant.

Power Plant Engineering July 24, 2026 177 / 632



Impact on Cycle Perform;

Power Plant Engineering

ImpaCt on Cyde Performance 3:}1 L_Lecture 2.12: Rankine Cycle:- Ideal & Actual
. e Wt actual —Wp,actual g Cyde

o Actual thermal efficiency: 7:,actuar = = Gin,actual g L Impact on Cycle Performance

@ Increased heat rejection: The condenser must reject more heat a
(haa — h1) than in the ideal case (hgs — h1).

@ Increased fuel consumption: Lower net work output per kg of Understanding the actual cycle is critical for plant engineers. A
steam means a higher mass flow rate of steam is needed for a 1% drop in turbine efficiency in a 500 MW plant translates to
given power output, increasing the fuel requirement. thousands of tons of extra coal burned per year and significant

@ Maintenance considerations: Real components wear out, economic loss.

further decreasing n;: and n, over the plant’s lifetime.

Component
Irreversibilities —|
(1 Entropy)

Lower Net Work & N Higher Steam N Increased Fuel
Thermal Efficiency Mass Flow Rate | | Consumption & Cost
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@ The Rankine cycle is the fundamental § I—Summary .
thermodynamic model for steam A
power plants, overcoming Carnot’s
practical limitations. To summarize, while the ideal Rankine cycle provides our baseline
I @ The ideal cycle consists of isentropic for energy analysis, the actual cycle dictates the real-world opera-

pumping, isobaric heat addition, tional economics and engineering design requirements of the power
isentropic expansion, and isobaric plant.

heat rejection.
@ Thermal efficiency depends on the
ratio of net work to heat input.
@ Actual cycles deviate due to:
o Fluid friction (causing pressure
drops)
e Heat losses to surroundings
e Non-isentropic behavior in pumps
and turbines
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3*}1 L_Lecture 2.12: Rankine Cycle:- Ideal & Actual
S Cycle
Topic 2.2: Reheat and Regenerative Rankine Cycles Q L :
. . . . = Next Lecture Preview
@ We will explore how to modify the simple Rankine cycle to «
increase efficiency.
@ Reheating steam to prevent excessive moisture in the Next time, we will look at how modern power plants push efficiency
low-pressure turbine. even higher using reheating and regeneration techniques. Read
o Regeneration (feedwater heating) to increase the average ahead on feedwater heaters!

temperature of heat addition.

Primary Stea

HP
Boiler & Turbin LP
e

Reheater Hot H Turbine
Cold Reheat

O ondense
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& ) uperheating, Reheating, and Regeneration
N

g generation

Welcome to Lecture 13. Today we transition from the ideal Rank-

Lectu re 2 . 13 ine cycle to practical methods used in modern power plants to

maximize thermal efficiency.

Methods for Improving Thermal Efficiency:
Superheating, Reheating, and Regeneration
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L Lecture 2.13: Methods for Improving Thermal
Efficiency: Superheating, Reheating, and Re-
generation

I—Agenda

2026-07-24

We will cover three primary techniques to increase efficiency. We'll

Limitations of the Basic Rankine Cycle | ] o -
start by understanding why the basic cycle is insufficient for large-

Thermodynamics of Superheating
The Reheat Cycle and Exhaust Moisture Control

Optimal Reheat Pressure

scale power generation.

Principles of Regenerative Feed Heating

Open vs. Closed Feedwater Heaters

Impact of Regeneration on Cycle Efficiency
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L Lecture 2.13: Methods for Improving Thermal
Efficiency: Superheating, Reheating, and Re-
generation

L Limitations of the Basic Rankine Cycle

Limitations of the Basic Rankine Cycle

2026-07-24

@ The ideal Rankine cycle operates with saturated steam at the

L The basic cycle has a critical flaw: as we increase boiler pressure
turbine inlet.

to get better efficiency, the expansion line shifts left, creating dan-
@ The lower mean temperature of heat addition (Tp,1) inherently gerously wet steam at the turbine exit.

limits thermal efficiency (n =1 — T/ Trm).

@ Expansion deep into the two-phase region leads to high
moisture content (dryness fraction x < 0.88) at the turbine
exhaust.

@ High moisture causes water droplets to impinge on
low-pressure turbine blades at high velocities, leading to severe
erosion and blade failure.
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Principles of Increasing Efficiency

3*}1 L Lecture 2.13: Methods for Improving Thermal
5 Efficiency: Superheating, Reheating, and Re-
Efficiency Equation § generation
= I—Principles of Increasing Efficiency
,’7 = 1 _ - reject
addmean Since we can only lower the condenser temperature so much, our

. - .. . . . i f i lant design i ising th t -
@ Following Carnot principles, efficiency increases if heat is added AL VRS W e [ (sl 1 SR s s s e

at a higher average temperature and rejected at a lower
average temperature.

ature of heat addition.

@ Lowering condenser pressure (T) is practically limited by the
ambient cooling water temperature and the difficulty of
maintaining a high vacuum.

@ Increasing boiler pressure raises T,,1 but exacerbates the
moisture problem at the turbine exhaust.

@ Practical engineering solutions must therefore increase Tp,;
without producing excessive exhaust moisture: Superheating,
Reheating, and Regeneration.
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Efficiency: Superheating, Reheating, and Re-
generation

Superheating: Thermodynamic Concept

@ Steam is heated beyond its
saturation temperature at a I—Superheating: Thermodynamic Concept
constant boiler pressure
before entering the turbine.

2026-07-24

Superheating is the most straightforward way to increase efficiency.

We just keep adding heat after the steam has vaporized.
@ The constant-pressure heat T

addition line extends into the T Superheated
H A

superheated region on the ,,’

T-s diagram. Vapor Dome ¢

@ This process significantly
increases the enthalpy of the
steam at the turbine inlet
(h3 > hg).

e By adding a substantial /
amount of heat at
temperatures above the s

saturation temperature, the
Power Plant Engineering July 24, 2026 185 /632
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L Lecture 2.13: Methods for Improving Thermal
Efficiency: Superheating, Reheating, and Re-
generation

Superheating: Practical Implications

2026-07-24

|—Superheating: Practical Implications
@ Crucially, superheating shifts the isentropic expansion line to

. > While we want infinite superheat for efficiency, materials science
the right on the T-s diagram. ; J

holds us back. At temperatures above 620°C, the metal creep

@ This significantly reduces the moisture content at the turbine becomes too severe for standard alloys.

exhaust (increases dryness fraction, x4), mitigating water
droplet erosion.

@ The maximum degree of superheating is bounded strictly by
metallurgical constraints.

@ Modern boiler tubes and high-pressure turbine blades typically
limit superheat temperatures to approximately 600°C — 620°C
using advanced austenitic steels.
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Reheating: Concept and Necessity

3*}1 L Lecture 2.13: Methods for Improving Thermal
5 Efficiency: Superheating, Reheating, and Re-
§ generation
o I—Reheating: Concept and Necessity
@ To achieve higher efficiencies, modern plants use very high
boiler pressures (subcritical up to 190 bar, supercritical > 221 Reheating is primarily a protective measure. We want high pressure
bar). for efficiency, but high pressure ruins the LP blades. Reheating is

@ At these extreme pressures, even with maximum metallurgical the compromise.

superheating, the expansion would result in unacceptable
moisture (> 12%) at the exhaust.

@ Reheating solves this: steam is expanded partially in a
High-Pressure (HP) turbine.

@ The steam is then extracted, routed back to the boiler
reheater, heated at constant pressure, and finally expanded in
an Intermediate/Low-Pressure (IP/LP) turbine.
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Reheating: Thermodynamic Analysis

?{I, L—Lecture 2.13: Methods for Improving Thermal
5 Efficiency: Superheating, Reheating, and Re-
@ The T-s diagram illustrates § generation
two distinct expansion o LReheating: Thermodynamic Analysis
processes interrupted by an
intermediate constant-pressure T Notice how the expansion line is 'reset’ to a higher temperature
heating process. T 3 and entropy, ensuring the final exhaust point (point 6) remains
o Total Heat Added = > sufficiently dry.
(h3 — /72) [Boiler] + (h5 - h4)
[Reheater].
o Total Turbine Work = +
(hs — ha) [HP] + (hs — he)
[LP].
@ While reheating increases
network output, the cycle < 6
efficiency only improves if the

mean temperature of heat
addition during reheating
exceeds the original cycle's
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Reheating: Optimal Reheat Pressure

2026-07-24

@ Choosing the reheat pressure is generation
critical; expanding too far before LReheating: Optimal Reheat Pressure
reheating negates efficiency
gains We can't just reheat anywhere. If the pressure is too low, the pipes

. e needed to carry the voluminous steam back to the boiler become
@ Analytical optimization reveals

the optimal reheat pressure is
typically 20% to 25% of the 0.44 | Peak ~ 20 — 25% .

initial boiler pressure.

impractically huge.

0.42

e Ultra-supercritical (USC) plants
may employ double reheating to
push efficiency further and 036 ‘ ‘ [
manage moisture from even ¢ P?:eat/,,fjey o
higher initial pressures (e.g.,
300+ bar).

@ Diminishing returns and the

high capital cost of massive
Power Plant Engineering July 24, 2026 189 / 632
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L Lecture 2.13: Methods for Improving Thermal
Efficiency: Superheating, Reheating, and Re-
generation

I—Regenerative Feed Heating: The Concept

Regenerative Feed Heating: The Concept

2026-07-24

@ In a basic Rankine cycle, feedwater enters the boiler at a very
low temperature (condenser temperature). Regeneration is the most powerful tool for raising efficiency. By

@ Heating this cold water requires substantial heat addition at seicailng i eeiar sy, dos kel anly e i proviee -

lower temperatures, severely depressing the overall mean
temperature of heat addition.

temperature latent and superheat energy.

o Regeneration involves extracting (bleeding) a fraction of
steam from intermediate turbine stages to preheat the
feedwater before it enters the boiler.

@ This internal heat exchange approximates the ideal Carnot
cycle heat addition process more closely, drastically improving
efficiency.
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Open Feedwater Heaters (OFWH) ?{I, L Lecture 2.13: Methods for Improving Thermal
5 Efficiency: Superheating, Reheating, and Re-
] ] ) § generation
@ Extracted steam mixes directly with « L Open Feedwater Heaters (OFWH)
the subcooled feedwater from the
condenser in a mixing chamber. Open heaters are thermodynamically perfect but mechanically

e The ideal mixture leaves the heater complex because you need a pump every time you mix the flu-

as a saturated liquid exactly at the ids at a new pressure level.

extraction pressure. lExtracted Steam

o Highly effective heat transfer
(Terminal Temperature Difference Codp  OFWH %Pump
=0).

o Disadvantage: Requires a separate
feedwater pump after each heater
to raise the fluid pressure to the
next stage or boiler pressure,
increasing mechanical complexity.
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Efficiency: Superheating, Reheating, and Re-
generation

Closed Feedwater Heaters (CFWH)

o Extracted steam and feedwater
do not mix; heat transfer occurs L—Closed Feedwater Heaters (CFWH)
indirectly through a tube bundle
(shell-and-tube heat exchanger).

2026-07-24

Modern plants use mostly closed heaters to save on pump main-

tenance. Usually, only one open heater is used, which doubles as
o Feedwater passes through the Y- ony P

tubes at high pressure, while
extracted steam condenses on

the shell side. lExtracted Steam

@ The condensed steam (drip) is
Cold F Hot FW
usually cascaded backward >
through a trap to a CFWH (Shell)
lower-pressure heater or the
condenser.

the deaerator to remove dissolved gases.

e Advantage: Simpler pumping
(requires only one main boiler
feed pump).
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Efficiency: Superheating, Reheating, and Re-
generation

neration: T-s Diagram and Impact

@ The T-s diagram for a
regenerative cycle shows
stepped heat addition as
feedwater is progressively Even though we get less total work out of the turbine because we

2026-07-24

|—Regeneration: T-s Diagram and Impact

heated, raising Tpn1. - extracted steam, the fuel savings in the boiler far outweigh the

@ The mass flow rate in the ~ work loss.
turbine decreases after each
extraction point
(m1 > mp > m3)

@ While regeneration decreases YBleed 1
both the total heat added in
the boiler and the total turbine TRleed 2
work output per kg of initial
steam, the ratio (efficiency) <
increases significantly.

@ Secondary benefit: Reduces > s
the volume flow rate at the

Inlet

“ExMaust

avh
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2026-07-24

generation

Method Primary Effect on | Effect on Exhaust L Summary

Efficiency Moisture
Superheating Increases (raises Tpp1) | Significantly Reduces In practice, a modern coal plant uses all three of these methods
Reheating Modest Increase Significantly Reduces simultaneously to push thermal efficiency up to around 40-45%.
Regeneration Most  Effective In- | Minor/No direct im-

crease (raises Tp1) pact on x, but reduces

volume

@ Superheating: Increases cycle efficiency by raising Tp,1 and is
crucial for reducing turbine exhaust moisture.

@ Reheating: Primarily a mechanism to maintain acceptable
exhaust dryness in high-pressure cycles.

o Regeneration (Feedwater Heating): The most effective
method for increasing efficiency by raising T,,1 through
internal heat transfer.

@ Modern thermal power plants utilize a combination of
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L Lecture 2.13: Methods for Improving Thermal
Efficiency: Superheating, Reheating, and Re-
generation

Next Lecture Preview

2026-07-24

L Next Lecture Preview

Main S 1k . .
2in Steam (1 ke) Next time, we will put numbers to these concepts. Be sure to

@ Solving complex Rankine cycle
review your steam tables and Mollier charts before class.

numerical problems.

(—

o Calculating cycle efficiency with
combined reheat and regenerative
stages.

Bleed 1 (my) ¢——

Bleed 2 (my) ¢——

Turbine

@ Determining optimum extraction
pressures for feedwater heaters.

(_

@ Energy balances for open and

Exhaust (1 — —
closed feedwater heaters. xhaust (1 —my — mo)
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Eﬂ:ICI ency Methods for Improving Thermal Efficiency

2026-07-24

Welcome to Lecture 14. Today we'll discuss the critical modifica-
L 2 1 4 tions made to the basic Rankine cycle to improve thermal efficiency,
ECtu re . making modern power plants viable.

Methods for Improving Thermal Efficiency
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?{I, L—Lecture 2.14: Methods for Improving Thermal

S Efficiency

O

S I—Agenda

N
Thermodynamic Basis for Efficiency Improvement Here is our roadmap for today. We will logically progress from
Superheating of Steam: Concept and T-s Analysis superheating, through reheating, to regeneration.

Metallurgical Limits in Superheating
Reheating Cycle: Mechanics and Benefits
Optimal Reheat Pressure

Regenerative Feed Water Heating

Open vs. Closed Feedwater Heaters

Combined Effects on Overall Efficiency
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Thermodynamic Basis for Efficiency Improvement

2026-07-24

e Carnot Principle: Efficiency L Thermodynamic Basis for Efficiency
is a function of mean Improvement

temperature of heat addition
(Tm,a) and mean
temperature of heat
rejection (T R).

Fundamentally, improving efficiency means pushing the bounds of
the Carnot principle. We must add heat at the highest possible
average temperature.

o Efficiency
n= 1-— (Tm,R/Tm,A)- T
@ To increase 7): either

) Tm.a (Heat @ddition)
decrease T, g or increase

Tm.A-
@ Decreasing T, g is limited Vork Output (Wpet)
by ambient conditions
(cooling water temperature). Tonre (Heal Bgjection)

@ Therefore, modern power

cycles focus heavily on 3 s
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Efficiency

Superheating of Steam

@ Process: Heating steam
beyond its saturation point
at constant pressure in the
boiler's superheater.

2026-07-24

I—Superheating of Steam

Superheating is the first and most common method. It not only

. boosts efficiency by raising the mean temperature of heat addition
@ Thermodynamic Effect: y o e P

Increases the mean r

temperature of heat addition Superheated
(Tm,a) without increasing
the boiler pressure.

but critically protects turbine blades from moisture erosion.

\
7

@ Result: Higher thermal .
efficiency for the cycle. /

Extra \{Vﬂfk

@ Moisture Content: .
Superheating reduces the ‘ )
moisture content in steam at ‘
the turbine exhaust.

@ Crucial for preventing
Power Plant Engineering July 24, 2026 199 / 632




Metallurgical Constraints in Superheating

Maximum temperature is fundamentally limited by the metallurgical
properties of boiler tubes and turbine blades.

Current practical limit is around 600°C — 620°C for ultra-supercritical
plants using advanced alloys (e.g., creep-resistant steels, nickel-based
superalloys).

Exceeding this temperature leads to creep deformation, oxidation, and
catastrophic failure of components under high stress.

Economic balance: The cost of advanced alloys vs. the fuel savings
from increased efficiency.

~ 300

a

2

< 200

S

o0

2 Carbon Steel
5 —— Carbon Stee
& 100 1
o — Alloy Steel
8 —— Austenitic SS
S .

9100 450 500 550 600 650 700
Temperature (°C)
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Power Plant Engineering
L—Lecture 2.14: Methods for Improving Thermal
Efficiency

I—Metallurgical Constraints in Superheating

Why can't we just superheat to 1000 degrees? Materials. The
high-temperature, high-stress environment of the turbine requires
expensive, advanced alloys to withstand creep.
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The Need for Reheating

?{I, L—Lecture 2.14: Methods for Improving Thermal
_ _ ] o _ S Efficiency

@ As boiler pressures increase to improve eff|C|en.cy, expansion to § L The Need for Reheating

condenser pressure results in unacceptable moisture levels «

(> 10 — 12%) at turbine exhaust.
@ Moisture causes severe erosion of the fast-moving low-pressure When we push pressures higher, the expansion curve dips deeply

turbine blades. into the wet region. Reheating shifts the expansion curve to the
@ Solution: Reheating. right, solving the moisture problem.

e Expand steam partially in a High-Pressure (HP) turbine.

@ Route it back to the boiler to be reheated at constant pressure
to a high temperature.

@ Expand the reheated steam in Low-Pressure (LP) or
Intermediate-Pressure (IP) turbines.

Hot Reheat

Boiler
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Thermodynamics of Reheating

@ Reheating increases the total
work output of the turbine
(Whet increases).

2026-07-24

I—Thermodynamics of Reheating

Notice on the T-s diagram how the reheat process keeps the steam
dry at the end of expansion. The efficiency gain is real, but it's
secondary to the mechanical protection of the turbine.

@ It also increases the total heat
supplied (Q;, increases).

@ Does it increase efficiency? T
Only if the mean temperature of
heat addition during the reheat
process is greater than the mean
temperature of heat addition in
the primary cycle.

@ Primary purpose is often to
control exhaust steam quality
rather than purely a massive
efficiency boost.

@ Tvpically vields a 4 — 5%
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I—Optimal Reheat Pressure

Optimal Reheat Pressure

2026-07-24

@ Choosing the pressure at
which to extract steam for
reheating is critical.

. . Optimization is key. Extracting steam too early or too late dimin-
@ If reheat pressure is too high,

the gain in efficiency is
minimal, and exhaust
moisture might still be an
issue.

ishes the returns. Double reheating is only economically viable at
extremely high initial pressures.

x
o If reheat pressure is too low, & nl . |
the cycle efficiency can g
@ '
actually decrease below the 2 2 ;
non-reheat cycle. =
(2] .
. £ ¢ Optimum ~ 0.2 —
@ Rule of thumb: Optimum 5 4 | ‘
F o 0.2 0.4 0.6

reheat pressure is generally
20% to 25% of the initial Preneat/ Piniil

boiler pressure.
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Regenerative Feed Water Heating

Problem: In a basic Rankine cycle, sensible heat is added to
cold feed water in the boiler, which happens at a very low
temperature relative to the furnace.

This low-temperature heat addition severely drops the mean
temperature of heat addition (T, 4).

Solution: Regeneration.

Extract a fraction of partially expanded steam from the turbine
at various stages.

Use this extracted steam to heat the boiler feed water before it
enters the boiler.

Boiler

¢on steam

July 24, 2026

A
Power Plant Engineering 204 /632

2026-07-24

Power Plant Engineering
L—Lecture 2.14: Methods for Improving Thermal
Efficiency

I—Regenerative Feed Water Heating

Regeneration attacks the inefficiency of heating cold water with hot
combustion gases. By using internal steam to preheat the water,
we raise the mean temperature of heat addition significantly.
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Open (DlreCt ContaCt) Feedwater Heaters ?{I, L—Lecture 2.14: Methods for Improving Thermal
Mechanism: E d directly mixes with the feed 5 Gl
. O
@ IVlechanism: Extracted steam directly mixes with the fee 8 |—Open (Dirast Cariimes) Fesdwain: Hestars
water. 14
@ Heat transfer is highly efficient (terminal temperature
difference is theoretically zero). Open heaters are great because they mix fluids directly, but they
@ Requires the extracted steam and feed water to be at the complicate the pumping system. They are essential, however, for
exact same pressure. deaeration to prevent boiler corrosion.

@ Acts as a deaerator, removing dissolved gases (oxygen, carbon
dioxide) from the feed water.

@ Requires a separate feed pump after every open heater to step
up the pressure for the next stage.

lSteam Extraction

Mixing Chamber

wary TTTTT
Hot F @ To Boiler
Power Plant Engineering July 24, 2026 205 /632




Power Plant Engineering

Closed Feedwater Heaters

?{I, L—Lecture 2.14: Methods for Improving Thermal
. S Efficiency

o Mechanism: SheII—and—tube.heat exchangeljs. Extracted § L Closed Feedwater Heaters

steam condenses on the outside of tubes while feed water flows &

inside.
@ No direct mixing; steam and feed water can be at different Closed heaters simplify our pumping requirements immensely.

pressures. Most modern plants use a combination: a series of closed heaters
@ Only one main boiler feed pump is required, simplifying the and one open heater acting as the deaerator.

fluid handling system.
@ Less efficient heat transfer than open heaters due to thermal
resistance of the tubes.
@ Condensed extracted steam (drains) must be cascaded
backward or pumped forward.
lSteam In

FW Out < ( )
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Impact of Regeneration on Cycle Performance

?{I, L—Lecture 2.14: Methods for Improving Thermal
S Efficiency
. . O
@ Increases thermal efficiency S L Impact of Regeneration on Cycle
by raising the mean o Performance
temperature of heat .
addition Regeneration is a trade-off. We get higher efficiency and burn less

Lo fuel per megawatt, but we have to circulate more steam total to
@ Reduces the heat supplied in

the boiler (less fuel required
per kg of steam).

get the same power output.

@ Reduces heat rejected to the
condenser (smaller condenser
size required).

@ Reduces the mass flow rate
of steam in the LP turbine P
stages, mitigating blade e erated
choking issues in very large K |
capacity plants. /

@ Drawback: Decreases the
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Summary: Synergistic Effects

?{I, L—Lecture 2.14: Methods for Improving Thermal
.. .. . 5 Efficiency

@ Modern subcritical e.md supercrltlcal plants combine all three § L Summary: Synergistic Effects o
methods: superheating, reheating, and 5-8 stages of a ] .:' H
regenerative feed heating. ’

@ Base Ideal Rankine Efficiency: ~ 30 — 35%. In practice, these are never used in isolation. The modern power

@ With Superheating + Reheating + Regeneration: Practical plant relies on the synergy of high pressures, high temperatures,
efficiency reaches 40 — 45%. reheating, and extensive regeneration.

o Ultra-supercritical plants (USC) push this closer to 47 — 48%.
@ Every 1% increase in efficiency translates to millions of dollars
in fuel savings and massive reductions in CO2 emissions.

Efficiency (%)

4

50 +6% 47%

o [
“ o [T
33%

30

20
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Next Lecture Preview

L Next Lecture Preview

. . : : Next time, we look inside the boiler itself. How do we burn pul-
Topic: Boiler Systems and Combustion Mechanisms : . L
verized coal efficiently and safely to generate this high-pressure,
@ Types of modern high-pressure boilers (subcritical vs. high-temperature steam?
supercritical).

2026-07-24

o Draft systems (Forced, Induced, Balanced).
o Pulverized coal combustion technology.

@ We will move from the thermodynamic cycle to the physical
equipment that generates the steam.
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General Layout and Working

2026-07-24

Welcome to Lecture 15. Today we transition from fuel character-

Lectu re 2 . 15 istics to the actual configuration and layout of a modern thermal

power plant.

Configuration of Modern Thermal Power Plant -
General Layout and Working
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?{I, L Lecture 2.15: Configuration of Modern Ther-

'EP mal Power Plant - General Layout and Working

O

S I—Agenda

N
@ Overview of Plant Configuration Our agenda covers the macro-level view of a thermal power plant,
@ The Four Primary Circuits breaking it down into four manageable, interconnected thermody-

namic and material flow circuits.

@ 1. Coal and Ash Handling Circuit
@ 2. Air and Flue Gas Circuit

@ 3. Feedwater and Steam Circuit
@ 4. Cooling Water Circuit

@ Integrated General Layout

@ Summary and Q&A
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mal Power Plant - General Layout and Working

Overview of Modern Thermal Power Plant

Configuration

L—Overview of Modern Thermal Power Plant -

@ Fundamentally based on the modified Rankine Cycle utilizing Configuration
water as the working fluid.

@ Converts chemical energy of coal into thermal energy, then to
mechanical work, and finally electrical energy.

e High-capacity plants (500 MW - 800 MW+-) utilize
supercritical and ultra-supercritical boiler technologies.

@ Due to the complexity and scale, the plant layout is
conceptually divided into four distinct but interdependent
operational circuits.

o Efficient operation requires precise synchronization of material
flow rates across all four circuits.

2026-07-24

At its core, a thermal power plant is an energy conversion facility.
Modern plants are highly complex to maximize efficiency and min-
imize emissions, which is why we study them in terms of specific
circuits.

Electrical
Energy

Generator
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Mechanical
Energy

Turbine
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The Four Primary Circuits

3*}1 L Lecture 2.15: Configuration of Modern Ther-
o 'E? mal Power Plant - General Layout and Working
° To understarrd the g.eneral layout, the power plant is divided § LThe Four Primary Circuits
into four main functional loops: N
@ 1. Coal and Ash Handling Circuit: Manages the fuel input —
and combustion residue output. These four circuits form the blueprint of the plant layout. Under-
@ 2. Air and Flue Gas Circuit: Supplies oxygen for combustion standing each circuit independently is crucial before looking at the
and safely handles the exhaust gases. highly integrated overall layout.

o 3. Feedwater and Steam Circuit: The primary
thermodynamic loop driving the turbine.

@ 4. Cooling Water Circuit: Rejects low-grade heat in the
condenser to maintain turbine backpressure.

e Each circuit requires dedicated auxiliary machinery (pumps,
fans, conveyors) that consume parasitic power.

1. Coal & Ash 2. Air & Flue Gas
Handling Circuit Circuit
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1. Coal and Ash Handling Circuit

3*}1 L Lecture 2.15: Configuration of Modern Ther-
_ _ . _ ICT> mal Power Plant - General Layout and Working

e Coal Flow: Coal Mines — Transport (Rall/ShlP) — Unloading 8 L. @oal ermel Sl |- mrrelfins S
and Storage Yard — Crusher House — Magnetic Separator — N
Coal Bunkers — Pulverizing Mills — Boiler Furnace.

@ Ash Flow: Boiler Furnace (Combustion) — Bottom Ash The sheer volume of coal processed daily dictates that coal stor-
(Hopper) & Fly Ash (ESP) — Ash Handling System — Ash age and handling take up the largest footprint in the plant layout.
Storage Pond / Cement Industry Utilization. Notice the distinction between bottom ash handling and fly ash

@ Modern plants use pulverized coal firing for higher combustion extraction.

efficiency and rapid load response.
@ Ash content in Indian coal can be 30-45%, making ash handling a
massive logistical requirement in the plant layout.

Pulverizing Boiler Fly Ash
[Coal Yard]-)[ Crusher ]—)[ Bunker H Mill Furnace (ESP)

Bottom Ash
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mal Power Plant - General Layout and Working

|—Working of Coal & Ash Handling System

Working of Coal & Ash Handling System

2026-07-24

@ Coal Preparation: Raw coal is crushed to ~20mm size, then
pulverized to a fine powder (70% passing through 200 mesh)

e X Efficient pulverization is key to flame stability and complete com-
to maximize surface area for combustion.

bustion. The ash handling system must be robust, as the high
o Transportation: Primary air carries the pulverized coal dust abrasive nature of ash causes severe wear on conveying equipment.
from the mill into the boiler burners.

o Bottom Ash: Coarse, heavy ash that falls to the bottom of
the furnace. Usually quenched in a water impounded hopper
and sluiced away.

@ Fly Ash: Fine ash carried with the flue gases. Captured by
Electrostatic Precipitators (ESPs) with up to 99.9% efficiency.

@ Dry fly ash is typically pneumatically conveyed to silos for
utilization in Portland Pozzolana Cement.
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L-2. Air and Flue Gas Circuit

2. Air and Flue Gas Circuit

Air Flow: Atmosphere — Forced Draft (FD) Fan — Air

Preheater (APH) — Boiler Furnace.

Flue Gas Flow: Boiler Furnace — Superheaters/Reheaters —

Economizer — Air Preheater — Electrostatic Precipitator (ESP)

— Induced Draft (ID) Fan — Chimney.

Primary Air (PA) Fan: Supplies heated air to dry and transport The air and gas circuit is critical for two reasons: sustaining com-
ulverized coal from mills to burners. . .

gala"ced Draft System: Coordinated operation of FD and ID bustion and recovering waste heat. The sequence of heat exchang-

fans maintains the furnace pressure slightly below atmospheric (-5 ers in the flue gas path is designed to extract maximum sensible

to -10 mm of water gauge).

2026-07-24

heat before the gas exits the chimney.

Air -
Atmosphere | FD Fan Preheater Boiler
(Air) Furnace

Superheater/
Reheater

;

Heat,”

Air
ESP ki Preheater (—{Economizer
(Gas)

ID Fan [ Chimney
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|—Working of Air and Gas System

Working of Air and Gas System

2026-07-24

e Air Preheater (APH): Recovers heat from outgoing flue gas
to preheat incoming combustion air, improving boiler efficiency
by 1% for every 20°C drop in flue gas temp. Heat recovery is the name of the game. If flue gases enter the

. . chimney too hot, that is wasted energy. However, they cannot be
@ Economizer: Further recovers flue gas heat to preheat boiler Y & /

cooled below the acid dew point to prevent severe sulfur corrosion
feedwater.

o in the ductwork.
o Draft Fans: FD fans push air in, ID fans pull gas out. ID fans

handle hot, dusty corrosive gases and have higher power
ratings than FD fans.

e Chimney/Stack: Disperses remaining flue gases high into the
atmosphere to minimize ground-level concentration of
pollutants (SO, NO,, Particulates).

@ Modern plants often include Flue Gas Desulfurization (FGD)
units before the stack to remove SO,.
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L3 Feedwater and Steam Circuit

3. Feedwater and Steam Circuit

@ The closed-loop thermodynamic cycle (Rankine Cycle).

o Water Path: Condenser Hotwell — Condensate Extraction Pump
(CEP) — Low Pressure Heaters — Deaerator — Boiler Feed Pump
(BFP) — High Pressure Heaters — Economizer — Boiler Drum.

o Steam Path: Boiler Drum — Evaporator tubes (Water wall) — L
Superheater —+ High Pressure (HP) Turbine — Reheater — This is the heart of the power plant. The feedwater and steam
'C”te;mediate Pressure (IP) Turbine — Low Pressure (LP) Turbine — circuit dictates the thermal efficiency of the plant. High pressure

ondenser.

@ Involves phase changes: Subcooled liquid — Saturated mixture — and temperature steam is generated and expanded across multiple
Superheated steam — Wet steam — Saturated liquid. turbine stages

[Superheater]ﬁ{ HP Turbine]—)[ Reheater ]‘)[ IP Turbine

~N-

2026-07-24

Boiler

N

Drum & Economizer H HP HeatersH LP Turbine
Evaporator

A<

[ Condenser JOHEPﬁﬁftP—Hemﬂ-)%Beaerator

Power Plant Engineering July 24, 2026 218 /632




Power Plant Engineering

Working of Feedwater and Steam System

3*}1 L Lecture 2.15: Configuration of Modern Ther-
'E? mal Power Plant - General Layout and Working
O
o Regenerative Feedwater Heating: Steam is bled from § L-Working of Feedwater and Steam System
turbine stages to heat feedwater. This increases the mean
temperature of heat addition, boosting cycle efficiency. The BFP and Deaerator are critical components. Without the
e Deaerator: A crucial component that removes dissolved gases deaerator, the boiler tubes would rapidly corrode. Without reheat-
(Oxygen, CO2) from feedwater to prevent internal boiler ing, the LP turbine blades would be destroyed by water droplet
corrosion, while also acting as a direct-contact feedwater aresien.

heater.

o Boiler Feed Pump (BFP): The largest auxiliary power
consumer in the plant (often turbine-driven). Must pump
water to a pressure higher than the boiler operating pressure
(e.g., §170 bar for subcritical).

@ Reheating: Steam expanding from the HP turbine is routed
back to the boiler to be reheated before entering the IP
turbine, increasing work output and preventing excessive
moisture in LP turbine blades.
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4. Cooling Water Circuit

Purpose: To condense the low-pressure exhaust steam from
the LP turbine back into liquid water, maintaining a high
vacuum in the condenser.

Open Cycle (Once-through): Water drawn from river/sea
— Circulating Water (CW) Pumps — Condenser tubes —
Discharged back downstream.

Closed Cycle: Cooling Tower basin — CW Pumps —
Condenser tubes — Hot water sprayed in Cooling Tower —
Cooled by draft air — Returns to basin.

Maintains turbine backpressure as low as 0.05 to 0.1 bar
absolute, maximizing the enthalpy drop and work output.

Open Cycle

Power Plant Engineering July 24, 2026
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mal Power Plant - General Layout and Working

Lg. Cooling Water Circuit

Open Cycle

The condenser operates under a strict vacuum. The colder the
cooling water, the better the vacuum, and the more power the
turbine generates. The cooling water circuit handles massive vol-
umetric flow rates.

Closed Cycle
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Working of Cooling Water System

3*}1 L Lecture 2.15: Configuration of Modern Ther-
'E? mal Power Plant - General Layout and Working
O
C% |—Working of Cooling Water System
o Condenser: A massive shell-and-tube heat exchanger. Steam
ﬂO\{VS over the outside of the tubes, while cooling water flows A significant portion of the heat generated by the coal is rejected
inside. to the environment through this circuit. Cooling tower plumes are
e Cooling Towers (Natural Draft or Induced Draft): Cool just water vapor, not smoke.

the warm water exiting the condenser primarily through
evaporative cooling.

o Make-up Water: Required in closed cycles to compensate for
evaporation losses, drift losses, and blowdown in the cooling
tower.

@ Condenser Tube Fouling: Bio-fouling and scaling inside
tubes reduce heat transfer. Continuous mechanical cleaning
(like sponge ball systems) or chemical dosing is required.
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Integrated General Layout of a Thermal Power Plant

@ The physical layout is optimized for minimal piping lengths, safe
material handling, and future expansion. I—Integrated General Layout of a Thermal

o Main Power House: Contains the Turbine-Generator island and Power Plant
control room.

o Boiler Area: Located adjacent to the power house. Includes the
furnace, milling plant, and draft fans.

o Switchyard: Located near the power house for stepping up of engineering logistics. Siting considerations like prevailing wind

voltage and transmitting power to the grid. direction dictate the placement of the coal yard and cooling towers
o Balance of Plant (BOP): Includes coal yard, ash pond, water

treatment plant, and cooling towers, usually located peripherally relative to the main administrative bU||d'ngS'
based on wind direction and topography.

2026-07-24

Bringing it all together, the layout of a modern plant is a marvel

Cooling
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@ A modern thermal power plant operates through the

integration of four primary circuits: Coal/Ash, Air/Gas,
Feedwater/Steam, and Cooling Water.

The Coal and Ash circuit handles massive solid material flow
and preparation for combustion.

The Air and Gas circuit provides oxygen and extracts
maximum sensible heat via the APH and Economizer.

The Feedwater and Steam circuit is the primary
thermodynamic loop utilizing regenerative heating and
reheating.

The Cooling Water circuit maintains condenser vacuum to
maximize turbine efficiency.

Optimal physical layout ensures safe, efficient operation and
minimal transmission /transportation losses.
Power Plant Engineering

July 24, 2026 223 /632

2026-07-24

Power Plant Engineering
L Lecture 2.15: Configuration of Modern Ther-
mal Power Plant - General Layout and Working

I—Summary

To summarize, mastering the operation of a power plant requires
understanding how a disturbance in one circuit—say, poor coal
quality—cascades through the gas circuit, affects steam genera-
tion, and impacts overall efficiency.
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Next Lecture Preview

L Next Lecture Preview
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Next time, we will zoom in on the boiler itself and discuss the shift
towards supercritical technology, which represents the state-of-the-

Topic: Boiler Types and Supercritical Technology

@ Subcritical vs. Supercritical vs. Ultra-supercritical steam art in coal-fired generation today.

parameters.
@ Once-through boilers and their operational dynamics.

@ Advantages of supercritical technology in modern power
generation.
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Welcome to Lecture 16. Today we transition from the core boiler

L 2 16 and turbine units to the critical auxiliary systems that keep the
ECtU re . plant operational.

Plant Auxiliary Systems and Circuits
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L—Lecture 2.16: Plant Auxiliary Systems and Cir-
cuits
I—Agenda
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Our agenda today covers the five major auxiliary circuits required
Overview of Plant Auxiliary Systems for continuous and safe operation of a thermal power plant.

Fuel and Ash Handling Systems
Air Supply and Flue Gas Systems
Feedwater and Steam Circuits

Condenser and Cooling Water Systems

Steam Turbine Lubrication System

Power Plant Engineering July 24, 2026 226 /632



Power Plant Engineering

Overview of AUXI|Iary Systems 3*}1 L—Lecture 2.16: Plant Auxiliary Systems and Cir-
% cuits
§ Overview of Auxiliary Systems
Key Characteristics Auxiliary systems represent a significant internal power load but
@ Auxiliary systems consume approximately 5% to 8% of the are entirely indispensable. Their efficiency directly impacts the net
total gross power generated by the plant. plant heat rate.

@ They form closed-loop circuits for fluids (water, air, oil) and
open-loop paths for consumables (coal, ash).

@ Reliability of auxiliaries directly dictates the overall plant
availability and load-following capability.

o Categorized primarily into mass-transport circuits (fuel/ash)
and thermodynamic-transport circuits (water/steam, air/gas).
v
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Fuel Handling System

?{I, L—Lecture 2.16: Plant Auxiliary Systems and Cir-
5 cuits
@ Coal Unloading: Rotary car dumpers and track hoppers handle § L Fuel Handling System
bulk rakes arriving at the plant. N
@ Coal Preparation: Crushers reduce run-of-mine coal to < 20 mm
size; magnetic separators remove tramp iron. The fuel handling system ensures a continuous, sized, and consis-
o Storage & Reclaiming: Stackers and reclaimers manage active tent supply of coal to the pulverizers to maintain steady combus-
(live) and dead coal storage piles. tion.

@ Conveying: Belt conveyors transport crushed coal to the boiler
bunker, monitored by belt weighers for fuel accounting.

o Milling Plant: Coal feeders control the feed rate to pulverizers
(mills) which grind coal to 70% passing through 200 mesh.
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Ash Handling System

Ash Generation: Coal combustion produces 15-20% bottom ash
and 80-85% fly ash.

Bottom Ash Handling: Heavy clinkers fall into water-impounded
hoppers, are crushed, and sluiced as slurry to ash ponds.

Fly Ash Collection: Electrostatic Precipitators (ESPs) capture
fine particulate matter from flue gas with >99.8% efficiency.
Pneumatic Transport: Dry fly ash is pneumatically conveyed via
pressure or vacuum systems to storage silos.

Utilization: Dry fly ash is increasingly collected for use in the
cement and construction industries.
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L—Lecture 2.16: Plant Auxiliary Systems and Cir-

cuits
L-Ash Handling System

Effective ash handling is critical for both continuous boiler oper-

ation and environmental compliance.
mandated in many regions.

Dry ash disposal is legally
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Circuit Diagram: Fuel and Ash Flow

3:}1 L—Lecture 2.16: Plant Auxiliary Systems and Cir-
C,> cuits
§ LCircuit Diagram: Fuel and Ash Flow
N
/—V\[Boﬂer ExhaustH ESP FIy Ash 5,|o This diagram illustrates the solid material flow. Notice the mas-
Coal C sive volumetric reduction but the logistical challenge of handling
L abrasive ash.

Cement Plant
Boiler Pulverizer

{Boiler Bottom }{ Slurry Trench H Ash Pond }
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Air Supply System

Forced Draft (FD) Fans: Supply ambient secondary air to the
furnace via the air preheater to support complete combustion.
Primary Air (PA) Fans: Supply high-pressure hot air to the
pulverizers to dry the coal and transport pulverized coal to the
burners.

Air Preheater (APH): Recovers residual heat from flue gases to
preheat incoming combustion air, improving boiler efficiency by
~10%.

Windbox: Distributes the preheated secondary air uniformly to
the boiler burners.
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cuits
L Air Supply System

The draft system dictates combustion stability. PA fans provide
transport and drying, while FD fans provide the bulk oxygen re-
quired for the stoichiometric ratio.



Flue Gas System

Induced Draft (ID) Fans: Draw flue gases out of the furnace,
maintaining a slight negative pressure (-10 to -20 mmWC) to
prevent flame blowout.

Gas Path Components: Furnace — Superheaters — Economizer
— Air Preheater — ESP — ID Fan — Chimney.

Flue Gas Desulfurization (FGD): Scrubbers installed before the
stack to remove SOx emissions using a limestone slurry.

Stack (Chimney): Designed with adequate height (>200m) to
ensure atmospheric dispersion of treated flue gases.
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L—Lecture 2.16: Plant Auxiliary Systems and Cir-
cuits
LFlue Gas System

Maintaining balanced draft using ID and FD fans is vital. ID fans
handle high-volume, hot, and slightly abrasive gases, requiring ro-
bust blade design.
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Feedwater and Steam Circuit

3*}1 L—Lecture 2.16: Plant Auxiliary Systems and Cir-
5 cuits
e Condensate Extraction Pumps (CEP): Pump water from the § L_Feedwater and Steam Circuit
condenser hotwell through low-pressure heaters to the deaerator. N
@ Deaerator: Removes dissolved oxygen and non-condensable gases
via direct contact steam heating, preventing boiler tube corrosion. This is the primary thermodynamic working fluid circuit. Regener-
o Boiler Feed Pumps (BFP): The highest power-consuming ative feedwater heating is essential for boosting the overall Rankine
auxiliaries; pump deaerated water at supercritical pressures (>250 cycle efficiency.

bar) to the boiler.
o High-Pressure Heaters: Utilize extraction steam from the
turbine to preheat feedwater before entering the economizer.
@ Main Steam Path: Superheated steam to HP turbine —
Reheater — IP turbine — LP turbine.
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Condenser and Cooling Water System

3*}1 L—Lecture 2.16: Plant Auxiliary Systems and Cir-
5 cuits
@ Surface Condenser: Creates maximum possible vacuum at § L_Condenser and Cooling Water System
turbine exhaust to maximize work output; transfers latent heat to N
cooling water.
e Cooling Water (CW) Pumps: Circulate massive volumes of The cooling water system is the ultimate heat sink of the plant. A
cooling water (often >50,000 m3/hr per unit) through condenser drop in condenser vacuum drastically reduces turbine power output.

tubes.

@ Cooling Towers: Natural draft or induced draft towers cool the
warm circulating water via evaporation to ambient wet-bulb
temperature.

o Makeup Water: Compensates for evaporation, drift, and
blowdown losses in the cooling tower circuit.

@ Bio-fouling Control: Chlorination systems prevent algae and
scaling inside condenser tubes, maintaining heat transfer efficiency.
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Steam Turbine Lubrication System

3*}1 L—Lecture 2.16: Plant Auxiliary Systems and Cir-
5 cuits
e Main Oil Pump (MOP): Driven directly by the turbine shaft; § L_Steam Turbine Lubrication System
supplies high-pressure oil for governing and low-pressure oil for N
lubrication during normal operation.
@ Auxiliary Oil Pump (AOP): AC motor-driven pump used during Turbines rotate at 3000 or 3600 RPM. Hydrodynamic lubrication
start-up, shutdown, and emergencies if MOP pressure fails. is critical; even a momentary loss of oil pressure can result in catas-
e Jacking Oil Pump (JOP): Ultra-high pressure pump to lift the trophic bearing wipe and rotor damage.
turbine rotor off the bearings during turning gear operation at low
speeds.

@ Lube Qil Coolers: Shell-and-tube heat exchangers that maintain
oil viscosity by removing frictional heat from bearings.

o Centrifuge/Purifier: Continuously removes water moisture and
particulate debris from the lubricating oil.
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5 cuits
& LDiagram: Plant Fluid Circuits Integration
&
This slide brings it all together. You can see how the failure of one
] Boiler T auxiliary system, like the ID fan, will cascade and shut down the
A;A/‘G;Eﬁgh (Chemical (Thermal entire generation process.
(PA/FD/ )FI e Ghs— Thermal) — Mech)
Exhaust
Feedwater
(BFP/CEP) Condenser {2 C .
Cooling Tower

(Thermal Rej.)

[old C
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Summary

NCYRELCEWENS

Auxiliary systems handle mass (fuel/ash) and working fluids
(water/steam /air), consuming ~5-8% of total power.

Fuel and Ash systems must operate continuously to manage
high volumes of solids and ensure environmental compliance.
Balanced draft (FD/ID/PA fans) is critical for optimal
combustion and furnace safety.

Feedwater circuits utilize regenerative heating (Deaerator,
HP/LP heaters) and high-pressure pumping (BFP) to
maximize cycle efficiency.

The Condenser creates necessary vacuum, while turbine lube
oil systems protect the high-speed rotating machinery.
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Summary

To summarize, while the boiler and turbine are the heart of the
plant, the auxiliary systems are the vital organs that enable them
to function.
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Next time, we cross the mechanical-electrical boundary and discuss
how the turbine's rotational energy is converted into grid-ready

Lecture 17: Turbine Generator and Electrical Evacuation
@ Coupling of the Steam Turbine to the Synchronous Generator.

electrical power. See you then.

e Excitation systems, synchronization, and active/reactive power
control.

@ Transformers and switchyard integration.
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Welcome to Lecture 17. Today we shift our focus from the main

L 2 1 7 boiler and turbine to the critical auxiliary systems that keep the

ECtu re . plant running. These subsystems are vital for efficiency, safety,
and environmental compliance.

Plant Auxiliary Systems and Circuits
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5 cuits
§ I—Agenda
N
We will cover five major auxiliary circuits today. Each plays a
Introduction to Auxiliary Systems distinct role in preparing inputs for the boiler, managing waste
Fuel and Ash Hand“ng Systems outputs, and maintaining machinery health.

Air Supply and Flue Gas Circuits (Draft Systems)
Feedwater and Steam Circuits

Condensers and Cooling Water Systems

Steam Turbine Lubrication Systems
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Introduction to Plant Auxiliary Systems

Introduction to Plant Auxiliary Systems
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Definition

Auxiliary systems consume a significant chunk of the generated
power. Optimizing them is key to improving net plant efficiency.
The reliability of the entire plant heavily depends on these systems.

Subsystems required to operate the main energy conversion
equipment (boiler, turbine, generator).

e Key Functions: Material transport (coal, water, air), waste
removal (ash, exhaust gases), and equipment protection
(lubrication, cooling).

e Auxiliary Power Consumption (APC): Typically 6-8% of
total gross generation in modern coal-fired plants.

o Reliability Dependency: Failure in any major auxiliary (e.g.,
Boiler Feed Pump) leads to immediate unit trip or deration.
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Fuel Handling System (FHS)

3*}1 L—Lecture 2.17: Plant Auxiliary Systems and Cir-
5 cuits
@ Purpose: Receive, prepare, store, and transport coal to the boiler § L Fuel Handling System (FHS)
bunkers. N
@ Coal Unloading & Storage: Wagon tipplers, track hoppers,
stacker-reclaimers for stockpile management (dead and live The fuel handling system is vast. Coal size reduction is a staged
storage). process, ending at the pulverizers right before injection into the
@ Coal Preparation: Magnetic separators remove tramp iron; furnace. Dust suppression is critical for safety against coal dust
primary and secondary crushers reduce coal size to ~20 mm. explosions.

e Conveying: Extensive belt conveyor networks equipped with dust
suppression, fire protection, and belt weighers.

e Milling: Final pulverization in coal mills (bowl mills or ball mills)
to fine powder (70% passing through 200 mesh) before conveying
to burners.

Wagon Stockpile Crusher Coal Coal
Tippler Storage House Bunker Mill
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Ash Handling System (AHS)

o Bottom Ash Handling: Heavy ash falling to the furnace bottom.
Handled via water-impounded hoppers, clinker grinders, and
hydraulic sluicing or mechanical drag chain conveyors.

Fly Ash Handling: Fine ash carried by flue gas, collected in
Electrostatic Precipitators (ESP) or baghouses (accounts for
~80% of total ash in pulverized coal). . - .
Pneumatic Conveying: Fly ash is tZanerorted dry using vacuum Indian coals have hlgh ash content (Up to 40%)' makmg ash han-

or pressure pneumatic systems to storage silos. dling a massive operation. Dry fly ash collection is mandated for
Ash Utilization: Dry fly ash is dispatched for cement i . i i ; .
manufacturing and construction; residual slurry is pumped to ash commercial utilization in cement industries.

ponds.
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Boiler Furnace

Bottom Ash
(Heavy, ~20%)

Water Impounded
Hopper
Ash Pond
(Wet Slurry)

Fly Ash
(Fine, ~80%)

ESP / Baghouse

Storage Silo
(Dry Pneumatic)
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Air Supply Circuit: Draft Systems

?{I, L—Lecture 2.17: Plant Auxiliary Systems and Cir-

Bal d Draft S Maintains f lightl 5 CUitS|_
o Balanced Draft System: Maintains furnace pressure slightly © . . ¢

below atmospheric (—10 to —20 mmWC) to prevent hot gas c% Alr Supply Circuit: Draft Systems L

leakage. e
o Forced Draft (FD) Fan: Supplies ambient air for combustion.

Forces air through the Air Preheater (APH) into the windbox. The draft system is essentially the lungs of the boiler. We use a
o Primary Air (PA) Fan: Supplies high-pressure air to dry coal in balanced draft to keep the furnace at a slight negative pressure for

the pulverizer and transport pulverized coal to the burners.

o Air Preheater (APH): Recovers heat from flue gas to preheat safety. The PA fan has a dual role: drying the coal and transporting

incoming combustion air, improving thermal efficiency and aiding it.
coal drying.
APH  Hot Sec. Aifl Furnace
(Sec. Air) Windbox
Coal + Pri. Air

APH Hot Pri. Air .
(PI’I Alr) Coal Mill
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Flue Gas System & Emission Control

3*}1 L—Lecture 2.17: Plant Auxiliary Systems and Cir-
5 cuits

o Induced Draft (ID) Fan: Extracts flue gas from the furnace and 9 L Hue Ges System & Emission Control
exhausts it to the chimney, maintaining the negative furnace 8
pressure.

o Gas Path Sequence: Furnace — Superheaters/Reheaters — . .
Economizer —?Air Preheater (APH) : Electros/tatic Precipitator The ID_ fan handles hot, dusty, and COI’rOS.I\./e gases, n?aklng it
(ESP) — Flue Gas Desulfurization (FGD) — ID Fan — Chimney. susceptible to wear. ESPs and FGDs are critical for environmen-

o Electrostatic Precipitator (ESP): Uses high DC voltage to tal compliance, significantly reducing particulate matter and sulfur
ionize and collect fly ash particles with up to 99.9% efficiency. dioxide.

o Flue Gas Desulfurization (FGD): Wet limestone scrubbers
remove SO, emissions before the gas reaches the stack.

Furnace .
& SH/RH Economizer APH ESP
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Feedwater and Steam Circuit Overview

?{I, L Lecture 2.17: Plant Auxiliary Systems and Cir-
5 cuits
@ The Closed Loop: Demineralized water is continuously cycled 9 I—Feedwater o Sresr Ereul Cveriaw
through phase changes. Condenser — Feed Pumps — Heaters — S
Boiler — Turbine — Condenser.
o Condensate Extraction Pump (CEP): Pumps condensed water
from the condenser hotwell through low-pressure (LP) heaters. Water chemistry is critical. Even trace amounts of oxygen can
o Deaerator: An open heater that mechanically removes dissolved cause severe corrosion at boiler pressures. The deaerator is unique

oxygen and non-condensable gases from the feedwater by heating
it to saturation temperature with extraction steam. )

o Chemical Dosing: Hydrazine and ammonia are added for oxygen directly.
scavenging and pH control to prevent corrosion.

as it's the only open heater in the cycle, mixing steam and water

Turbine

Exhaust

Deaerator a «—— Condenser
edwatier LB Heati gndensate
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High-Pressure Feedwater System

3*}1 L—Lecture 2.17: Plant Auxiliary Systems and Cir-
5 cuits

o Boiler Feed Pump (BFP): The heart of the feedwater system. = |—High—Pressure Feedwater System
Boosts feedwater pressure significantly above boiler drum pressure & e
(e.g., to 200-300 bar in supercritical plants).

o BFP Drives: Often driven by dedicated auxiliary steam turbines The Boiler Feed Pump is the largest auxiliary consumer in the
(BFP-T) rather than electric motors to save auxiliary power plant. Using a steam turbine to drive the BFP is common in units
consumption. 500MW and above, as large electric motors would draw massive

e High-Pressure (HP) Heaters: Closed heat exchangers starting currents.

downstream of the BFP. Utilize high-pressure extraction steam
from the turbine to further preheat feedwater.

o Economizer Entry: Feedwater enters the boiler economizer near
saturation temperature, minimizing thermal shock and latent heat
requirements in the furnace.

Extraction Steam Extraction Steam
. .

Deaerator m
(Storage Tank) \BFP/ HP Heater 1 HP Heater 2
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Condenser SyStemS N L—Lecture 2.17: Plant Auxiliary Systems and Cir-
~ i
. 3 cuits
o Function: Condenses exhaust steam from the Low-Pressure (LP) ) L
turbine, creating a high vacuum (down to 0.1 bar absolute) to g Condenser Systems
maximize turbine expansion work. N
o Surface Condensers: Shell and tube heat exchangers. Steam
condenses on the outer surface of tubes while cooling water flows
inside. . o Creating a vacuum at the turbine exhaust dramatically increases
@ Vacuum Maintenance: Steam Jet Air Ejectors (SJAE) or .
mechanical vacuum pumps continuously remove non-condensable the work output per kg of steam. The efﬁaency of the condenser
leaking into th d . o g o o
gases ‘eating nto e concensel directly dictates the backpressure and the overall plant efficiency.

Condenser Tube Materials: Typically titanium or stainless steel
to resist corrosion and erosion from cooling water and
high-velocity steam.

Exhaust Steam from LP Turbine

Cooling Water In Cooling Water Out

Hotwell

To CEP
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cuits
I—Cooling Water System

Cooling Water System

Cooling Water (CW) Pumps: Massive vertical pumps supplying

enormous volumes of water to the condenser to absorb the latent

heat of condensation.

@ Once-Through Cooling: Uses river or sea water directly,
discharging warmer water back. High environmental impact.

o Closed-Loop Cooling Towers: Warm water from the condenser Thermal power plants require vast amounts of water. Most mod-

is sprayed into cooling towers (Natural Draft or Induced Draft).

Evaporative Cooling: Heat is rejected to the atmosphere

primarily through the evaporation of a small fraction (1-2%) of intake from rivers. The large hyperbolic concrete structures you

the circulating water.

@ Make-up Water: Required to compensate for evaporation, drift,

and blowdown losses in the cooling tower circuit.

2026-07-24

ern inland plants use closed-loop cooling towers to minimize water

see at power plants are natural draft cooling towers.

Evaporative Heat Loss

Hot

Condenser

Cold Water Return
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Steam Turbine Lubricati

Power Plant Engineering
L—Lecture 2.17: Plant Auxiliary Systems and Cir-
cuits
L-Steam Turbine Lubrication System

Steam Turbine Lubrication System

o Purpose: Provides clean, cooled oil to turbine and generator
Jjournal and thrust bearings to prevent metal-to-metal contact and
dissipate heat.

o Main Oil Pump (MOP): Driven directly by the turbine shaft
during normal operation to supply lubricating oil.

o Auxiliary and Emergency Pumps: AC motor-driven Auxiliary

Oil Pump (AOP) for startup/shutdown. DC motor-driven . . 0
Emergency Oil Pump (EOP) for safe coast down during total AC The turbine rotor weighs over a hundred tons and spins at 3000

power failure. RPM. A continuous wedge of oil in the journal bearings is all that

o Oil Coolers & Purifiers: Shell-and-tube heat exchangers cool the

hot return oil. Centrifuges continuously remove moisture and preVents Catastrophic failure_ The DC emergency pump iS Critical;

particulate contaminants.
° Jacking OF System: Migh pressure oflinjected under the if AC power is lost, it ensures oil flow while the turbine coasts
earings to lift the heavy rotor during low-speed barring (turning
gear) operation, preventing boundary lubrication wear. dOWn

2026-07-24

e { Turbine & Generator Bearings ‘
HP Jacking Oil
il Jacking
Coolers Oil Pump

[ Main Oil Tank (MOT)

Hot Return Oil |

Power Plant Engineering July 24, 2026 250 /632



Fuel & Draft
Coal Mill (Pulverizer)

Fuel and Ash Systems: Handle massive bulk material flows,
preparing coal for combustion and managing dry/wet ash disposal.
Draft Systems: FD, PA, and ID fans manage the air and flue gas
paths, ensuring safe furnace pressure and driving flow through
emission controls (ESP/FGD).

Feedwater/Steam Circuit: Cycle efficiency relies heavily on
high-pressure BFP, regenerative feed heating, and effective
deaeration.

Cooling Systems: Condensers create essential vacuum, while
cooling towers reject enormous latent heat to the atmosphere.
Lube Oil Systems: Critical mechanical protection for high-speed
rotating equipment, featuring redundant AC/DC pumping
architectures.

Water & Lube
BFP (Heart of Feedwater)
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cuits

Summary

Coal Mil (Pulver
1D Fan (Flve Gas Ext

BFP (Hear of Feedater)
Exraction) | Trbine Bearings (Lul

(Lube & Jacking

To summarize, the main thermodynamic cycle is useless without
these robust auxiliary systems. They work in tandem to supply raw
materials, handle waste, and protect the massive rotating assets.
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Next Lecture Preview

?{I, L—Lecture 2.17: Plant Auxiliary Systems and Cir-
5 cuits
Topic: Plant Performance and Efficiency Optimization § Next Lecture Preview
@ Understanding Heat Rate and Plant Load Factor. o
@ Thermodynamic losses in the steam cycle.
@ Methods to improve overall plant efficiency and reduce auxiliary In the next lecture, we will look at how we measure the performance
power consumption. of the entire integrated plant. We'll discuss heat rate, calculate

losses, and look at operational strategies for efficiency optimization.

Thermal Efficiency (%)

A

Optimization Focus:
Increase Efficiency

Ultra-SC

Supercritical

. ..
Subcritical

Steam Pressure/Temp
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High-Pressure Boilers

2026-07-24

Welcome students. Today we will delve into high-pressure boil-

ers, which are the backbone of modern large-scale thermal power
Lecture 2-18 plants.

High-Pressure Boilers
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da <:\,l L Lecture 2.18: High-Pressure Boilers
CI)
Topics to Cover § L-Agenda
@ Introduction to High-Pressure Boilers o
@ Lamont Boiler: Forced Circulation Principle
o Benson Boiler: Once-Through Concept Our agenda covers the transition from natural to forced circula-
@ Modern Supercritical Boilers tion, specific high-pressure boiler designs, and the paradigm shift
@ Thermodynamics of Supercritical Generation to supercritical generation.
@ Subcritical vs. Supercritical Boiler Comparison
@ Summary and Q&A
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Introduction to High-Pressure Boilers

Why High-Pressure?
o High-pressure boilers typically operate at steam pressures exceeding
100 bar (often 130 to 170 bar in subcritical range).
@ At high pressures, the density difference between water and steam
decreases significantly, impairing natural circulation.
@ Therefore, forced circulation using a centrifugal pump is employed to
ensure adequate flow through the evaporator tubes.

Benefits
o Advantages include higher thermal efficiency, reduced boiler weight,
improved heat transfer rates, and rapid response to load variations.
@ They utilize forced draft and induced draft fans to manage high
volumes of combustion gases.

Density vs. Pressure for Water/Steam

—Saturated Liquid
— Saturated Vapor

1,000

800

600

400 Criti

Density (kg/m?)

200

0 5 10 15 20 25
Pressure (MPa)
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L Introduction to High-Pressure Boilers ’f

As pressure increases, the driving force for natural circulation drops.
This is why high-pressure units rely on forced circulation, requiring
specialized pumps.



Lamont Boiler: Principle & Circulation

@ The Lamont boiler is a high-pressure, forced-circulation, water-tube
boiler.

@ It uses a centrifugal pump, known as the circulating pump, placed
between the steam drum and the evaporator tubes.

@ Water is pumped from the drum to radiant and convective evaporators
at a pressure slightly above the drum pressure (approx. 2-3 bar
higher).

Circulation Ratio

@ Circulation ratio is typically around 10:1; this means the pump
circulates 10 times the amount of water actually converted to steam.

@ A distribution header with regulating orifices ensures uniform water
flow distribution to prevent tube overheating.
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L—Lamont Boiler: Principle & Circulation

The Lamont boiler solves the low natural circulation issue by phys-
ically pumping the water. The regulating orifices are critical to
prevent hot spots in individual tubes.
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Lamont Boiler: Components & Diagram

3:}1 L Lecture 2.18: High-Pressure Boilers
<
Key Components § L—Lamont Boiler: Components & Diagram
@ 1. Economiser: Preheats feed water using flue gases. o
@ 2. Steam Separating Drum: Separates water and steam mixture.
o 3. Circulating Pump: Provides forced circulation. Walk the students through the diagram. Trace the feedwater from
@ 4. Radiant and Convective Evaporators: Main steam generating tubes. the economiser, into the drum, through the pump to the evapora-
@ 5. Superheater: Raises steam temperature above saturation point. tors, back to the drum, and finally steam out through the super-
heater.
| Economiser ced Wate -S-eﬁa-g?r?gjljraﬁw Saturated St aEnuv theater Superheated Steam

1
|
Downcomer team-Water
1

Circulating Forced Flow Evaporator
Pump Tubes

1 Hot Flue Gases
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Benson Boiler: The Once-Through Concept

Once-Through Concept
@ The Benson boiler is a high-pressure, drum-less, once-through
water-tube boiler.
@ Invented by Mark Benson in 1922 to operate at or above the critical
pressure (221.2 bar). The Benson boiler is a game-changer. By operating near or above
At itical there i bubble f tion; water flash P . i .
O (A BPCHEIER]) (PRSI, WS (B LTS UM WEr HERil: critical pressure, we skip the boiling phase mixture. No bubbles

directly into steam because the latent heat of vaporization is zero.
mean no need for a drum to separate them.

2026-07-24

L_Benson Boiler: The Once-Through Concept :

Eliminating the Drum
@ This eliminates the need for a heavy, expensive steam separating drum.
@ Feedwater enters at one end, passes through economiser, radiant
evaporator, and superheater, and emerges as superheated steam in a
single continuous path.

T-s Diagram of Water

Superheated Vapor
orhprdssddPpigitB74°C, 22.1 MPa)

Two-Phase
(Liquid + Vapor)

Temperature (T)

Entropy (s)
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Benson Boiler: Operatlon & LayOUt 3*}1 L Lecture 2.18: High-Pressure Boilers
N~
o
Operational Characteristics § LBenson Boiler: Operation & Layout
o Lighter weight (up to 20% lighter than drum boilers of same capacity) o
and lower cost due to absence of steam drum. ) ) o _
@ Requires extremely pure feedwater since impurities cannot be blown Notice the absence of the drum in this diagram. The entire process
down from a drum and will deposit on tube walls. happens in a continuous tube, which necessitates stringent water
@ Extremely fast start-up times and rapid response to load fluctuations. chemistry control.
@ Can be operated at both subcritical (with separators during startup)
and supercritical pressures.

Feed Water Economiser Radiant Convective Superheater Superheated
Evaporator Evaporator Steam

Drum-less Once-Through Continuous Flow
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Modern Supercritical Bc
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Modern Supercritical Boilers

Supercritical Generation L_Modern Supercritical Boilers ;
@ Supercritical boilers operate above the critical point of water: P ; " I

22.1 MPa (221 bar) and T ; 374 °C.
o Typically operate at pressures of 240-300 bar and steam temperatures . . .
of 540-600 °C. Modern utility scale plants are almost exclusively supercritical or
® They utilize the once-through principle (like the Benson boiler). ultra-supercritical because the fuel savings and emission reductions

justify the higher metallurgical costs.

2026-07-24

Advantages
o Significant improvement in Rankine cycle efficiency due to higher
mean temperature of heat addition.
@ Reduced fuel consumption and consequently lower greenhouse gas
(€CO2) emissions per MW generated.

60 [- q
S 501 47 1
g 43
O 40| 38 B
2
i}
30 b
" " "
Subcritical Supercritical Ultra-Supercritical
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Thermodynamics of Supercritical Operation

Thermodynamic Benefits

@ In a supercritical cycle, heating fluid passes directly from a compressed
liquid state to a superheated vapor state without a two-phase
isothermal boiling region.

@ The heat addition curve on a T-s diagram slopes continuously upward,
raising the average temperature of heat addition (Tm1).

o Thermal Efficiency = 1 - (T2 / Tm1). Higher Tm1 yields higher cycle
efficiency.

Material Challenges
o Requires advanced metallurgy (like T91, P92 steels) for superheater
and reheater tubes to withstand high creep and oxidation at elevated
temperatures.

Subcritical vs Supercritical Cycle

Supercritical
(No distinct boiling

Constant T Boiling)

Temperature (T)

Entropy (s)
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Supercritical Operatio

Power Plant Engineering
L Lecture 2.18: High-Pressure Boilers

I—Thermodynamics of Supercritical Operation

From a thermodynamics perspective, removing the constant-
temperature boiling plateau raises the average temperature at
which heat enters the cycle, directly boosting Carnot and Rank-
ine efficiencies.



Power Plant Engineering

Supercritical vs. Subcritical: Operational Differences & Lecture 2.18: High-Pressure Boilers
N~
o
§ I—Supercritical vs. Subcritical: Operational
Feature Subcritical Boiler Supercritical Boiler N Differences
Pressure < 22.1 MPa (Typically 170 | > 22.1 MPa (Typically
bar) 250+ bar) The operational paradigm shifts completely. Without a drum for
Steam Drum Essential for steam/water | Completely absent (once- blowdown, the boiler feed water must be exceptionally pure in a
_ _ separation through) supercritical unit.
Circulation Natural or forced | Once-through forced flow
(pumped) only
Water Chemistry | Standard treatment Absolute purity required
Part Load Eff. Lower at part loads High (sliding pressure op-
eration)
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Supercritical vs. Subcritical: Economics &
Environment

Economics & Environment

o Capital Cost: Supercritical units have higher initial costs due to the
requirement for advanced, high-temperature alloy steels and massive
feed pumps.

@ Running Cost: Supercritical units consume 5-8% less coal for the same
power output, leading to lower lifetime fuel costs.

@ Emissions: Higher efficiency directly translates to reduced CO2, SOx,
NOx, and particulate emissions per kWh.

@ Plant Footprint: Supercritical boilers are physically more compact and
have less thermal inertia, allowing faster start-ups.

o Future Trend: Transition towards Ultra-Supercritical (USC) and
Advanced USC operating above 300 bar and 700 °C.

Subcritical Upgrade Suopercn.'it.ical
Base Efficiency [----------- +5% Efficiency
Baseline Emissions -5 to 8% Fuel/CO;

Power Plant Engineering July 24, 2026 263 /632

2026-07-24

Power Plant Engineering
L Lecture 2.18: High-Pressure Boilers

I—Supercritical vs. Subcritical: Economics &
Environment

While the upfront cost is higher, the fuel savings and emission com-
pliance make supercritical boilers the standard for modern utility
grids.



Summary

Key Takeaways

High-pressure boilers require forced circulation due to reduced density
differences at elevated pressures.

Lamont Boiler utilizes a circulating pump and drum for forced
circulation at subcritical pressures.

Benson Boiler pioneered the drum-less, once-through design suitable
for critical and supercritical pressures.

Modern Supercritical Boilers offer superior thermal efficiency and
reduced emissions by operating above 22.1 MPa.

The shift from subcritical to supercritical entails higher metallurgical
costs but delivers significant operational and environmental benefits.

High-Pressure Boilers

PN

Lamont Boiler Benson Boiler Supercritical Units
(Forced Circulation, (Once-Through, (High Eff,
Subcritical) Drum-less) Low Emissions)
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L Lecture 2.18: High-Pressure Boilers

I—Summary

To summarize, the evolution of boiler technology has been driven
by the thermodynamic quest for higher pressures and temperatures
to maximize efficiency.
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Preview of Next Lecture

?{I, L Lecture 2.18: High-Pressure Boilers

S

§ L—Preview of Next Lecture
@ Next Lecture: Draught Systems and Boiler Performance o
@ Understanding Natural, Forced, Induced, and Balanced Draughts.
o Calculation of chimney height and draught losses. Next time, we will look at how we move these massive quantities
@ Boiler efficiency testing and heat balance sheets. of air and flue gas through the boiler, and how we calculate the
@ Please review the basic fluid mechanics regarding flow through ducts. overall efficiency of the steam generator.
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Super-Critical Systems

2026-07-24

Welcome to Lecture 19. Today we transition from the fuel and

Lectu re 2 . 1 9 combustion side of things to the heart of the steam cycle: high-

pressure boilers.

High-Pressure Boilers: Lamont, Benson, and
Super-Critical Systems
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Benson, and Super-Critical Systems

L Lecture Agenda

Lecture Agenda

2026-07-24

We will start by understanding why high pressure is needed, then
Necessity and Features of High-Pressure Boilers dive into specific boiler types like Lamont and Benson. Finally, we
Lamont Boiler: Forced Circulation Principle will compare sub-critical and super-critical systems.
Benson Boiler: Once-Through Technology

Modern Super-Critical Boilers: Thermodynamics & Design

© © o o o
A

. Comparative Analysis: Super-Critical vs. Sub-Critical
Boilers
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Need for High-Pressure Boilers

3*}1 L—Lecture 2.19: High-Pressure Boilers: Lamont,
S Benson, and Super-Critical Systems
@ Thermodynamic Advantage: § LNeed for High-Pressure Boilers
Higher operating pressure and T o
temperature increase the mean Critical Point

temperature of heat addition, As we push for higher efficiencies, we must increase pressure. How-

directly improving Rankine cycle
efficiency.

ever, this causes natural circulation to fail due to the converging
densities of water and steam, necessitating forced circulation.

o Natural Circulation Limits: At
high pressures (> 170 bar), the
density difference between s
saturated water and saturated
steam diminishes, making natural
circulation sluggish and unreliable.

@ Forced Circulation: To prevent
tube overheating (DNB - Departure
from Nucleate Boiling) at high

pressures, pumps are employed to
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Benson, and Super-Critical Systems

e Lamont Boiler: Operating Principle

@ Classification: A

forced-circulation, water-tube S Drum%e#S eater ) Erba

2026-07-24

LThe Lamont Boiler: Operating Principle

boiler equipped with a ES o ) ; ; )
The Lamont boiler is a classic forced circulation design. The key

steam-separating drum.
) P g : @ Steam/ | takeaway is the high circulation ratio, which safely cools the evap-
e Operating Range: Typically Water

operates at pressures around
130 to 170 bar with steam Evaporator Feedwater
generation capacities of up to

50,000 kg/hr.

o Circulation Mechanism: Uses
a motor-driven centrifugal pump
to circulate water from the drum
through the evaporator tubes.

S orator tubes even at very high heat fluxes.

o Circulation Ratio: The pump
circulates about 10 to 15 times

the mass of steam actuall
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Lamont Boiler: Components and Advantages

3*}1 L—Lecture 2.19: High-Pressure Boilers: Lamont,
S Benson, and Super-Critical Systems
. & L .
o Key Components: Steam S Lamont Boiler: Components and
drum, circulating pump, Throttling Advantages
distribution headers with Nozzles
throttling nozzles, and various S — Notice the throttling nozzles. In a large boiler furnace, some tubes
heat exchanger surfaces see more heat than others. Nozzles force water evenly through all
(economizer' evaporator, § — tubes, preventing local dry—out and failure.

superheater). From Pump—y

@ Throttling Nozzles: Installed
at the inlet of each tube in the
evaporator section to ensure
uniform flow distribution
regardless of varying heat
absorption.

o Advantages: High heat
transfer rates, rapid steam
generation, safe operation at

high pressures, and less scale

> —
> —

Distributor Header
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The Benson Boiler: Once-Through Technology

o Classification: A
once-through, drum-less
high-pressure boiler.

Steam Steam

A

o Drum |Boiler
o Operating Principle: Feed
water is pumped into one Brumk—Fw

end of a continuous tube

circuit and emerges as Il
superheated steam at the

other end.

o Critical Pressure
Capability: Designed to
operate at or above the
critical pressure of water
(221.2 bar).

@ No Bubble Formation: At
supercritical pressures, water

Power Plant Engineering

Once-Through

Feedwater
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Benson, and Super-Critical Systems
L-The Benson Boiler: Once-Through
Technology

The Benson boiler eliminates the steam drum. Water goes in,
steam comes out. This is the foundation for modern supercritical
boilers.
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Benson Boiler: Key Characteristics

@ Absence of Steam Drum:
Significantly reduces the Vertical Rifled Spiral Wound
total weight, initial capital
cost, and structural
requirements of the boiler.

2026-07-24

L—Benson Boiler: Key Characteristics

While the lack of a drum saves money and weight, it imposes severe
restrictions on water chemistry. Any dissolved solids will deposit

. directly on the tube walls.
o Rapid Start-up and Load

Tracking: Less water
inventory and reduced
thermal inertia allow for
faster start-ups and excellent
response to grid load
fluctuations.

WY

o Water Quality: Because
there is no drum to blow
down concentrated

impurities, the feed water
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Modern Super-Critical Boilers: Thermodynamics

3*}1 L—Lecture 2.19: High-Pressure Boilers: Lamont,
S Benson, and Super-Critical Systems
o Critical Point Parameters: 8 L-Modern Super-Critical Boilers:
Water reaches critical state at a T o Thermodynamics
pressure of 22.12 MPa (221.2 bar) o
and temperature of 374.15°C. The thermodynamics are elegant. By skipping the latent heat

o Single-Phase Heating: In a phase change, we push the average temperature of heat addition

supercritical boiler, the fluid acts
as a single phase. The specific
volume of water and steam
become identical.

o Continuous Expansion: The
transformation from dense s
supercritical fluid to high-pressure
steam is continuous, bypassing the
wet steam region entirely during
heat addition.

o Efficiency Gains: By operating

at pressures around 240-300 bar

~faW~laYaVe)
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& Metallurgy
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Modern Super'cnt'(:al Boilers: De5|gn & Meta”urgy & L-Lecture 2.19: High-Pressure Boilers: Lamont,
S Benson, and Super-Critical Systems
- O
@ Furnace Wall Construction: g L-Modern Super-Critical Boilers: Design &
Utilizes once-through spiral or vertical = Pressure (bar) o Metallurgy

rifled tubes to maintain fluid mass Constant Pressure
flux and cooling efficiency under 260
extreme heat loads.
o Sliding Pressure Operation:
Supercritical once-through boilers are
highly adaptable to sliding pressure
operation, allowing high efficiency
even at partial loads. 30 100
@ Advanced Metallurgy: High
pressures and temperatures dictate
the use of advanced creep-resistant
alloys.
o Material Examples: Austenitic
stainless steels, T91, P91, P92, and
advanced nickel-based superalloys

You cannot build a supercritical boiler with standard carbon steel.
The high temperatures would cause the metal to slowly stretch
(creep) and burst. P91 and P92 steel are industry standards.

Loz
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Comparison: Sub-Critical vs. Super-Critical Boilers

(Part 1)

I—Comparison: Sub-Critical vs. Super-Criticalfw

Phase Change

Distinct boiling phase
(water and steam co-
exist)

Single-phase continu-
ous transition

Power Plant Engineering

Boiler Type Uses heavy, thick- | Once-through tech-
walled steam separat- | nology (no drum)
ing drum
Thermal Effi- | Limited to ~ 34 — | Achieves 40 — 45%
ciency 38% (Ultra-supereritical ~
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Boilers (Part 1)

rrrrrrrr
ciency

Parameter Sub-Critical Boiler | Super-Critical This table highlights the fundamental thermodynamic and struc-

Boiler tural differences. The efficiency jump of 5-10 percentage points
Operating < 221.2 bar (typically | > 221.2 bar (typically translates to millions of dollars in fuel savings annually.
Pressure 130-170 bar) 240-300 bar)

5%
(Utrarsupercritcal ~
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Comparison: Sub-Critical vs. Super-Critical Boilers & Lecture 2.19: High-Pressure Boilers: Lamont,
(Part 2) S Benson, and Super-Critical Systems
O
c% I—Comparison: Sub-Critical vs. Super-Critical
o Fuel Consumption: Boilers (Part 2)
SUPT\;{V\;HIC?I Ireqm.re.zs less coal CO Emissions (kg/MWh) While supercritical plants cost more to build, the lifetime fuel sav-
Per ore ectrl.c:lty ~ 900 ings and reduced environmental footprint make them the standard
generated due to higher for all new large-scale coal power plants globall
efficiency. ~ 750 & P P g Y-

o Environmental Impact:
Reduced fuel consumption
directly translates to lower
CO,, SO, NOy, and
particulate emissions per unit
of power.

o Operational Flexibility:
Super-critical (once-through)
systems offer much faster
start-up times and better

sliding pressure load tracking.
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3*}1 L—Lecture 2.19: High-Pressure Boilers: Lamont,
S Benson, and Super-Critical Systems
@ High-pressure operation increases Rankine cycle efficiency but § L-Summary
necessitates forced fluid circulation to prevent tube failure. N
@ Lamont boilers use a circulation pump and throttling nozzles To summarize, the drive for thermal efficiency led to higher pres-
to manage forced flow across a drum boiler system. sures, which forced us to change boiler fluid dynamics entirely,
@ Benson boilers operate on the once-through principle, culminating in the highly efficient supercritical once-through boil-
eliminating the heavy steam drum and allowing supercritical ers of today.

operation.

@ Modern super-critical boilers operate above 221.2 bar,
bypassing the two-phase region, achieving superior efficiency
and lower emissions, albeit requiring advanced metallurgy.

Natural Circulation Forced Circulation Once-Through Modern
(Low Pressure) (Lamont) (Benson) Supercriti
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Preview of Next Lecture 3*}1 L—Lecture 2.19: High-Pressure Boilers: Lamont,
N~ _
(S Benson, and Super-Critical Systems
O
§ L—Preview of Next Lecture
e Draught Systems: Forced draft (FD) and induced draft (ID) Next week, we move away from the boiler and look at how we
fans. provide air for combustion and handle the exhaust gases and waste
heat.

@ Cooling Towers: Design and thermodynamics of heat
rejection.

@ Environmental Control: Understanding the operation of
Electrostatic Precipitators (ESPs) for particulate matter
removal.

Reading Assignment

Review Chapter 3 on Draft Systems and Heat Exchangers.
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Welcome to Lecture 20. Today we transition from coal handling to

Lectu re 2 . 20 the actual combustion process, focusing on furnaces and pulverized

fuel firing.

Combustion System: Furnaces and Pulverized Fuel
Firing
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?{I, L—Lecture 2.20: Combustion System: Furnaces
'EP and Pulverized Fuel Firing
8 L
S Agenda
N
Introduction to Combustion Systems Our agenda covers the fundamental thermodynamics of combus-

Furnace Design and Requirements tion, furnace design, and the intricacies of pulverized fuel systems,

Types of Furnaces (Dry vs. Slag Tap) finishing with emissions control.
Pulverized Fuel (PF) Firing Overview
Direct and Indirect Firing Systems
Coal Pulverization Mills

Burner Design and Aerodynamics

Emissions Control in Furnaces

Power Plant Engineering July 24, 2026 280 /632



Power Plant Engineering
L—Lecture 2.20: Combustion System: Furnaces
and Pulverized Fuel Firing

Introduction to Combustion Systems
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L~ Introduction to Combustion Systems

The combustion system acts as the primary energy conversion unit
in a thermal power plant, converting chemical energy into thermal
energy.

The primary goal of any combustion system is to extract the maxi-
mum amount of thermal energy from the fuel with minimal losses.

@ Primary components include the furnace, burners, fuel
preparation equipment (pulverizers), and draft systems (FD/ID
fans).

e Key goals: Maximize combustion efficiency (complete
oxidation of carbon and hydrogen), maintain stable flame
ignition, and optimize heat transfer to water wall tubes.

@ Requires precise control of the air-fuel ratio, typically defined
by the stoichiometry of the coal composition (Ultimate
Analysis).

Thermal Energy Thermal Energy

Chemical Energy

~
~

d dim
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Furnace Design Considerations

3*}1 L—Lecture 2.20: Combustion System: Furnaces
N~ . ..
. . o and Pulverized Fuel Firing
@ Furnace Volume & Heat Release Rate: Designed to provide © L . . .
. . . = Furnace Design Considerations
adequate residence time (typically 1-2 seconds) for complete « @
combustion before flue gases enter the convective pass. .
@ Water Wall Construction: Modern furnaces use membrane Furnace sizing is dictated by the coal’s calorific value and ash fusion
water walls to absorb radiant heat, lower the gas temperature temperature. A larger furnace volume is needed for lower-grade
below the ash fusion point, and prevent slagging. coals to prevent slagging on the tubes.

@ Burner Placement: Configurations include front-wall,
opposed-wall, and tangential (corner) firing. Tangential firing
creates a central fireball for uniform heat distribution.

e Aerodynamics: Proper mixing of primary air (carrying coal)
and secondary air is crucial for flame stability and reducing
unburnt carbon.

Burners
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Types of Furnaces: Dry Bottom vs. Slag Tap

3*}1 L—Lecture 2.20: Combustion System: Furnaces
N~ . ..
Drv B E Designed f | with high ash fusi o and Pulverized Fuel Firing

@ Dr ottom Furnace: Designed tor coal wit as sion &

y 5 '8 W |g. Hs! S I—Types of Furnaces: Dry Bottom vs. Slag
temperatures (> 1200°C). Ash falls as dry powder into the & T
bottom hopper. Most common in modern utilities.

e Slag Tap (Wet Bottom) Furnace: Designed for low ash Dry bottom furnaces are prevalent because they are easier to main-
fusion temperature coals. Furnace temperatures are kept high tain and can handle a wider variety of coals. Slag tap furnaces are
enough to melt the ash into liquid slag, which drains niche and face higher NOx emission issues due to high combustion
continuously. temperatures.

@ Cyclone Furnace: A specific type of wet-bottom furnace that
uses crushed coal (not fully pulverized) burned in a
high-velocity cyclonic air stream, capturing ash as molten slag.

o Selection Criteria: Based almost entirely on the ash fusion
characteristics and slagging potential of the primary coal
source.

Dry Bottom Furnace Slag Tap (Wet Bottom)
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Pulverized Fuel (PF) Firing System Overview

Pulverized Fuel (PF) firing is the standard for large-scale utility
boilers (> 100 MW), replacing older stoker firing methods.

@ Mechanism: Coal is ground to a fine powder (typically 70%
passing through a 200-mesh/74-micron screen) to vastly
increase its surface area.

o Combustion Process: The fine coal dust is entrained in
primary air and injected into the furnace, burning rapidly in
suspension, similar to a gas or liquid fuel.

@ Advantages: High combustion efficiency, excellent load
following capability (rapid response to load changes), and
ability to utilize low-grade coals.

Secondary Air | Partic]
al Particle
Primary A .
—
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L—Lecture 2.20: Combustion System: Furnaces
and Pulverized Fuel Firing
L—Pulverized Fuel (PF) Firing System
Overview

By grinding coal to the consistency of talcum powder, we expose
millions of times more surface area to oxygen, resulting in explosive,
rapid combustion.
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Direct vs. Indirect Pulverized Firing Systems & Lecture 2.20: Combustion System: Furnaces
. .. . . . 'E? and Pulverized Fuel Firing
° erect Firing System (Unit System): Coe?l is pulyer|zed an.d § L Direct vs. Indirect Pulverized Firing
directly transported to the burners by the primary air. There is & o
no intermediate storage. Most common due to lower capital
cost and safety. While the indirect system offers operational flexibility, the explosion
e Indirect Firing System (Bin System): Pulverized coal is hazard associated with storing pulverized coal has made the direct
separated from the transport air via cyclones and stored in a firing system the industry standard.

bunker (bin) before being fed to the burners.

e Advantages of Direct: Simpler layout, lower fire/explosion
risk, less equipment.

@ Advantages of Indirect: Mill operation is independent of
boiler load, allowing mills to operate at steady optimal
efficiency; better for varying fuel moisture.

Direct Firing System
Direct
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L—Coal Pulverization Mills

Coal Pulverization Mills

2026-07-24

The primary function of a pulverizer is drying, grinding, and

classifying the coal. . i
The bowl mill is the workhorse of the modern power industry. Hot

e Ball and Tube Mills: Low-speed mills using steel balls in a primary air enters the mill not just to transport the coal, but to
rotating cylinder. High reliability, high power consumption, dry it, removing surface moisture before combustion.
excellent for very hard coals.
e Vertical Spindle/Bowl Mills: Medium-speed mills where coal
is ground between a rotating bowl and stationary rollers. Most
common in modern plants due to good efficiency and control.
e Impact/Hammer Mills: High-speed mills using rotating
hammers. High wear rate, typically restricted to softer coals
like lignite.

Raw Coal

PF to Bsmer
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Burner Design and Aerodynamics

@ Burners are responsible for introducing fuel and air into the
furnace in a manner that ensures stable ignition, continuous
combustion, and flame shaping.

o Primary Air: Carries the pulverized coal (about 15-20% of total Burner aerodynamics are highly complex. The swirl of secondary
combustion air). Must maintain a velocity high enough to prevent
settling but low enough to ensure stable ignition at the burner tip.

@ Secondary Air: Supplies the bulk of the oxygen for combustion
(80-85%). Often introduced with a swirl to create a recirculation
zone that stabilizes the flame.

o Low-NOx Burners (LNB): Modern burner designs that stage the
introduction of air to create fuel-rich (reducing) and fuel-lean
(oxidizing) zones, minimizing thermal NOx formation.

L-Burner Design and Aerodynamics

2026-07-24

air creates a low-pressure zone that draws hot combustion products
back toward the burner tip, providing the heat needed to continu-
ously ignite incoming cold fuel.

Secondary Air (Swirl)

Primary Air + Coal Fuel Rich Fuel Lean

Secondary Air (Swirl)
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Tangential Firing vs. Wall Firing
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e Wall Firing: Burners are mounted on the front wall (or © e -

g ( S I—Tangentlal Firing vs. Wall Firing
opposed on front and rear walls). Each burner operates «
independently with its own flame envelope.

e Tangential Firing: Burners are located in the four corners of Tangential firing, pioneered by Combustion Engineering, treats the
the furnace, aiming tangent to an imaginary circle in the entire furnace as a single burner. The ability to tilt the burners
center. Creates a single, massive rotating fireball. gives operators excellent control over superheat and reheat tem-

e Advantages of Tangential Firing: Enhanced mixing of air peratures.

and fuel due to the cyclonic motion, more uniform heat
distribution to water walls, and inherently lower NOx emissions
due to slightly staged combustion.

o Control: Tangential burners can tilt vertically to control the
fireball position, adjusting steam temperatures in the
convective pass.

Wall Firing Tangential Firing
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Combustion Optimization and Slagging Control
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@ Slagging: The accumulation of molten ash on the radiant water 2 L Combustion Optimization and Slaggin
walls of the furnace. Severely degrades heat transfer and can & Control P EEing f‘w*‘%'

cause structural damage if large chunks fall.

@ Fouling: The accumulation of dry, sintered ash on the convective Slagging is often a result of burning off-design coals or having
tubes (superheaters/reheaters).

o Control Measures: Managing excess air levels (typically 15-20%
excess air required for PF firing) to ensure oxidizing conditions, as
reducing atmospheres lower the ash fusion temperature.

@ Sootblowers: Automated lances that inject high-pressure steam
or air into the furnace and convective passes periodically to clean
tube surfaces.

localized reducing zones in the furnace. Sootblowers are critical
for maintaining boiler efficiency.

igh Press. Stea
@] LA T —
Q Sootblower

Water Wall
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Emissions and NOx Control in Modern Furnaces
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- O
@ Therma X is generate y the hig temperatu.re oxidation S L Emissions and NOx Control in Modern
of atmospheric nitrogen. Fuel NOx comes from nitrogen & Furnaces : g‘a
bound in the coal. :
@ Primary control relies on in-furnace modifications: Overfire Air Modern environmental regulations dictate that emission control
(OFA) and Low-NOx Burners (LNB). starts inside the furnace. Staged combustion through LNBs and
e Overfire Air (OFA): Diverts 10-20% of combustion air above OFA is the first line of defense before post-combustion scrubbers.

the main burner zone, completing combustion at a lower
temperature to suppress thermal NOx.

o Flue Gas Recirculation (FGR): Recirculating a portion of
the relatively cool flue gas back into the combustion zone to
lower the peak flame temperature.

Burnout Zone

Overfire Air (OFA) (Lower Temperature)

Primary Combustion

Low-NOx Burners (Fuel-Rich Zone)
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@ The combustion system efficiently converts the chemical
energy of coal into thermal energy using a carefully designed
furnace and burner arrangement.

@ Dry bottom furnaces are standard for utility boilers, sized to To summarize, the successful operation of a modern coal plant
relies on perfectly balancing fuel pulverization, aerodynamics, heat

2026-07-24

I—Summary

manage heat release and prevent slagging.

o Pulverized Fuel (PF) firing dominates modern plants by
allowing rapid, efficient combustion of fine coal particles in
suspension.

@ Direct firing systems with bow!| mills are the industry standard
due to safety and operational simplicity.

@ Advanced burner designs (Low-NOx, Tangential) and air
staging (OFA) are critical for emission control and flame
stability.

Coal Aerodynamics Emissions
Pulverization & Combustion Control
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Next Lecture Preview

?{I, L—Lecture 2.20: Combustion System: Furnaces

'EP and Pulverized Fuel Firing

§ Next Lecture Preview
Next Topic: Steam Generators and Boiler Configurations
We will explore the water-steam circuit, subcritical vs. supercritical Next time, we will follow the thermal energy out of the furnace
boilers, and the design of convective passes. and see how it is absorbed by the boiler's various heat exchanger

surfaces.

@ Reading Assignment: Review chapters on boiler
thermodynamics and heat transfer surfaces (superheaters,
reheaters, economizers).

St
=2 Turbine
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Welcome to Lecture 21. Today we shift our focus from handling

Lectu re 2 . 21 ash to actively preventing fly ash from escaping into the atmo-

sphere using Electrostatic Precipitators, the most common partic-

.o . .. ulate control device in coal plants.
Emission Control System - Electrostatic Precipitator

(ESP)
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I—Agenda
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. . he fi | physics of h ESP k
Need for Particulate Emission Control Our agenda cov.ers the undar.nenta physics of how an ES w9r s,
the key mechanical and electrical components, and the operational

Basic Operating Principles of ESPs factors that dictate its efficiency.
Mechanisms of Particle Charging (Corona Discharge)

Particle Migration and the Deutsch-Anderson Equation

Mechanical Systems: Rapping and Hopper Evacuation

Electrical Systems: Transformer-Rectifier (TR) Sets

Performance Factors: Ash Resistivity and Gas Flow

Power Plant Engineering July 24, 2026 294 /632



Introduction to Particulate Emission Control

@ Combustion of pulverized coal generates significant quantities of
fly ash, typically constituting 70-80% of total ash.

@ Uncontrolled fly ash emissions cause severe respiratory health
issues and environmental degradation (smog, reduced visibility).

@ Regulatory standards require modern power plants to achieve
particulate collection efficiencies exceeding 99.9%.

@ Alternative technologies include fabric filters (baghouses) and wet
scrubbers, but ESPs remain dominant due to their ability to
handle large gas volumes with low pressure drop.

Parameter ESP Fabric Filter
Pressure Drop Low (< 25 mm WC) | High (150 — 250 mm W(
Efficiency > 99.9% > 99.9%

Gas Volume Handling Excellent Good
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L Introduction to Particulate Emission Controf

Before diving into the ESP, it’s important to understand the scale
of the problem. A 500 MW coal plant can produce tons of fly
ash per hour. ESPs are favored because they induce very little
draft loss—typically less than 25 mm of water gauge—saving ID
fan power.



Power Plant Engineering
L—Lecture 2.21: Emission Control System - Elec-
trostatic Precipitator (ESP)

I—Operating Principle of Electrostatic
Precipitators

Operating Principle of Electrostatic Precipitators

@ An ESP separates suspended particles from a gas stream through
the application of high-voltage electrostatic forces.

2026-07-24

The operation of an ESP can be distilled into these four fundamen-

S 1 Step 2 Step 3 S 2 tal steps. It's an electrical separation process, meaning the force is
e e . . . .
[ tep }—{ P }—{ p ]—{ S } applied directly to the particles rather than the entire gas stream,

lonization Charging Migration Removal . .
which explains the low pressure drop.

lonization: Gas molecules are ionized by a high-voltage corona
discharge.

Charging: Suspended particles collide with ions and acquire a
negative electrostatic charge.

Migration: Negatively charged particles are drawn towards grounded,
positively charged collection plates by the electric field.

Removal: Collected dust is periodically dislodged into bottom
hoppers via mechanical rapping.
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Schematic of a Dry Electrostatic Precipitator
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, . o n 5 trostatic Precipitator (ESP)
o Discharge Electrodes: High-voltage wires or rigid masts emitting 9 L . .
electrons. o Schematic of a Dry Electrostatic
134 . .
@ Collection Electrodes: Grounded parallel steel plates providing the Pl’eCIpItatOI’
collection surface.
o Gas Distribution Plates: Perforated baffles at the inlet ensuring Notice the internal geometry. The discharge electrodes are placed

uniform gas flow velocity.

recisely midway between the parallel collection plates. Uniform
o Hoppers: Pyramidal structures at the base for temporary ash storage. P y y P P

gas distribution, provided by the inlet baffles, is critical; if the gas

Grounded Collection channels locally, velocity increases and efficiency drops drastically.
Plates
L[]
Ga | | Clgan
Inlet ° Gas|Out

Discharge
Electrode

|
|

Distribution

Plates
Ash Hopper
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Corona Generation and lonization

o A strong electric field is established by applying a highly negative
DC voltage (typically 30 KV to 100 KV) to the discharge
electrodes.

& When the voltage gradient near the electrode exceeds the
electrical breakdown strength of the gas (corona onset voltage),
localized ionization occurs.

@ This creates a visible 'corona discharge’—a plasma region where
free electrons and positive ions are generated

o Electrons rapidly migrate away from the negative electrode,
attaching to electronegative gas molecules (like O, and SO5) to
form negative ions

Voltage Gradient (E)

c% Plasma
Layer

Distance
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on and lonization
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L_Corona Generation and lonization ‘

The corona is the heart of the ESP. We use negative DC voltage
rather than positive because negative coronas are more stable, allow
for higher operating voltages before sparkover occurs, and produce
more free electrons.
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Particle Charging Mechanisms

?{I, L—Lecture 2.21: Emission Control System - Elec-
S trostatic Precipitator (ESP)
e Field Charging (Bombardment): Dominant for larger particles 9 L e C ; ;
(> 1 pm). Negative ions driven by the electric field collide with and I Particle Charging Mechanisms
transfer charge to the particles.
o Field charging rate decreases as the particle’s acquired charge repels . . . . . .
arging rae ; _-ne partic a gerep For particles in the intermediate size range, typically around 0.2
further ions, reaching a 'saturation charge’. ) ) ) o .
o Diffusion Charging: Dominant for sub-micron particles (< 0.2 xm). to 1 micron, both mechanisms contribute, but this is also the size
Driven by the random thermal motion (Brownian motion) of gas ions range where ESPs typically exhibit their lowest collection efficiency,
colliding with particles. often termed the 'penetration window'.

@ Unlike field charging, diffusion charging does not have a distinct
saturation limit, but the rate of charging decreases exponentially.

Particle Charge (q)

Saturation Limit

Field Charging

Diffusion Charging

Time (t)
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_ _ _ S trostatic Precipitator (ESP)
@ Once charged, particles experience a Coulombic force (F. = gE) © L ; ) ) ;
directed toward the collection plates. c% Particle Migration Velocity
@ This force is opposed by aerodynamic viscous drag (Stokes’ drag),
proportional to the particle’s velocity.
¢ \F;alrt'c.ltes (ra';'dly reach terminal velocity, known as the Migration Migration velocity is a critical design parameter. Higher migration
elocity (w). ] ) ) ) - )
o For small particles obeying Stokes' Law: velocity means faster collection. Notice that migration velocity
g E-C increases with a stronger electric field (E) and higher particle charge
" 3rud (q), but is hindered by gas viscosity.

where 1 is gas viscosity, d is particle diameter, and C is the
Cunningham correction factor.

Grounded
Plate (+)

Drag Force |,

. Electrosta orce
Fy = 3mudw ’

F. o

Gas Flow
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The Deutsch-Anderson Equation

@ The fundamental equation relating ESP design parameters to

collection efficiency (7).

n=1—exp (—%A)

Where: w = effective migration velocity (m/s).

A = total surface area of collection plates (m
Q = volumetric gas flow rate (m3/s).
The ratio (A/Q) is known as the Specific Col

2).

lection Area (SCA).

Increasing SCA exponentially increases theoretical efficiency.

Efficiency n (%)

100%

Power Plant Engineering

SCA (A/Q)

July 24, 2026

301 /632

2026-07-24

Power Plant Engineering
L—Lecture 2.21: Emission Control System - Elec-
trostatic Precipitator (ESP)

L The Deutsch-Anderson Equation

The Deutsch-Anderson equation is the cornerstone of ESP sizing.
If a plant undergoes a capacity upgrade and flue gas volume (Q)
increases, the efficiency will drop exponentially unless the plate
area (A) is also increased. This is why strict control of excess air
in the boiler is vital.
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Mechanical Systems: Rapping

3*}1 L—Lecture 2.21: Emission Control System - Elec-
) ) ) 5 trostatic Precipitator (ESP)
@ Collected ash forms an insulating layer on the collection plates, © L . :
. .o . .. IS Mechanical Systems: Rapping

which must be removed to maintain electrical efficiency. «
@ Rapping involves mechanically striking the plates (using drop

hammers or electromagnetic vibrators) to impart a shear force. Discharge electrodes are also rapped to prevent ash buildup which
@ The ash layer ideally dislodges in coherent sheets would blunt the corona emission. Rapping sequence optimization

(agglomerates) that fall into the hopper without is a major part of ESP tuning.

re-entrainment.

@ Rapping intensity and frequency must be optimized: too
frequent causes re-entrainment; too infrequent causes
excessive sparkover and back corona.

Rapping
Hamme
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Electrical Supply: Transformer-Rectifier (TR) Sets S L Lecture 2.21. Emission Control System - Elec-
_ S trostatic Precipitator (ESP)
@ TR sets step up the Ipw plant AC voltage. (e.g., 415 V) to high AC § L el Sl Treustmar et
voltage, then rectify it to full-wave negative DC (up to 100 kV). N (TR) Sets
@ Modern ESPs use High-Frequency Switched-Mode Power Supplies
(SMPS) which offer faster spark response and higher average The goal of the electrical control system is to maximize the area un-
operating voltages compared to conventional 50/60 Hz TR sets. der the voltage-time curve. The higher the average voltage without
o Automatic Voltage Control (AVC) units continuously adjust the sustained arcing, the stronger the electrostatic force on the parti-
voltage just below the sparkover limit to maximize the electric s,

field strength.
@ When a spark occurs, the AVC rapidly quenches the arc and ramps
the voltage back up.

AC Input Thyristor HV Bridge ESP
(415 V) Controller Transformer Rectifier Load (-DC)

Voltage/Current Feedback
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tors: Fly Ash
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Performance Factors: Fly Ash Resistivity

?{I, L—Lecture 2.21: Emission Control System - Elec-
o ) ) ) 5 trostatic Precipitator (ESP)
@ Resistivity (measured in ©-cm) determines how easily the collected © L o
ash layer conducts charge to the grounded plate. S Performance Factors: Fly Ash Resistivity
o ldeal Range: 108 to 10 Q-cm. Allows charge to dissipate
steadily.
o Low Resistivity (< 10% Q-cm): Typical of high-carbon unburned High resistivity is the most common operational headache. To com-
:::;anliart'des lose charge too quickly and re-entrain into the gas bat it, plants might inject conditioning agents like sulfur trioxide
o High Resistivity (> 10'' Q-cm): Typical of low-sulfur coal ash. (SO3) or ammonia into the flue gas to alter the surface chemistry
Charge cannot dissipate, creating a strong opposing electric field of the ash and lower its resistivity.

in the ash layer. Leads to 'Back Corona’ (positive ion emission
from plates) which destroys efficiency.

Resistivity (€2-cm)
1013

Back Corona

Ideak\Range

Temperature (°C)

100 150 200
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Summary

Key Takeaways

@ ESPs are highly efficient particulate control devices relying on
ionization, charging, migration, and collection via electrostatic
forces.

@ Particle charging utilizes both field and diffusion mechanisms
depending on particle size.

@ The Deutsch-Anderson equation mathematically relates
efficiency to Specific Collection Area (A/Q) and migration
velocity.

@ Optimizing TR set voltage, rapping frequency, and managing
ash resistivity are critical for maintaining > 99% emission
capture.
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I—Summary

To summarize, the ESP is a balance of electrical physics, aero-
dynamics, and mechanical systems. Understanding the interplay
between gas flow, electrical fields, and ash properties is essential
for plant engineers.
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Next Lecture Preview 3*}1 L—Lecture 2.21: Emission Control System - Elec-
S trostatic Precipitator (ESP)
Upcoming Topic § LNext Lecture Preview
@ Having addressed particulate emissions with the ESP, we will N
next tackle gaseous polllitants. In Lecture 22, we move to the next stage of the back-end envi-
o Topic: Flue Gas Desulfurization (FGD) Systems. ronmental controls. Please review the basic chemistry of sulfur
@ We will cover wet limestone scrubbing, dry sorbent injection, combustion before the next class.
and the chemistry of converting harmful SO, into synthetic
gypsum.

.

Clean
Gas

A A A A Limestone
Slurry Sprays
A A A A

Dirty

Gas Gypsum
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Welcome to Lecture 22. Today we focus on the critical environmen-

Lectu re 2 . 22 tal control system used in coal-fired power plants: the Electrostatic

Precipitator.

Emission Control Systems: Electrostatic
Precipitators
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I—Agenda

@ 1. Need for Particulate Emission Control Here is the roadmap for today's session. We will start with the
e 2. Fundamental Principles of Electrostatic Precipitation physics behind 'fhe ESP and move on to hardware design and per-
@ 3. Mechanisms of Particle Charging (Field and Diffusion formance equations.

Charging)
@ 4. Particle Migration and Collection
@ 5. Major ESP Components (Electrodes, Hoppers, Rappers)
@ 6. Deutsch-Anderson Efficiency Equation
@ 7. Impact of Ash Resistivity (Back Corona effect)
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Need for Particulate Emission Control 3*}1 L—Lecture 2.22: Emission Control Systems: Elec-
. . L 5 trostatic Precipitators
@ Pulverized co.al c.ombustlon generates significant amounts of § L_Need for Particulate Emission Control
fly ash, constituting 70-80% of total ash. Q
@ Uncontrolled emission of fine particulate matter (PM10 and
PM2.5) poses severe respiratory health hazards and Emphasize that the main advantage of ESPs over fabric filters is
environmental degradation. the extremely low pressure drop, which saves on induced draft (ID)
@ Stringent environmental regulations mandate collection fan power consumption.

efficiencies exceeding 99.5% for modern coal plants.

ESP Advantages

o Electrostatic Precipitators (ESPs) are the industry standard
due to low pressure drop (typically 10-20 mm WC) and high
collection efficiency for fine particles.

@ Unlike fabric filters, ESPs can operate effectively at higher flue
gas temperatures (130-170°C) with minimal draft loss.

Technology Pressure Drop Efficiency
D 00 KO

/\ mmm 0
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Fundamental Principles of ESP
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N~ . . .
(S trostatic Precipitators
O
& L .
@ An ESP relies on electrostatic forces to separate particulate Q Funegmeniel Ailndples o ES
matter from the flue gas stream.
@ A high negative DC voltage (typically 30 kV to 100 kV) is Highlight the use of negative DC voltage for corona generation be-
applied to the discharge electrodes. cause it produces a more stable corona at higher voltages compared

@ Collecting electrodes are grounded (zero potential), creating a to positive DC before spark-over occurs.

strong, non-uniform electric field between the electrodes.

@ The high electric field strength near the discharge electrode
ionizes the gas, creating a corona discharge.

@ Free electrons migrate toward the grounded plates, colliding
with and attaching to gas molecules, forming negative ions.

: B 4. Dust

1. Corona 2. Particle 3. Particle us

. . . . Removal
Generation Charging Migration

(Rapping)
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trostatic Precipitators

Corona Generation and Particle Charging

o Field Charging: Dominant for
particles > 1 um. Negative
ions follow electric field lines
and collide with dust particles. Explain the difference between field and diffusion charging. In coal-

fired power plants, most fly ash mass is above 1 micron, so field

2026-07-24

L—Corona Generation and Particle Charging

o Diffusion Charging:
Dominant for ultrafine
particles < 0.2 um. Driven by
thermal kinetic motion.

@ Saturation Charge (Q)
depends on particle radius (a),
permittivity, and applied
electric field (Ep).

e For PM2.5 to PM10, field
charging is the primary
mechanism.

Dust (Uncharged)

Q ~

\
‘Corona Glow

charging dominates the design.

7 <
T .
W
D\ech\arge/\/\%e h J
(e High \}g\léagé\, arged -)

Grounded Plate
21e|d papunotn
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Particle Migration and Collection Mechanism

?{I, L—Lecture 2.22: Emission Control Systems: Elec-
N~ . . .
(S trostatic Precipitators
. . O
@ Particles experience a § L—Particle Migration and Collection
Coulombic force (Fe = Q x E) Mechanism
pulling them toward grounded , . o )
lates Point out that the migration velocity is directly proportional to
P ' _ particle size in the field charging regime. Therefore, larger particles
° Qpposed by aerodynamic ) are actually collected more easily than very fine ones.
viscous drag force (Stokes’ Dust Parth}gas
drag). R
@ Terminal velocity = Migration w N Colle
Velocity (w), where F. = Fy. Trajgctory \\j Plz
ow=E
T bmur

@ Higher w implies faster
collection and smaller ESP size.

@ Particles adhere to plate due to
cohesive and Van der Waals
forces.
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Major ESP Components

3*}1 L—Lecture 2.22: Emission Control Systems: Elec-
N~ . ..
Discharge Electrodes (DE): Emitting wires/rigid masts g  froste MR
¢ ischarge . ) S g S L-Major ESP Components
carrying high negative DC voltage. I = }
o Collecting Electrodes (CE): Grounded steel plates, typically
10-15 meters high. Profiled to prevent re-entrainment. Mention the TR sets are critical. Modern ESPs use High-Frequency
e Transformer-Rectifier (TR) Sets: Step up utility voltage to Switched-Mode Power Supplies (SMPS) instead of conventional
high voltage (e.g., 70-100kV AC) and rectify to DC. 50Hz TR sets to improve corona power and efficiency.

@ Rapping System: Mechanical hammers that periodically
strike DEs and CEs to dislodge ash.

o Ash Hoppers: Pyramidal bins at the bottom to collect
dislodged ash.

Transformer-Rectifier (TR) Sets

Dirty Clean

Gas Electrodes Gas
a (DE & CE) a
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Discharge and Collecting Electrodes Design

3*}1 L—Lecture 2.22: Emission Control Systems: Elec-
N~ . . .
Discharge Electrodes must have sharp edges/small radii to g  frosmre MR ‘
e Disc u v i . . .
g. . . P &g S I—Dlscharge and Collecting Electrodes Design
generate intense localized electric fields. N
e Rigid Discharge Electrodes (RDE) preferred over weighted
wires due to reliability. Alignment is paramount. A tolerance of even a few millimeters
@ Collecting Electrodes spaced 300 mm to 400 mm apart. deviation over a 15-meter plate can severely degrade performance
Wider spacing allows higher voltages. by causing premature sparking.

o CE profiles are aerodynamically designed to shield collected
dust from scouring action.

@ Precise alignment between DEs and CEs is crucial to avoid
premature sparking.

M _|
Qiiescent Qtiiescent
Zone Gas FIOW Zone
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Rappmg Systems and Re-entrainment ?{I, L—Lecture 2.22: Emission Control Systems: Elec-
_ o _ . 5 trostatic Precipitators
@ Ash layers on collecting plates must be periodically dislodged into § |—Rapping Systems and Re-entrainment
hoppers. S
@ Rapping generates high-frequency shear forces, causing ash to fall
as cohesive sheets. Explain that the last field is rapped very infrequently, sometimes
@ If ash falls as dispersed powder, it is re-entrained by the gas flow, only once per shift, to minimize re-entrainment at the ESP outlet.

lowering efficiency.

o Rapping schedules: Inlet fields collect most ash and are rapped
frequently; outlet fields rapped rarely.

@ Discharge electrodes also require mild rapping to remove
insulating ash buildup.

Emissions

A

Rapping Puff  Rapping Puff Rapping Puff

» Time
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trostatic Precipitators

L-Esp Efficiency: Deutsch-Anderson Equation:

ESP Efficiency: Deutsch-Anderson Equation

@ Theoretical collection efficiency of an ESP is described by the
Deutsch-Anderson equation:

DeltscirandersoniEquation Walk through the equation. Emphasize that because of the expo-

n=1-— e—A'TW nential term, achieving 99% efficiency requires significantly more

2026-07-24

collection area than achieving 90% efficiency. It follows the law of

diminishing returns.
A = Total collection area (m?)

e w = Effective particle migration velocity (m/s)

o @ = Volumetric flue gas flow rate (m3/s)

e Ratio (A/Q) is the Specific Collection Area (SCA).

@ Higher SCA yields higher efficiency but implies a larger
footprint.

@ Equation assumes ideal conditions: uniform gas distribution,
no re-entrainment, infinite lateral mixing.

Efficienc
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Ash Resistivity and Performance Issues

@ Ash resistivity (Q2-cm) governs how easily dust dissipates its charge
to the plate.

o Ideal range: 108 to 10 Q-cm.

o Low Resistivity (< 10% Q-cm): Particles lose charge instantly
and re-entrain.

o High Resistivity (> 10! Q-cm): Ash layer acts as an insulator
(typical of low-sulfur coals).

Back Corona (Reverse lonization)

High resistivity causes massive voltage drop across the ash layer.
Dielectric breakdown occurs, emitting positive ions. Positive ions
neutralize negatively charged particles, dropping efficiency drastically.

Resistivity

(Q2-cm) Collecting Plate

Positive

lons (+)

High Resistivity Ash
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trostatic Precipitators

L-Ash Resistivity and Performance Issues

S

Resistivity is the most common cause of poor ESP performance.

Low sulfur coal used for emission reduction actually causes high
resistivity ash. Ammonia or SO3 conditioning is often used to

lower resistivity.
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trostatic Precipitators

2026-07-24

I—Summary

@ ESPs are essential for high-efficiency particulate removal with

minimal draft loss.
To summarize, the ESP is a highly efficient but sensitive piece of

equipment. lts performance hinges on flue gas properties, particu-
larly ash resistivity, and mechanical integrity.

@ Operation depends on corona generation, electrostatic
charging, and migration to grounded plates.

@ Proper sizing is determined by Specific Collection Area (SCA)
and migration velocity.

@ Electrode design, precise alignment, and optimized rapping
systems are critical.

@ Ash resistivity drastically impacts efficiency, with back corona
being a major limitation.

Charged M|grate Rapped Deposit
[E”ter ESP}{by CoronaH to PIate off Plate J | in Hopper
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Next Lecture Preview

3*}1 L—Lecture 2.22: Emission Control Systems: Elec-
N~ . ..
S  trostatic Precipitators
§ Next Lecture Preview
Topic: Gaseous Emission Control Systems Next time, we will move beyond particulate matter and look at
e Focus on Flue Gas Desulfurization (FGD). how we scrub harmful gases like SOx and NOx from the flue gas

@ Wet scrubbers and dry sorbent injection techniques. before it reaches the chimney.

o Selective Catalytic Reduction (SCR) for NOx control.
@ Integration of ESPs with downstream FGD systems.

. SCR ESP FGD
Boiler (NOx) —> (PM) (SOx) > Stack
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L : . .
Lecture 2.23: Turbine Control Mechanism: Lecture 2.23
Governing of Steam Turbines T e e Cowrigof St

2026-07-24

Welcome to Lecture 23. Today we transition from the thermody-

Lectu re 2 2 3 namics and stage design of turbines to operational control, focusing
| ]

specifically on governing mechanisms.

Turbine Control Mechanism: Governing of Steam
Turbines
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Governing of Steam Turbines

I—Agenda

2026-07-24

Our agenda covers the primary methods of governing steam flow,

Introduction and Purpose of Turbine Governing

i o the transition from mechanical to electro-hydraulic systems, and
Throttle Governing Principles

critical safety mechanisms.
Nozzle Control Governing Mechanisms

Bypass Governing in High-Capacity Turbines

Hydraulic vs. Electro-Hydraulic Governing Systems

Governor Characteristics: Speed Droop and Regulation

Emergency Overspeed Trip Mechanisms

Power Plant Engineering July 24, 2026 321/632



Power Plant Engineering
L_Lecture 2.23: Turbine Control Mechanism:
Governing of Steam Turbines

Introduction to Steam Turbine Governing

Governing Process

2026-07-24

L Introduction to Steam Turbine Governing
Governing is the process of regulating the mass flow rate of steam to

match the turbine output with the generator load.

. ] The grid frequency is rigid. When electrical load increases, the
o Constant Speed Requirement: Grid-connected alternators must

operate at a strict synchronous speed (e.g., 3000 RPM for 50 Hz
grid). minuscule speed drop and increases steam flow to maintain syn-
@ Load fluctuations demand immediate proportional changes in chronous speed.
steam input to prevent frequency deviation.
@ Primary components include the speed-sensing element (governor),
relays/amplifiers, and the steam control valves (servomotors).

Grid Load Speed Governor Valve
Changes Drop/Rise Senses Adjusts
Steam Flow
Changes

turbine tends to slow down. The governing system detects this
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Throttle Governing Mechanism

@ Mechanism: A single large throttle valve placed in the main
steam line controls the entire steam flow entering the turbine.

@ As load decreases, the valve partially closes, throttling the steam
(isenthalpic expansion) before it enters the first stage nozzles.

o Effect on State: Throttling reduces the steam pressure (P; to
P,) at constant enthalpy, reducing the available isentropic heat
drop.

Disadvantages

Highly inefficient at part loads due to severe throttling losses; exit
steam is highly superheated, wasting thermal energy.

. Expa\hsion
P
by (P

> S
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Governing of Steam Turbines

Mechanism:

L Throttle Governing Mechanism

Throttle governing is simple but penalizes part-load efficiency heav-
ily. The isenthalpic drop across the partially closed valve destroys
exergy without doing work.
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Nozzle Control Governing

3*}1 L_Lecture 2.23: Turbine Control Mechanism:
_ . S Governing of Steam Turbines

e Mechanism: The first stage (usually a Curtis wheel) nozzles are § L Nozzle Control Governing

divided into groups (e.g., 4 to 6 groups). N
@ Each group is controlled by a separate, sequentially operated valve.
@ Operation: At part load, instead of throttling all steam, one or Nozzle control governing maintains high efficiency at part loads

more nozzle groups are completely shut off. because the active nozzles receive steam at design pressure. Only
o Advantages: Steam enters the active nozzles at full boiler the 'regulating’ valve introduces throttling.

pressure; throttling losses are confined only to the fraction of
steam passing through the actively modulating valve.

SteamyChest
Valve 1 Valve 2 Valve 3
(Open) (Throttling) (Closed)

N ~
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Part-Load Efficiency: Throttle vs. Nozzle Governing

e Willans Line Comparison: Plot of steam consumption
(kg/h) vs. Load (MW).

@ Throttle governing exhibits a linear relationship with a high
no-load steam consumption intercept.

@ Nozzle governing exhibits a stepped or scalloped curve, closely
hugging the ideal minimum steam consumption line.

@ At 50% load, nozzle governing can improve stage efficiency by
10-15% compared to pure throttle governing.

Steam
Consumption

Nezitele

y Load (MW)
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Governing of Steam Turbines
L—Part-Load Efficiency: Throttle vs. Nozzle o
Governing

This graph clearly demonstrates why nozzle governing is preferred
for turbines that operate at varying loads. The area between the
curves represents direct fuel savings.
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Bypass Governing for High-Capacity Turbines

@ Mechanism: Used primarily for achieving peak overloads beyond
the economical continuous rating.

@ Steam bypasses the first one or two stages (which act as a
bottleneck) and is injected directly into lower pressure stages.

o Operation: Primary valve fully opens up to economic load. For
peak load, the bypass valve opens, admitting high-pressure steam
downstream.

o Impact: Increases power output significantly but at a reduced
efficiency, as bypassed steam does not perform work in the initial

stages.
Main Stf;" m

Stage 1 3 Stage 2 3 Stage 3

2026-07-24

I—Bypass Governing for High-Capacity
Turbines

Bypass governing is a compromise. It allows the turbine to han-
dle transient peak loads without over-sizing the first-stage nozzles,
though the bypassed steam's energy is less efficiently utilized.
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Hydraullc Governmg Systems ?{I, L_Lecture 2.23: Turbine Control Mechanism:
S Governing of Steam Turbines
. . : . 3
° Tradltlor_ml setup utilizes a centrifugal flyball governor driven by 8 I—Hydraulic Governing Systems » -
the turbine shaft. « =g
@ Speed changes alter the centrifugal force, moving a pilot valve
piston. Direct mechanical linkages cannot provide the massive force re-

@ The pilot valve directs high-pressure hydraulic fluid (often
fire-resistant control fluid, EHC) to a hydraulic servomotor.

@ The servomotor amplifies the mechanical force to operate the
massive, high-pressure steam control valves against steam
pressure.

quired to open high-pressure steam valves. Hydraulic servomotors
act as force amplifiers in the control loop.

Shaft

Steam
Valve

Pilot
Valve

Servomotor
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EIectro—Hydraullc Governmg (EHG) 3*}1 L_Lecture 2.23: Turbine Control Mechanism:
S Governing of Steam Turbines
e Modern staerard for large thermal power plants (e.g., 500 MW - § L—Electro-Hydraulic Governing (EHG)
800 MW units). &
@ Sensing: Magnetic pickups on the turbine shaft provide
high-resolution digital speed signals. EHG replaces the mechanical flyballs with fast digital electronics.
@ Processing: Microprocessor-based controllers execute complex This allows for complex control logic, such as coordinated boiler-
PID control algorithms, integrating speed, load, and boiler turbine control and rapid response to grid frequency dips.

pressure signals.

o Actuation: Electrical signals drive electro-hydraulic servo valves
(EHSV) which in turn control the hydraulic actuators on the
steam valves.

gf peed, Digital PID ectro- Hydraulic Steam
o2 Controller ydrauhic Actuator Valve

Sensors Servo Valve
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Governing of Steam Turbines

Governor Characteristics: Speed Droop

o Speed Droop (Regulation) is the percentage change in speed
required to actuate the governor from no-load to full-load.

2026-07-24

L_Governor Characteristics: Speed Droop

If a governor had zero droop (isochronous), parallel generators
Droop % = (W) % 100 would fight each other, leading to unstable load swings. Droop
ensures proportional load sharing based on machine capacity.

o Typical value for steam turbines is 4% to 5%.
o Necessity: A finite droop is essential for stable load sharing
between multiple parallel-connected generators on a grid.

Speed ,\(1% d
104% v/ 0Broop Characteristic

1 LA -
00% Full Load

—— Load (MW)
100% Load
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Governing of Steam Turbines

Isochronous vs. Droop Control

@ Isochronous Control: Maintains absolutely constant speed
regardless of load (0% droop). Only applicable to a single
isolated generator or a designated grid master.

e Droop Control: Speed drops slightly as load increases. Used While droop allows load sharing, it leaves a steady-state frequency
for all grid-tied units. error. The plant operator uses the load limit/speed changer motor

e Secondary Control (Load Reference Adjustment): The to shift the curve and restore 50 Hz.
operator (or AGC) shifts the droop curve up or down to restore
nominal frequency (50 Hz) after a load change.

2026-07-24

L—lsochronous vs. Droop Control

Frequency Frequency
Isochronous
——— Load Load
Isochronous Droop & Secondary
(0% Droop) Control
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Governing of Steam Turbines

Emergency Overspeed Trip Mechanism

2026-07-24

I—Emergency Overspeed Trip Mechanism

An independent safety system designed to instantly shut off all steam if
the turbine exceeds safe limits (typically 110% to 112% of rated speed).

Overspeeding is catastrophic, capable of shattering the rotor. The

@ Mechanical Trip: An unbalanced spring-loaded eccentric bolt in emergency trip is entirely separate from the governing loop and
the rotor flies out due to centrifugal force at trip speed.

@ Action: Strikes a trip lever, rapidly dumping hydraulic trip fluid
pressure.

@ Result: Main Stop Valves (MSV) and Control Valves (CV) slam
shut via heavy spring force within milliseconds.

relies on fail-safe spring actuation.

Turbine Rotor Trip
Cent| |fuguer
Fq®ce
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@ Turbine governing precisely matches steam input to electrical
load to maintain grid frequency.

@ Throttle governing is simple but inefficient at part loads; nozzle
control governing significantly improves part-load efficiency.

@ Bypass governing allows turbines to temporarily exceed
nominal economic ratings.

e Modern plants utilize Electro-Hydraulic Governing (EHG) for
superior speed, accuracy, and integration.

@ A 4-5% speed droop is required for stable parallel operation,
and independent overspeed trips are critical for safety.

Feature Throttle Gov. Nozzle Gov. Bypas
Mechanism Single main valve Multiple  sequential | Bypas
valves
Part-Load Efficiency | Poor (high throttling | Excellent (minimal | Poor (
loss)

d 1roline
Power Plant Engineering

throttling)

or:[e rpin
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Power Plant Engineering
L Lecture 2.23: Turbine Control
Governing of Steam Turbines

Mechanism:

I—Summary

To summarize, governing is not just about speed control, but about
executing that control with maximum thermodynamic efficiency
and absolute safety under all load conditions.
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Next Lecture Preview

?{I, L_Lecture 2.23: Turbine Control Mechanism:
S Governing of Steam Turbines
§ L—Next Lecture Preview
Topic: Condensers and Cooling Towers (Unit 3) Next week, we move to the cold end of the power plant cycle,
@ Thermodynamics of steam condensation. discussing how we maximize the pressure drop across the turbine
o Types of condensers: Surface and Jet condensers. by operating the condenser at a deep vacuum.

@ Condenser efficiency, vacuum creation, and air extraction.

Next week, we move to the cold end of the power plant cycle,
discussing how we maximize the pressure drop across the turbine by
operating the condenser at a deep vacuum.
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2026-07-24

Welcome to Lecture 24. Today we delve into a critical operational

Lectu re 2 24 aspect of steam turbines: governing mechanisms which ensure grid

synchronization and safety.

Turbine Control Mechanism: Governing of Steam
Turbines
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?{I, L_Lecture 2.24: Turbine Control Mechanism:

S Governing of Steam Turbines

8 L

S Agenda

N
Introduction to Turbine Governing We will cover the primary methods used to control turbine speed
Purpose and Requirements Of Control Mecharﬂsms and |Oad, Comparing their efficiencies and app|ications.

Throttle Governing Mechanism

Nozzle Control Governing

Bypass Governing

Comparative Analysis of Governing Types

Emergency Governing and Safety

O NSO A W=

Summary and Next Lecture Preview
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Introduction to Turbine Governmg 3*}1 L_Lecture 2.24: Turbine Control Mechanism:
S Governing of Steam Turbines
O
§ LIntroduction to Turbine Governing
What is Governing?
Governing is the process of regulating turbine speed and power Grid stability is non-negotiable. If the turbine speed drifts, fre-
output in response to varying load conditions. quency drifts, which can cause grid collapse. Governing mecha-

nisms are the first line of defense.
@ Generators connected to the grid must operate at a strict

synchronous speed (e.g., 3000 RPM for 50 Hz, 3600 RPM for

60 Hz).

@ As electrical load decreases, turbine speed tends to increase; as
load increases, speed drops.

@ The governing system dynamically adjusts the mass flow rate
or pressure of steam entering the turbine to balance
mechanical power generation with electrical demand.
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Governing of Steam Turbines

Essential Components of a Governing System

2026-07-24

e Speed Sensor / Flyball Governor: Detects variations in ot @S 67 8 Covailis
turbine shaft speed using centrifugal force. System

e Relay / Servomotor Mechanism: Amplifies the weak
mechanical signal from the governor into hydraulic force
capable of moving massive steam valves.

@ Control Valves: Regulate the physical flow or pressure of the
steam entering the high-pressure turbine casing.

The flyballs move outward as speed increases, pulling a linkage.
This linkage actuates a pilot valve directing high-pressure oil to a
servomotor, which finally moves the heavy steam control valves.

@ Feedback Loop: Ensures stability by preventing
over-correction (hunting) of the valve positions.

Governor Relay ydraul cC Val Steam .
(Speed Sensor) (Servomotor) ontrol Valve urbine

Feedback / Speed
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Throttle Governing Mechanism

2026-07-24

o Operates by throttling
(restricting) the steam
before it enters the first
stage of the turbine.

L Throttle Governing Mechanism

Notice on the Mollier chart how the throttling process moves the
state to the right. The subsequent expansion line is shorter, mean-

o N . .
'(I'hrot;cllntg |sta;]nllse)ntha|p|c b ing less work is extracted per kg of steam. This is why throttle
nstant en r . e
constant enthalpy) process Enthalpy Py governing is inefficient at part loads.

It reduces the steam pressure Throttling- (51cp)
and thus the available
enthalpy drop (work output).

P
atlidtishtled)
o P,

Curvi 3
Expapsion Econdcnsr,r)

@ The mass flow rate of steam
is directly controlled by the
position of a single large
throttle valve.

R s
Entropy

@ At part loads, severe
throttling occurs, leading to

significant thermodynamic
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Characteristics of Throttle Governing

o Willans Line: The
relationship between steam

consumption (kg/h) and
power output (kW) is linear The Willans line is a fundamental characteristic. Even at zero

2026-07-24

L—Characteristics of Throttle Governing

for a throttle-governed power output, steam is required to overcome mechanical friction

Steam and windage losses.
Consumption

e Equation: m=mg+ k- P (m)
(where m = mass flow, P = Willans
power, mg = no-load flow). Line

turbine.

Mioad
o Advantages: Simpler

construction, fewer control
valves, suitable for small
turbines where efficiency at
part load is not a dominant
concern.

mo

0 Pioad Load (P)
o Disadvantages: High
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Nozzle Control Governing

@ Steam is admitted to the
first stage (usually a Curtis
wheel) through multiple,
separate nozzle groups.

2026-07-24

L-Nozzle Control Governing

Instead of partially closing one big valve, we fully close several small

. ones. The active nozzles still operate at optimum pressure ratio,
@ Each group is controlled by

its own dedicated valve.
Governing is achieved by
completely opening or
closing individual nozzle
groups.

maintaining high efficiency even at lower loads.

e By avoiding partial throttling Turbine
. Rotor
across the entire steam flow,
the steam enters active
nozzles at nearly full boiler
pressure.

@ This significantly reduces
Power Plant Engineering July 24, 2026 340 /632
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Performance of Nozzle Governing

@ The Willans line for nozzle
governing is not a single
straight line but a series of
slightly curved segments.

2026-07-24

L—Performance of Nozzle Governing

The scalloped curve shows that efficiency is highest just before
the next valve needs to crack open. Modern large turbines use a

@ At the exact point where a Steam . . . .
ve is full P (val Consumption combination: nozzle governing for the first stage impulse wheel,
valve is fully open (valve .
. y .p (m) followed by reaction stages.
point), there is zero e
throttling loss for that nozzle . Throttle
group.
3 . alve 2
@ Between valve points, minor Fully Open

throttling occurs through the
valve that is actively
modulating.

/7 /Fully Open

@ Primarily used in impulse
turbines; reaction turbines Load (P)

generally require full-arc
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Bypass Governing

@ Used when the turbine must
generate power exceeding its
normal economical
continuous rating (maximum
continuous rating - MCR)
for short durations.

2026-07-24

I—Bypass Governing

Bypass governing sacrifices thermodynamic efficiency for raw power
output. By bypassing the first stages, you lose work from those
stages, but you push a massive amount of steam through the later,

. larger stages to handle peak demands.
@ Under maximum load

conditions, the main throttle

Main Valve

valve is fully open, but more (Throtﬂeg
steam is needed.

@ A bypass valve opens,

admitting fresh, Axis

high-pressure steam directly

into later stages of the Exhaust to
Condenser

turbine (skipping the first

few high-pressure stages).
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Comparatwe AnaIySIS of Govemmg M ods 3*}1 L_Lecture 2.24: Turbine Control Mechanism:
. ] 5 Governing of Steam Turbines

° Eff|C|e|.1cy at Part Load: Nozzle Governing > Throttle § L Comparative Analysis of Governing .
Governing. Q

@ Mechanical Complexity: Nozzle Governing (high, multiple
valves) > Throttle Governing (low, single valve). Choosing a governing system is a balance of capital cost versus

@ Application: Nozzle governing is standard for high-capacity operational efficiency. Large baseload plants heavily rely on nozzle
impulse turbines. Throttle governing is used in reaction governing for the HP turbine to maintain efficiency if load drops
turbines and smaller units. slightly.

@ Overload Handling: Bypass governing is exclusively used for
handling overload conditions beyond the capacity of the first
stage nozzles.

Parameter Throttle Gov. Nozzle Gov. Bypass Gov.
Part Load Efficiency Low High Very Low
Complexity Simple Complex Moderate
Valves Single Large Multiple Small Main + Bypass
Primary Application | Reaction / Small units | Large Impulse | Overload (MCR+)
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Emergency Governing and Protection Sys

@ An independent, fail-safe
mechanism designed to shut
down the turbine completely if
normal governing fails.

@ Overspeed Trip: Typically
activates at 110% to 115% of
rated speed. An unbalanced
spring-loaded ring or bolt on the
shaft flies out due to centrifugal
force, striking a trip lever.

2
T\

Turbine
Shaft

@ Action: Instantly dumps
hydraulic control oil, causing
massive, heavy main stop valves
to slam shut via powerful
springs.

@ Other trip conditions: Low

Power Plant Engineering July 24, 2026
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Governing of Steam Turbines

Mechanism:

I—Emergency Governing and Protection
Systems

If the grid disconnects suddenly (load rejection), the turbine can
accelerate to destructive speeds in seconds. The emergency gov-
ernor is completely mechanical and bypasses all electronic controls
for ultimate safety.
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3*}1 L_Lecture 2.24: Turbine Control Mechanism:
S Governing of Steam Turbines
O
C% I—Summary
@ Governing is essential for matching turbine power output to
electrical load while maintaining synchronous speed. Understanding these mechanisms is crucial for operating a thermal
e Throttle governing controls total flow via a single valve, power plant efficiently and safely. The choice of governing impacts
causing high efficiency losses at part loads due to isenthalpic the plant’s heat rate significantly at partial loads.

expansion.

@ Nozzle governing uses multiple valves to control segments of
the first stage, maintaining high pressure and efficiency across
varying loads.

@ Bypass governing allows for overload operation by admitting
high-pressure steam to lower stages.

@ Emergency governing systems provide critical protection
against catastrophic overspeed events.
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Governing of Steam Turbines

Next Lecture Preview

2026-07-24

L Next Lecture Preview

Next time, we move to the cold end of the plant. We will see how
creating a vacuum at the turbine exhaust dramatically increases

Topic: Steam Condensers and Cooling Systems

@ Understanding the critical role of the condenser in closing the
Rankine cycle. power output.

@ Types of condensers: Surface vs. Jet condensers.

@ Condenser efficiency, vacuum creation, and air extraction
methods.

@ Introduction to cooling towers and environmental thermal
discharge.
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e ecture 2.25
Cle a nd EffICIency Simple Numerical on Rankine Cycle and Efficiency

2026-07-24

Welcome to Lecture 25. Today, we will shift our focus from theory

L 2 25 to application by solving simple numerical problems on the Rankine
ECtU re . cycle.

Simple Numerical on Rankine Cycle and Efficiency
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3*}1 L Lecture 2.25: Simple Numerical on Rankine Cy-
S cle and Efficiency
O
) ) S L-Agenda
Brief Recap of the Ideal Rankine Cycle &
Key Formulas and Thermodynamic State Postulates ) ;
] ] . Our agenda covers a quick recap, essential formulas, and then deep
Numerical Problem 1: Ideal Rankine Cycle Calculation o - : -
dives into two comprehensive numerical problems representing ideal
Step-by-Step Solution: Enthalpy Evaluation and Efficiency aiid memeidkesl comdliiens.

Numerical Problem 2: Incorporating Isentropic Efficiencies

Analysis of Deviations in Actual Cycles

Summary and Key Takeaways

Focus: Solving numerical problems based on
the ideal and actual Rankine cycles.
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I—Recap: The Ideal Rankine Cycle

Recap: The Ideal Rankine Cycle

@ Process 1-2: Isentropic
compression in a pump. The
working fluid enters as saturated
liquid and is pumped to the
operating pressure of the boiler.

2026-07-24

Let's quickly review the four ideal processes. Understanding these
states is crucial for retrieving the correct enthalpy values from

steam tables.
@ Process 2-3: Constant pressure

heat addition in a boiler. The I
subcooled liquid is heated to the 9 3
saturation temperature, o >
vaporized, and often
superheated.

@ Process 3-4: Isentropic
expansion in a turbine. The ¢ ‘\\
superheated vapor or saturated 1 4 s

vapor expands to condenser

pressure, producing work.
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cle and Efficiency

Pump Work Input (W, )

Wp.in = ho — hy = v1(P2 — P1)

where v is specific volume of saturated liquid at P;.

2026-07-24

I—Key Thermodynamic Formulas

These are the governing equations based on the First Law of Ther-

modynamics for steady-flow control volumes. Note the approxima-

v
Heat Transfer tion for pump work using specific volume.

Heat Added in Boiler (gj,): gin = h3 — h
Heat Rejected in Condenser (qout): Gout = ha — hy

Work and Efficiency

Turbine Work Output (W; out): Weour = h3 — ha
Net Work Output (Wnet): Whet = Wt,out - Wp,in = QGin — Gout

Thermal Efficiency (1:4)

_ Whet _ Qout
T]th o din o 1 din

e

= = = = = (o}
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Evaluating State Properties (Steam Tables)

?{I, L Lecture 2.25: Simple Numerical on Rankine Cy-
S cle and Efficiency
O
g L_Evaluating State Properties (Steam Tables
g
State 1 (Pump Inlet): Saturated liquid at Py N
hi = hrep,, i = vrop
l Accurate use of steam tables is the most critical skill here. Always
check if the state is saturated, a mixture, or superheated.
State 2 (Boiler Inlet): Compressed liquid at P,
hy = h + Wpin
v

State 3 (Turbine Inlet): Su-
perheated / Sat. Vapor
Determined by P, and T3.
Find h3 and s3 from tables

A
State 4 (Turbine Exit): Isentropic expansion

S4 = S3
q _ Ssa—sfep,
Quality x4 = ey
hs = hrep, + Xa - hgepr,
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Problem 1: Ideal Rankine Cycle

Power Plant Engineering

Problem 1: Ideal Rankine Cyde & L-Lecture 2.25: Simple Numerical on Rankine Cy-
S cle and Efficiency
O
§ L—Problem 1: Ideal Rankine Cycle
Problem Statement Here is our first problem. We have our high pressure at 3 MPa,

high temperature at 350 C, and low pressure at 10 kPa. Let's break

Consider a steam power plant operating on the simple ideal
Rankine cycle.

@ Steam enters the turbine at 3 MPa and 350°C.

Steam is condensed in the condenser at a pressure of 10 kPa.

down the solution.

o
@ Determine the thermal efficiency of this cycle.
o

Assume standard atmospheric conditions and steady-flow
operation.
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State 1 & Pump Work

State 1 (P; = 10 kPa, Sat. Liquid):
From steam tables: h; = 191.81 kJ/kg, vi = 0.00101 m3/kg.

Pump Work (W, ,):
W, in = vi(P2 — P1) = 0.00101 m3/kg - (3000 — 10) kPa =
3.02 kJ /kg.

State 2 (P, = 3 MPa):
ho = hy + Wp i = 191.81 + 3.02 = 194.83 kJ /kg.

Problem 1: Pump and Boiler Analysis

State 3 & Heat Input

State 3 (P; = 3 MPa, T3 = 350°C):

From superheated tables: h3 = 3116.1 kJ /kg,
s3 = 6.7450 kJ/kg - K.

Heat Input (gi,):
Gin = h3 — hp = 3116.1 — 194.83 = 2921.27 kJ /kg.

Power Plant Engineering July 24, 2026
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cle and Efficiency

L—Problem 1: Pump and Boiler Analysis

We first evaluate the pump work, which is relatively small. Then,
we determine the properties at the turbine inlet to find the total
heat added in the boiler.



Problem 1: Turbine Analysis and Efficiency

State 4 (P4 = 10 kPa, s; = s3 = 6.7450 kJ /kg - K)
Quality (xs):

xg = st = GHERSERI02 = 0.8128 (81.28%)

Enthalpy (hs):
hs = hf 4 x4 - hg; = 191.81 4-0.8128 - 2392.1 = 2136.1 kJ /kg

Cycle Performance

Turbine Work (W o,t):

Wt out = h3 — hg = 3116.1 — 2136.1 = 980.0 kJ/kg
Net Work (Whet):

Woet = We.out — Wp.in = 980.0 — 3.02 = 976.98 kJ /kg

Thermal Efficiency (1)

Wae — 97698 — 0.334 or 33.4%

Nth =

<

= =
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L—Problem 1: Turbine Analysis and Efficiency i

After expanding isentropically, we find the quality of steam is about
81%. The resulting net work gives us a thermal efficiency of 33.4%,
typical for a basic cycle.
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Problem 2: Non-ldeal Components

3*}1 L Lecture 2.25: Simple Numerical on Rankine Cy-
S cle and Efficiency
§ L_Problem 2: Non-Ideal Components
Re-evaluate the previous power plant
.cycle.z {:ons.idering el Real components are not perfectly reversible. Let's introduce isen-
inefficiencies. Ideal Cycle tropic efficiencies for the pump and turbine and observe the impact
@ Assume the turbine has an n: = 100% on plant performance.
isentropic efficiency (7;) of np = 100%
87%. Isentropic Processes

@ Assume the pump has an
isentropic efficiency (7,) of

o,
e _ - Actual Cycle
o All other opeorat{ng conditions ne = 87%
(3 MPa, 350°C inlet; 10 kPa m = 85%

condenser) remain the same. Irreversibilities

@ Determine the actual net work
output and the new thermal
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Problem 2: Actual Pump and Boiler Properties

Actual Pump Work
Ideal Pump Work (W, ;): 3.02 kJ/kg (from previous problem)
Actual Pump Work (W, ,):

Wpa= VZ’;’S = % = 3.55 kJ/kg

Actual State 2 & Boiler Heat Input
Actual State 2 Enthalpy (h2,,):
hy.a=h1 + W,, = 191.81 + 3.55 = 195.36 kJ /kg

State 3 (Boiler outlet): Remains unchanged at
hs = 3116.1 kJ /kg

Actual Heat Input (gis.):
Qin,a = h3 — hp 5 = 3116.1 — 195.36 = 2920.74 kJ /kg

ne eninglp
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cle and Efficiency

L_Problem 2: Actual Pump and Boiler
Properties

The actual pump work increases due to inefficiencies, which slightly
alters the heat input required in the boiler.
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Problem 2: Actual Turbine Work and Efficiency S L Lecture 2.25: Simple Numerical on Rankine Cy-

S cle and Efficiency

O
Actual Work Output C% L—Problem 2: Actual Turbine Work and

Efficiency
Ideal Turbine Work (W, ;): 980.0 kJ/kg
Actual Turbine Work (W,.,): nen (%) The turbine inefficiency drastically reduces the work output. The
W, , = W, -7 = 980.0 - 0’57 _ ’ N overall thermal efficiency drops by over 4 percentage points, high-
85;6 kJ/i(sg lighting the importance of component design.
Actual Net Work (Wet,5): 33.4% 20,19
Wnet,a = Wt,a - Wp,a = 852.6 — 3.55 = - /0
849.05 kJ/kg
Actual Thermal Efficiency
_ Whe ,.a __ 849.05 __ >

Nth,a = q,-n; = 202074 = 0-2907 or 29.1% Ideal Actual

Impact: The efficiency dropped from 33.4% to
29.1% due to component irreversibilities.
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T-s Diagram: Ideal vs. Actual Cycle

?{I, L Lecture 2.25: Simple Numerical on Rankine Cy-
S cle and Efficiency
. . . - O
o Deviation 1: Turbine S LT Diagram: Ideal vs. Actual Cycle
expansion (3 — 4,ctuar) o
shifts to the right (increase
in entropy) due to Visually, the deviation from the vertical isentropic lines on the T-s
irreversibilities. diagram perfectly illustrates the entropy generation and the result-
Deviation 2: P T ing loss in cycle performance.
° viation 2: Pump T+
compression (1 — 2,ctyar)
also shifts slightly to the 2 2 3 5
right, indicating higher work T~ I 2
requirement. /\\
@ The area enclosed by the . \
cycle decreases, visually | \
_ yl \f7 o
representing the loss in net A 4 \y Py
work.
@ Actual exhaust steam quality -

(Xa,actuar) is higher than
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2026-07-24

I—Summary

@ Accurate property evaluation using steam tables is

fundamental to analyzing the Rankine cycle. To summarize, today we walked through the complete evaluation

) ] o of both an ideal and a realistic Rankine cycle. These fundamentals
o ldeal cycle analysis sets the theoretical upper limit for thermal

. are crucial for any power engineer.
efficiency.

@ Incorporating isentropic efficiencies for pumps and turbines
provides realistic performance metrics.

@ Turbine irreversibility has a dominant negative impact on plant
efficiency compared to the pump.

@ Understanding these calculations is critical for thermal plant
design and optimization.

Power Plant Engineering July 24, 2026 359 /632



Power Plant Engineering
L Lecture 2.25: Simple Numerical on Rankine Cy-
cle and Efficiency

Next Lecture Preview

Topic: Methods to Increase the Efficiency of the Rankine Cycle

L Next Lecture Preview

2026-07-24

In the next lecture, we will look at how we can improve upon the

@ Concept 1: Lowering condenser pressure and its limitations . . .
P & P 33% efficiency we calculated today by altering operating pressures

moisture content). S .
( ) and utilizing superheating.

@ Concept 2: Superheating steam to high temperatures.

@ Concept 3: Increasing boiler pressure.

We will explore how these modifications
affect the T-s diagram and overall plant economics —
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C | a SSIfI cation Fundamentals of Hydropower and Classification
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Welcome to Lecture 26. Today we dive into Unit 3, starting with

L 3 26 the fundamentals of hydropower, how plants are classified, and
ECtu re - their various purposes.

Fundamentals of Hydropower and Classification
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L—Lecture 3.26: Fundamentals of Hydropower and
Classification
I—Agenda

2026-07-24

Fundamentals of Hydropower Generation Here is our roadmap for today. We will start with the basic physics

The Hydrological Cycle and Energy Conversion of hydropower and move into how these massive facilities are cat-

Classification by Available Head egorized and utilized.

Classification by Capacity

© © ¢ © o
A

. Classification by Facility Type (Run-of-River, Storage,
Pumped)
@ 6. Various Purposes of Hydroelectric Plants

@ 7. Summary and Preview
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Classification
Fundamentals of Hydropower: Basic
Physics

Fundamentals of Hydropower: Basic Physics

Energy Conversion

2026-07-24

The core of hydropower is simple physics: dropping water from a
height. The power output directly relies on the flow rate and the
net head, which accounts for friction losses.

Hydropower converts the potential energy of water into mechanical
energy, and then into electrical energy.

e Potential Energy (PE) = m- g - h, where m is mass of water, g
is gravitational acceleration, and h is the effective head.

e Hydraulic Power (P) = p- Q- g - h-n, where p is water density
(1000 kg/m3), Q is volumetric flow rate (m3/s), h is net head
(m), and 7 is overall efficiency.

@ Net Head is the gross head minus the hydraulic losses (friction
in penstock, turbulence).
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The Hydrological Cycle and Hydropower

?{I, L—Lecture 3.26: Fundamentals of Hydropower and
. . . 5 Classification
@ Hydropower is ultimately a form of solar energy, driven by the § L_The Hydrological Cycle and Hydropower
hydrological cycle. N “ (o =
@ Solar radiation evaporates water, which precipitates over — ad=)
higher elevations, creating potential energy. Without the sun, there is no hydropower. The hydrological cycle
@ Catchment area dictates the total water volume available, replenishes the potential energy stored in elevated reservoirs.

while topography dictates the available head.

o Firm Power: Power continuously available regardless of
seasonal flow variations.

@ Secondary Power: Power generated above the firm power
level during high flow periods.

Wind \| Rain Clouds
Sun Clouds

1
'p
1

Pttation

Evaporation Reservoir | =
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Classification of Hydroelectric Power Plants

3*}1 L Lecture 3.26: Fundamentals of Hydropower and
. . L. 5 Classification

H}/drc.)electnc plants can be classified based on several distinct § L_Classification of Hydroelectric Power Plant
criteria: &

© Available Head (Low, Medium, High)

@ Plant Capacity (Micro, Mini, Small, Large) Because geographical constraints dictate dam design, plants are

@ Facility Type / Hydraulic Characteristics (Run-of-river, heavily customized. We classify them across multiple axes to un-

Storage, Pumped-storage) derstand their operational roles.

O Load Characteristics (Base load, Peak load)

Turbine Selection

The selection of turbine type (Pelton, Francis, Kaplan) heavily
depends on this classification, specifically the available head and
flow.

(Classification of Hydro Plants]

Available Head
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Classification by Available Head

@ High Head Plants: Head ; 100 meters. Often utilize Pelton
wheels (impulse turbines). Require small flow rate for given
power. Usually situated in mountainous regions.

@ Medium Head Plants: Head between 30 and 100 meters.
Typically utilize Francis turbines (reaction turbines). Forebay is
often used.

@ Low Head Plants: Head j 30 meters. Utilize Kaplan or
Propeller turbines (reaction turbines with adjustable blades).
Require very large flow rates to generate significant power.
Often built across wide rivers.

Category Head Range | Typical Turbine Flow Rate
High Head > 100 m Pelton (Impulse) Small
Medium Head | 30 — 100 m | Francis (Reaction) | Medium
Low Head <30m Kaplan (Reaction) | Large
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Classification
L_Classification by Available Head

The head available determines the kinetic energy of the water strik-
ing the turbine, thus dictating whether an impulse or reaction tur-
bine is most efficient.
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Classification by Capacity

3*}1 L—Lecture 3.26: Fundamentals of Hydropower and
. ) 5 Classification

@ Micro-hydro: Up to 100 kW. Provides power to a small § L_Classification by Capacity

community or rural industry. Usually run-of-river. &
@ Mini-hydro: 100 kW to 1 MW. Can power larger facilities or

feed into a local grid. Capacity classifications dictate the regulatory framework and envi-
e Small-hydro: 1 MW to 10 MW (definitions vary by country, ronmental assessments required. Large hydro provides grid stabil-

up to 25 MW in India). Minimal environmental impact. ity, while micro hydro is vital for decentralized electrification.

e Large-hydro: ; 10 MW (or ; 25 MW). Involves major civil
structures, large dams, and significant environmental and
social considerations.

Large
. 1I0MW
Mini Small l

Micro IMW - 10MW
1100 kW 100kW - 1MW

— Capacity.
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Classification by FaCIIIty Type: Run-of-River S L Lecture 3.26: Fundamentals of Hydropower and
5 Classification
. . & L Classification by Facility Type: Run-of-River ~
@ Run-of-River (RoR) plants have little or no water storage & -
(pondage).
@ Subject to seasonal river flows; power generation fluctuates Run-of-river is environmentally friendly but unreliable for consis-
with rainfall and snowmelt. tent power generation. You get what the river gives you at that
moment.

@ Often serve as base load plants during high flow seasons.

@ Lower environmental impact compared to large storage dams
since the natural flow of the river is mostly maintained.

@ May include a small weir to direct flow into a penstock, but no
massive reservoir.

Small Weir

River Flow
Powerhouse )
Tailrace
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L_Classification by Facility Type: Storage
Plants

Classification by Facility Type: Storage Plants

@ Storage hydropower uses a large dam to store water in a reservoir.

@ Decouples power generation from the immediate natural inflow of
water.

o Can store water during wet seasons for use during dry seasons
(seasonal or multi-year storage).

@ Provides firm capacity and can rapidly adjust output to meet peak
grid demands.

@ Significant environmental footprint: valley flooding, displacement
of communities, altered downstream ecology.

2026-07-24

Storage plants act like massive batteries. They hold potential en-
ergy until the grid needs it most, but they come with high capital
costs and ecological disruption.

Large Reservoir

Intake

Tailrace
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Classification by FaCIIIty Type: Pumped_Stor ?{I, L—Lecture 3.26: Fundamentals of Hydropower and
5 Classification
@ Pumped-storage involves two reservoirs at different elevations. 9 |—C|assification by Facility Type: -y
@ During off-peak hours (low electricity demand/price), excess grid = p d-St ’ N
power is used to pump water from the lower to the upper reservoir. pmpeEsteEgE o R e
@ During peak hours, water is released back down through turbines to
generate electricity. Pumped storage isn't an energy source; it's an energy storage sys-
o Net consumer of energy (due to pump/turbine inefficiencies, tem. It's the most mature and widespread form of grid-scale energy
1~ 70 — 80%), but highly valuable for grid balancing and frequency storage in the world
regulation. & ’
o Crucial for integrating intermittent renewable sources like solar and
wind.
Pumping
(Off-Peak)
I

N

Upper Reservoir N

Pump/Turbi X
Generating Lower Reservoir

(Peak)
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Various Purposes of Hydroelectric Plants

Multi-Purpose Projects

2026-07-24

Hydroelectric plants, particularly storage types, are rarely built

solely for power generation. They are often Multi-Purpose Projects. . L :
Y P & Y P ) Hydropower's ability to go from zero to full capacity in minutes

makes it invaluable for handling the evening peak demand.

Primary Purposes:
e Base Load Generation: Continuous power supply (RoR or
large storage).
o Peak Load Generation: Rapid ramping to meet high daily
demand peaks.
o Grid Ancillary Services: Frequency regulation, voltage
control, and black-start capability.

Demand

Peak Load
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Secondary Non-Power Purposes

3*}1 L—Lecture 3.26: Fundamentals of Hydropower and
. . . - 'CT> Classification
Large reservoirs serve critical non-power functions, often subsidizing § |—Secondary Non-Power Purposes
the cost of the dam: &
o Irrigation: Storing monsoon water for year-round agricultural
use. In many multi-purpose projects, irrigation and flood control take
@ Flood Control: Buffering extreme rainfall events to protect precedence over power generation during certain times of the year.

downstream settlements.

@ Municipal Water Supply: Providing reliable drinking water
to nearby cities.

o Navigation: Regulating river depth to allow barge transport
year-round.

o Recreation and Fisheries: Creating new economic
opportunities around the reservoir.

Flood Control

Irrigation

| Navigation

July 24, 2026
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?{I, L—Lecture 3.26: Fundamentals of Hydropower and

5 Classification

8 S

a ummary

N
@ Hydropower converts potential energy to electrical energy To summarize, we've covered the physics, the classifications, and

(P=p-Q-g-h-n). the dual roles these plants play in both the energy sector and water

o Classification is vital: Head (Low, Med, High) dictates management.

turbine choice, while Capacity dictates grid role.

e Facility types include Run-of-River (flow dependent), Storage
(dispatchable), and Pumped-Storage (energy storage).

@ Hydroelectric projects are largely multi-purpose, balancing
grid demands with irrigation, flood control, and water supply
needs.
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Next Lecture Preview

Next Lecture Preview

Topic 3.2: Hydrology and Site Selection
@ Understanding hydrographs and flow duration curves.

2026-07-24

Next time, we will look at how engineers actually decide where to

_ i _ o build a dam and how they predict the water flow over the lifetime
@ Geological, topographical, and environmental criteria for of the project.

selecting a dam site.

@ Mass curve analysis for determining reservoir capacity.

Discharge (Q)

low Duration Curve

» % Time Flow Exceeded
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Welcome to Lecture 27. Today we dive into the physical configu-
L 3 27 ration of hydroelectric power plants. We will look at how the site
ECtu re . hydrology and topography translate into engineering structures.

Configuration of Hydroelectric Power Plants
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2026-07-24

I—Agenda
Introduction to Hydroelectric Plant Configuration Our agenda covers the structural layout of the plant, detailing each
General Layout: The Hydraulic Circuit major component from the reservoir down to the tailrace, followed

Key Components: Dam and Reservoir by a detailed look at the working principles.

Water Conveyance: Penstocks and Surge Tanks
Safety and Control: Spillways and Gates

The Powerhouse Structure

Energy Conversion Process

Working Principle Walkthrough
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Overview of Hydroelectric Plant Configuration

System Layout

@ A hydroelectric power plant requires a specific configuration of
civil, mechanical, and electrical structures.

@ The primary goal is to safely store water, convey it to the
turbine under pressure, extract kinetic and pressure energy, and
discharge it back.

@ The layout is highly site-specific, depending on head (high,
medium, low) and flow rate.

@ Essential subsystems: Water Storage & Diversion, Conveyance
System, Generation Unit, and Discharge System.

’ Storage }—){ Conveyance }—)
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Power Plants
Overview of Hydroelectric Plant

Configuration

Unlike thermal plants which have standard layouts, hydro plants
are heavily dictated by the geography of the site. However, the
fundamental subsystems remain the same across different heads
and capacities.



eneral Layout: Hydraulic Circuit

The hydraulic circuit traces the path of water from the catchment
to the downstream river.

Sequence: Catchment Area — Reservoir — Trash Rack — Intake
Gate — Penstock — (Surge Tank) — Turbine / Scroll Casing —
Draft Tube — Tailrace.

The total gross head (H) is the difference between reservoir
water level and tailrace water level.

Net head (H,) available at the turbine is Hy — hs (head loss in
penstock).

******** Suge T f
Tank
9
R ir |
eservoir | &
H,
Hpy €
to
\ urbin
~
Tailrace
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L—Lecture 3.27: Configuration of Hydroelectric
Power Plants
L-The General Layout: Hydraulic Circuit

B

~

The hydraulic circuit is the lifeline of the plant. Notice the dif-
ference between gross head and net head. Frictional losses in the
penstock reduce the effective head available for power generation.
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Key Components: Dam and Reservoir

3*}1 L—Lecture 3.27: Configuration of Hydroelectric
. 5 Power Plants

@ Reservoir: The artificial lake created by the dam. Stores § Key Components: Dam and Reservoir

water during high runoff for use during low flow. Provides the a

necessary potential energy (head).
@ Dam: A massive barrier constructed across a river. Types The dam is the most expensive civil structure in the plant. Its

include gravity, arch, earth-fill, and rock-fill dams. design ensures the structural integrity against hydrostatic pressure,
@ The dam withstands immense hydrostatic pressure forces uplift pressure, and seismic forces. Dead storage is critical for

(F = pgH:A). trapping sediment.

@ Storage capacity is categorized into ‘live storage’ (usable for
power) and ‘dead storage’ (below intake level, accumulates
silt).

Full Reservoir Level[{FRL)

Live“\
Storag“\e
Minimum Drawdofwn Level (MPDL)
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Water Intake Structures and Trash Racks

2026-07-24

o Intake Structure: The entry point for water into the
conveyance system. Located well below the minimum
drawdown level to prevent vortex formation and air
entrainment.

If air enters the penstock due to vortex formation, it can cause
severe vibrations and cavitation in the turbine. The trash rack is a
simple but vital protection mechanism.
@ Trash Rack: A screen of parallel metal bars placed at the

intake.

@ Prevents floating debris, logs, and ice from entering the
penstock.

@ Debris in the turbine can cause catastrophic mechanical failure
to the runner blades.

@ Design considerations: Velocity through racks is kept low (0.6
to 1.5 m/s) to minimize head loss.
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Water Conveyance: Penstocks

2026-07-24

o Penstock: A large-diameter conduit that carries water under

high pressure from the reservoir to the turbine. Penstocks are essentially high-pressure pipes. When water is trav-

eling at high velocity, any change in direction requires massive

@ Materials: Usually steel, reinforced concrete, or fiberglass eaecie dier Bas o Lep tho (190 fem teils e dho i

depending on the head. e —

@ Designed to withstand static pressure and severe dynamic
pressure surges (water hammer).

@ Head loss in penstock (hf = %) must be minimized for

maximum efficiency.

@ Anchor blocks are required at bends to resist enormous
hydraulic thrust forces.
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Protection Against Water Hammer: Surge Tanks

3*}1 L—Lecture 3.27: Configuration of Hydroelectric
S Power Plants :
o Water Hammer: A severe pressure wave caused by the Q L_Protection Against Water Hammer: Surge .
sudden closure of turbine wicket gates during load rejection. & Tanks JIL
@ Surge Tank: An open cylindrical tank connected to the k=M
penstock as close to the powerhouse as possible. The surge tank acts as a shock absorber. Without it, the water
@ Absorbs the sudden rise in pressure by allowing water to surge hammer effect could burst the penstock. It decouples the long
upwards into the tank. pipeline mass from the rapid transient responses of the turbine
@ Provides extra water during sudden load increases before the governor.

water in the long penstock can accelerate.
o Types: Simple, restricted orifice, and differential surge tanks.

Open top
Surge
Oscillation
FoW rro.m To Turbine
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Flow Control and Safety: Spillways

2026-07-24

o Spillway: A safety structure designed to safely discharge

Spillways are rarely used for power generation, but they are critical
floodwaters over or around the dam. P y y P & o

) ) ) for plant safety during monsoon seasons or extreme weather events.
@ Prevents water from overtopping and eroding the dam, which

_ The energy of the falling water must be dissipated to protect the
could lead to failure.

dam foundation.
@ Acts as the ‘safety valve' of the reservoir.

@ Spillway design capacity is based on Probable Maximum Flood
(PMF) calculations.

@ Includes energy dissipators (like hydraulic jump basins or
ski-jump buckets) at the bottom to prevent scouring of the
river bed.
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Powerhouse Structure

2026-07-24

@ The powerhouse contains the electro-mechanical equipment:

. The powerhouse must handle immense dynamic loads from the
turbines, generators, governors, and control systems.

} ) o rotating masses and hydraulic forces. The vertical arrangement is
@ Substructure: Heavily reinforced concrete containing the

) i most common in modern plants as it allows the heavy generator
spiral casing and draft tube.

to sit safely above potential flood levels.
@ Superstructure: Houses the generator, exciter, overhead

cranes, and control room.

o Typically features a vertical shaft arrangement for large units
to save floor space.

@ Transformers are usually located in an adjacent switchyard to
step up voltage for transmission.
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Discharge System: Draft Tube and Tailrace

3*}1 L—Lecture 3.27: Configuration of Hydroelectric
. i S Power Plants :

o Draft Tube: A gradually expanding pipe that connects the § L_Discharge System: Draft Tube and Tailrace

turbine exit to the tailrace (specifically for reaction turbines). « LL
@ Function 1: Allows the turbine to be set above the tailwater .

level without losing head. The draft tube is not just a pipe; it's an energy recovery device. By
@ Function 2: Recovers kinetic energy from the exiting water by gradually increasing the area, the velocity of the water decreases,

converting velocity head into pressure head. which according to Bernoulli's equation, increases the pressure,
o Tailrace: The channel that carries the discharged water back effectively ‘pulling’ the water through the turbine.

into the natural river course.
o Tailwater level fluctuates with river flow and affects the net
head available.

From Turbine
(High V, Low P)

}'Il'o Tailrace
ne{Fas|ng
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Working Principle: Energy Conversion

Hydroelectric power generation relies on successive energy
transformations.

Potential Energy: Water stored at height in the reservoir
(Ep = mgh).

Kinetic Energy: As water flows down the penstock, potential
energy converts to kinetic energy (Ex = %mv2) and pressure
energy.

Mechanical Energy: The high-velocity/high-pressure water
strikes the turbine blades, causing the runner to rotate.
Electrical Energy: The rotating turbine shaft spins the rotor of
the synchronous generator, inducing alternating current via
electromagnetic induction.

Potential Kinetic/Pressure Mechanical Electrical
Energy Energy Energy Energy
(Reservoir) (Penstock) (Turbine) (Generator)

July 24, 2026
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L—Lecture 3.27: Configuration of Hydroelectric
Power Plants
I—Working Principle: Energy Conversion

This slide summarizes the physics of the plant. The efficiency of
a hydro plant is very high, often exceeding 85-90%, because the
conversion from mechanical to electrical energy is highly efficient
compared to thermodynamic cycles.
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Summary 3*}1 L Lecture 3.27: Configuration of Hydroelectric
5 Power Plants
8 Summar
S y
N
Key Takeaways
@ The general layout consists of storage (reservoir/dam), To summarize, the configuration of a hydro plant requires care-
conveyance (intake, penstock), generation (powerhouse), and ful integration of massive civil structures with precision electro-
discharge (tailrace). mechanical equipment to safely harness the power of falling water.

@ Surge tanks protect penstocks from water hammer during
rapid load changes.

@ Spillways are critical safety structures for flood management.

@ The entire system is designed to maximize net head and safely
handle massive hydraulic forces.

@ Energy conversion flows seamlessly from potential to kinetic to
mechanical, and finally to electrical energy.
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Next Lecture Preview
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Next time, we will look at how these plants are classified based on

Topic: Classification of Hydroelectric Power Plants their operating characteristics and how they fit into the modern
electrical grid, including the concept of pumped storage.

o We will categorize plants based on head (low, medium, high).

o Classification based on plant capacity and load type (base load
vs. peak load).

@ Introduction to Pumped Storage Plants and their role in grid
stabilization.
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POWer P | ants Pump Storage and Micro Hydel Power Plants
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Welcome students. Today we will explore two unique types of hy-
L 3 28 dropower plants: pumped storage, which acts as a massive battery,
ECtu re L] and micro hydel, which is vital for decentralized power.

Pump Storage and Micro Hydel Power Plants

Power Plant Engineering July 24, 2026 389 /632



Power Plant Engineering
L Lecture 3.28: Pump Storage and Micro Hydel
Power Plants
I—Agenda

2026-07-24

Here is the outline for today's session. We will start with pumped

Introduction to Pumped Storage Hydroelectric Power Plant . ) i
storage systems, detail their components and operations, and then

Operating Principles (Generating and Pumping Modes) transition to micro hydel plants.
Key Components of Pumped Storage Systems

Advantages and Limitations of Pumped Storage

Introduction to Micro Hydel Power Plant

Classification and Components of Micro Hydel Systems

Applications and Benefits of Micro Hydel Plants
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Introduction to Pumped Storage Hydroelectric Plants S Pﬁvf_egcﬂfgggég:'n;j:]npgstorage and Micro Hydel
5 Power Plants
§ Introduction to Pumped Storage
. - N Hydroelectric Plants
What is Pumped-Storage Hydroelectricity (PSH)?
A type of hydroelectric energy storage used by electric power Pumped storage is critical for modern grids. It doesn't generate net
systems for load balancing. new energy; instead, it shifts energy across time to match supply

with demand.
@ Stores energy in the form of gravitational potential energy of

water, pumped from a lower elevation reservoir to a higher

elevation.

@ PSH acts essentially as a giant, grid-scale rechargeable battery.

@ Provides spinning reserve, frequency regulation, and voltage
control to the grid.

@ Particularly vital for integrating intermittent renewable energy
sources like wind and solar.
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Principle of Operation: Dual Reservoirs
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@ The system relies on two water reservoirs situated at

significantly different elevations.
The core of the system is the reversible pump-turbine. Let's discuss

@ Upper Reservoir: Stores water during periods of low electrical T
how it switches between these two modes.

demand (off-peak).

@ Lower Reservoir: Collects water discharged from the upper
reservoir during power generation.

Dual-Purpose Machinery
o Reversible Pump-Turbine: A single machine acts as both a
turbine (to generate power) and a pump (to push water up).

@ Motor-Generator: The electrical machine operates as a
generator when driven by the turbine, and as a motor when
driving the pump.
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Operatmg Modes: Generatmg VS. Pumpmg 3*}1 L Lecture 3.28: Pump Storage and Micro Hydel
S Power Plants
§ I—Operating Modes: Generating vs. Pumping °
N
Generating Mode (Peak Pumping Mode (Off-Peak
Hours) Hours) The economic viability of pumped storage relies on the arbitrage
@ High grid demand drives up @ Low grid demand and between cheap off-peak electricity and expensive peak-hour elec-
electricity prices. excess base-load/renewable tricity.
e Water is released from the power (lower electricity
upper reservoir through the prices).
penstock. @ The generator acts as a
@ The flow drives the turbine, motor, drawing power from
which spins the generator the grid.
to produce electricity. @ |t drives the turbine in

reverse, pumping water
from the lower reservoir
back to the upper reservoir.
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Components of Pumped Storage Plant

3*}1 L Lecture 3.28: Pump Storage and Micro Hydel
S Power Plants
§ I—Components of Pumped Storage Plant
N
o Upper and Lower Reservoirs: Must have sufficient storage
volume to sustain generation for several hours. The mechanical design must handle bidirectional thrusts and the
e Penstock and Surge Tank: High-pressure conduits for electrical system requires sophisticated switchgear for rapid mode
bidirectional water flow; surge tanks mitigate water hammer changes.

during mode switching.

@ Reversible Francis Pump-Turbine: The most common
hydraulic machine used due to its efficiency in both directions.

@ Synchronous Motor-Generator: Capable of smooth
switching between motoring and generating modes.

o Phase Reversal Switchgear: Electrical equipment that
reverses the phase sequence to change the direction of rotation
for pumping.
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Diagram: Pumped Storage Configuration
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Power Plants
I—Diagram: Pumped Storage Configuration

Take a moment to trace the water path. Notice how the power-
house is often situated underground to ensure adequate submer-
gence for the pump-turbine to prevent cavitation during pumping.
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Advantages and Challenges of Pumped Storage

3*}1 L Lecture 3.28: Pump Storage and Micro Hydel
5 Power Plants
§ I—Advantages and Challenges of Pumped
o Storage
Advantages Challenges
o High efficiency (typically o Highly site-specific While the round-trip efficiency means we lose about 20-30% of the
70-80% round-trip (requires suitable energy, the economic value of supplying peak power far outweighs
efficiency). topography and geology). this loss.
@ Massive storage capacity @ High initial capital cost and
compared to battery long construction times.
storage technologies. @ Environmental impact
@ Fast response time (can related to flooding and
synchronize and generate reservoir creation. )
within minutes).
@ Long lifespan (50+ years
for civil structures).
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Introduction to Micro Hydel Power Plant

2026-07-24

@ Micro-hydel (or micro-hydro) power plants are small-scale
hydroelectric systems designed for decentralized power
generation.

Moving from the massive scale of pumped storage, we now look at
micro hydel systems. These are crucial for rural electrification.

o Typically defined as having an installed capacity up to 100 kW.

@ Often operate as “run-of-river” systems, requiring no massive
dams or large reservoirs.

@ Can provide reliable, clean electricity to remote, off-grid
communities or isolated facilities.

@ Utilize natural water flow in streams or small rivers with a
suitable drop in elevation (head).
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Classification and System Requirements

3*}1 L Lecture 3.28: Pump Storage and Micro Hydel
S Power Plants
Classification by Capacity 8 L—Classification and System Requirements
N
Type Installed Capacity
Pico-hydro Under 5 kW To design a micro-hydel plant, accurate measurement of head and

Micro-hydro | 5 kW to 100 kW

i Tyl 100 KW to 1 MW flow over the year is the most critical first step.

Hydrological Requirements

e Head (H): The vertical drop; determines the potential energy
(Low head: < 10m, High head: > 50 m).

e Flow Rate (Q): The volume of water passing per second
(m3/s).

o Power Output Equation: P=7n-p-g- Q- H

@ Continuous availability of water is critical for run-of-river
operations.

= =7 = = = a
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Components of a Micro Hydel Plant

Diversion Weir: Diverts a portion of the stream flow without

blocking the entire river.

Intake and Desilting Tank: Removes sediment to prevent

turbine abrasion.

Headrace Channel and Forebay: Conveys water to a stabilizing
tank (forebay) before the penstock.

Turbine & ELC: Small-scale turbines coupled with an Electronic
Load Controller (ELC) which maintains constant frequency by

dumping excess power.

Diversion Weir H Intake & Desilting }—»

Headrace Channel H Forebay Tank ’

Generator

ELC &
Ballast Load

Power Plant Engineering

Turbine
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Penstock
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L Lecture 3.28: Pump Storage and Micro Hydel
Power Plants
I—Components of a Micro Hydel Plant

A unique feature of micro-hydel systems is the Electronic Load
Controller. Instead of adjusting water flow to match load, it keeps
flow constant and dumps excess electrical power to a resistive load,
like a water heater.



nd Benefits of Micro Hydel
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Applications and Benefits of Micro Hydel

3*}1 L Lecture 3.28: Pump Storage and Micro Hydel
S Power Plants
§ I—Applications and Benefits of Micro Hydel
N
Beneiis
~ Sl Ales s i o Negligible environmental The social impact of micro-hydel plants is immense, bringing steady
mountainous or hilly impact (no large flooding). electricity to places the main grid cannot economically reach.
regions. o High reliability and
@ Powering isolated predictable generation
agricultural processing compared to wind/solar.
units (e.g., milling). @ Low running and
@ Supplying eco-tourism maintenance costs.
resorts and remote e Empowers local
monitoring stations. ) communities through
decentralized energy
independence.
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Pumped Storage Hydroelectric Power Plants function as
large-scale energy storage, pumping water during off-peak and
generating during peak demand.

They utilize a single reversible pump-turbine and
motor-generator unit for high round-trip efficiency.

Micro Hydel Power Plants (up to 100 kW) provide
decentralized, run-of-river power generation.

They rely on minimal civil structures, using natural stream
head and flow to drive small turbines.

Both systems serve critical but entirely different roles: Grid
stabilization vs. Remote electrification.
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Power Plants
Summary

To summarize, pumped storage solves the temporal mismatch of
energy on a macro scale, while micro hydel solves the spatial mis-
match for isolated communities.
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Next Lecture Preview 3*}1 L Lecture 3.28: Pump Storage and Micro Hydel
S Power Plants
§ Next Lecture Preview
N
In our next lecture, we will evaluate the overall performance met-
Upcoming Topics rics of hydropower before transitioning to our new unit on Nuclear
@ Unit 3 Wrap-up and Assessment Power Plants. Please review today's material.

@ Performance Evaluation of Hydroelectric Power Plants
@ Introduction to Unit 4: Nuclear Power Plant

@ Basic Principles of Nuclear Energy and Fission Reactions

@ Key Components of a Nuclear Reactor
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Welcome students. Today we will dive deep into one of the most

L 3 29 critical phases of hydroelectric power engineering: deciding exactly

ECtu re . where to build the plant. The longevity, safety, and efficiency of
the plant depend heavily on this decision.

Site Selection of Hydroelectric Power Plant
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?{I, L_Lecture 3.29: Site Selection of Hydroelectric
ICT> Power Plant
@ 1. Introduction to Site Selection @ 7. Proximity to Load Centers § |—Agenda
Importance @ 8. Environmental and Social N
@ 2. Hydrological Factors (Water Considerations
Availability) @ 9. Sedimentation and Here is our roadmap for today. We will systematically cover the
o 3. Topography and Gross Head Catchment Analysis various physical, geographical, environmental, and economic pa-
@ 4. Geological Foundation @ 10. Economic Viability rameters that dictate the suitability of a site for a hydro plant.
Requirements o 11. Key Takeaways and
@ 5. Water Storage and Reservoir Summary
Area
@ 6. Transportation and
Accessibility
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Introduction to Site Selection

3*}1 L_Lecture 3.29: Site Selection of Hydroelectric
'E? Power Plant
@ Site selection is a complex, multi-disciplinary optimization § L iredisten @ She Sdacien o m
problem. = l(m 3t
@ It involves hydrology, geology, topography, environmental -
science, and civil engineering. Selecting a site is not just finding a river. It's about finding the
@ A poor site choice can lead to catastrophic dam failure, perfect convergence of natural conditions that allow for a massive
sub-optimal power generation, or severe environmental engineering structure to be built safely and operate economically
degradation. for over a century.

@ The primary goal is to maximize the available hydraulic energy
(head x flow rate) while minimizing construction costs and
social impact.

Economics . Geology
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Hydrological Factors: Water Availability

@ Water is the primary ‘fuel’ for a hydro plant; continuous and
reliable flow is mandatory.

@ Requires analysis of historical rainfall data, run-off
characteristics, and river gauging records (usually spanning
25-50 years).

@ Flow duration curves and mass curves are utilized to determine
the dependable flow and predict variations during dry and
monsoon seasons.

@ Estimation of maximum flood discharge is critical for designing
the spillway capacity to prevent dam overtopping.

Discharge @

Flow Duration Curve

! . % of Time

1
7
50% equaled-or exceeded
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L_Lecture 3.29: Site Selection of Hydroelectric
Power Plant
I—Hydrological Factors: Water Availability

Without a consistent supply of water, the plant cannot operate
at its designed plant load factor. We use historical hydrological
data to ensure that the site will have adequate water even dur-
ing drought years, and to design spillways capable of handling the
maximum probable flood.



Topography and Gross Head

@ Power generation is directly proportional to the gross head
(vertical fall of water) and discharge (P=n-p-g- Q- H).

@ ldeal topography features a narrow, steep-sided gorge or a
V-shaped valley.

@ A narrow gorge minimizes the required length and volume of
the dam structure, drastically reducing capital costs.

@ The upstream area should ideally widen out into a broad, flat
valley to provide maximum reservoir storage with minimum
dam height.

V-Shaped Valley U-Shaped Valley

Less dam More dam

material required material required
Power Plant Engineering July 24, 2026 407 / 632

2026-07-24

Power Plant Engineering
L_Lecture 3.29: Site Selection of Hydroelectric
Power Plant
I—Topography and Gross Head

The shape of the valley is crucial. We want a ‘bottleneck’ geog-
raphy: a narrow point to build the dam cheaply, opening up to a
wide area behind it to store massive amounts of water. The higher
the natural drop (head) we can utilize, the smaller the turbines and
water flow required for the same power output.
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Ge0|oglca| Foundation Reqwrements 3*}1 L_Lecture 3.29: Site Selection of Hydroelectric
ICT> Power Plant
@ The foundation rock must be capable of withstanding the § L_Geological Foundation Requirements
immense static and dynamic loads of the dam structure and «
the stored water.
@ Thorough geological surveys (core drilling, seismic tests) are A dam is incredibly heavy, and the water behind it pushes with
required to detect faults, fissures, or weak strata. immense hydrostatic force. If the rock underneath is fractured or
@ The rock bed should be impermeable to prevent massive weak, the dam could fail. Geologists map the sub-surface meticu-
seepage and water loss beneath the dam. lously before site approval.

@ Seismic activity history of the region must be evaluated; highly
active fault zones are generally avoided or require highly
expensive earthquake-resistant designs.

Drill Rig

\‘ Top Soil

A )
*s Weathered Rock
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Water Storage and Reservoir Area

3*}1 L_Lecture 3.29: Site Selection of Hydroelectric
ICT> Power Plant

@ Since river flow fluctuates seasonally, a large reservoir is § Water Storage and Reservoir Area
required to store water during high flows for use during low a
flows.

@ The reservoir basin should have high water retention The reservoir acts as a massive battery, storing potential energy.
capabilities (impermeable sides and bottom) to avoid excessive We need to ensure that the water actually stays in the reservoir—
seepage losses. meaning the surrounding ground shouldn’t act like a sponge. We

@ Evaporation rates in the region must be considered; large, also analyze the surface area to volume ratio to minimize evapora-
shallow reservoirs in arid climates suffer severe evaporation tion.
losses.

@ Topographical surveys establish the Elevation-Area-Capacity
curves for the proposed reservoir.

Elevation (m)

Max Level F----------
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Access to Site and Transportation

3*}1 L_Lecture 3.29: Site Selection of Hydroelectric
ICT> Power Plant
@ Hydroelectric sites are frequently located in remote, rugged, § L—Access to Site and Transportation
and mountainous terrains. 3
e Transporting heavy machinery (turbines, generators,
transformers) and massive quantities of construction materials You can have the best hydrological and geological site in the world,
(cement, steel) requires robust infrastructure. but if you can’t transport a 100-ton turbine runner or millions of
@ The feasibility and cost of laying new access roads or rail links bags of cement to the location, the project is dead in the water.
must be factored into the overall project cost. Building the access infrastructure often takes years before dam
@ Inaccessible sites can render a otherwise technically sound construction even begins.

project economically unviable.

Logistical Challenge

You can have the best hydrological and geological site in the world,
but if you can't transport a 100-ton turbine runner or millions of
bags of cement to the location, the project is dead in the water.
Building the access infrastructure often takes years before dam
construction even begins.
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Distance from Load Centers

3*}1 L_Lecture 3.29: Site Selection of Hydroelectric
ICT> Power Plant
@ ldeally, the power plant should be located close to the load 9 L bfeaiee G lLese Camamn
center to minimize transmission line costs and line losses (/2R &
losses).
@ However, good hydro sites are rarely near industrial or urban Hydro power is cheap to generate but often expensive to transmit
load centers. because of the remote locations of the plants. The economic anal-
e High Voltage AC (HVAC) or High Voltage DC (HVDC) ysis must balance the low operational costs against the high initial
transmission lines are required to transmit bulk power over capital required for long-distance transmission infrastructure.

long distances.

@ The cost of these transmission lines and the right-of-way
acquisition must be justified by the cheap generation cost of
the hydro plant.

Load Center
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Environmental and Social Considerations

Environmental and Social Considerations

@ Submergence of land: Large reservoirs drown forests,
agricultural lands, and wildlife habitats.

o Rehabilitation and Resettlement (R&R): Displacing local
communities is a major socio-political challenge and requires
massive compensation budgets.

2026-07-24

Modern engineering must respect environmental and social bound-
aries. The creation of a massive reservoir forever alters the local

o Impact on aquatic life: Dams obstruct fish migration routes; ecosystem and displaces communities. Dealing with these impacts

fish ladders or hatcheries may be required. fairly and sustainably is often the most complex part of a hydro

@ Environmental Impact Assessment (EIA) clearance is a project today.

mandatory and often lengthy legal hurdle.

Socio-Environmental Impact

The creation of a massive reservoir forever alters the local
ecosystem and displaces communities. Dealing with these impacts
fairly and sustainably is often the most complex part of a hydro
project today.

— =1 = — S Ne
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L_Sedimentation and Catchment Area

Sedimentation and Catchment Area

@ Rivers carry silt and sediment which gradually deposit in the
quiet waters of the reservoir, reducing its useful storage
capacity over time (silting).

2026-07-24

Sediment is the enemy of the reservoir. Over decades, silt builds
up behind the dam, eating into the water storage volume and po-
tentially damaging turbine blades. Evaluating the soil health and
erosion rates in the catchment area is vital for estimating the true

@ A catchment area heavily prone to soil erosion will
dramatically shorten the lifespan of the hydroelectric project.

o Catchment Area Treatment (CAT) plans, like afforestation and
check dams, are evaluated during site selection to mitigate

. . lifespan of the plant.
sediment inflow. : 2

o Sites with clear, fast-flowing water from rocky catchments are
preferred over muddy rivers.

Live Storage
(Usable Water)
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L_Site Selection Criteria Matrix

Site Selection Criteria Matrix

@ A structured matrix approach is used to compare alternative
sites.

o Weightages are assigned to different factors (Hydrology,
Topography, Geology, Social Impact, Cost).

2026-07-24

Engineers never look at just one site. They identify several poten-
tial locations along a river basin and evaluate them against each

@ Sites are scored based on extensive field surveys and feasibility sty weii @ wehelied mettke The sio dhet offs de bk -

reports. ance of safety, power potential, and economics wins.

Parameter Site A Site B Site C

Hydrology (Water Flow) | High (9) Med (6) Low (4)

Gross Head Low (4) High (8) Med (6)

Geological Stability Good (8) | Poor (3) | V. Good (9)

Access Easy (9) | Remote (2) Med (5)

Socio-Env. Impact High (-8) | Low (-3) Med (-5)

Overall Score 22 16 19
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?{I, L_Lecture 3.29: Site Selection of Hydroelectric
ICT> Power Plant

& Summary

o

N

@ Site selection balances technical feasibility, economic viability, To summarize, choosing a hydro plant site is a monumental task.

and environmental sustainability. It requires synthesizing decades of weather data, drilling deep into

the earth, mapping huge valleys, and navigating complex social

e Hydrology (wate_r availability) and Topography (head) dictate and environmental challenges.
the power capacity.

@ Geological stability ensures the safety of the massive civil
structures.

@ Accessibility, transmission distance, and socio-environmental
impacts heavily influence the final cost and project approval.
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Next Lecture Preview

Next Lecture Preview

2026-07-24

In our next lecture, we will see how the site characteristics we
Classification of Hydroelectric Power Plants discussed today actually dictate the type and design Of the hy-
o We will categorize plants based on head (low, medium, high), droelectric plant that gets built. We'll explore run-of-river plants

capacity, and plant type (run-of-river, storage, pumped
storage).

versus massive storage dams.

@ Understanding how site characteristics dictate the type of
plant constructed.
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ecture 4.30

2026-07-24

Welcome to Lecture 30. Today we begin Unit 4, transitioning from
conventional hydro and thermal plants to Nuclear Power Genera-

LECtU re 4- 30 tion. We will focus on the underlying physics that makes nuclear
power possible.

Fundamentals of Nuclear Science

Power Plant Engineering July 24, 2026 417 / 632
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3*}1 L Lecture 4.30: Fundamentals of Nuclear Science

N~

o

§ I—Agenda

N
Atomic Structure and Binding Energy Our agenda covers the core physics: mass defect and binding en-
Nuclear Fission Reactions ergy, followed by the two types of nuclear reactions, fission and

fusion. We will then delve into how chain reactions are maintained

°

°

@ Nuclear Fusion Reactions _ : .
and controlled, and finally examine the properties of the nuclear

°

Fission vs. Fusion: A Comparison .
fuels used in reactors.

Reactor Dynamics & Fuels

@ Chain Reaction Mechanisms
@ Multiplication Factor and Criticality
@ Types of Nuclear Fuels (Uranium, Plutonium, Thorium)

@ Characteristics of Effective Nuclear Fuels
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Atomic Structure and Binding Energy

Nucleus Composition & Mass
Defect

@ Nucleons: Protons (+) and
Neutrons (0).

L Atomic Structure and Binding Energy

2026-07-24

Understanding binding energy is crucial. The mass defect is con-
Binding Energy Curve verted into energy. The curve of binding energy per nucleon dic-

o E = Amc? Mass Number (A)

e BE/A: Measure of stability.
Fe-56 is most stable (~ 8.8

Power Plant Engineering July 24, 2026 419 /632
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e Mass Defect (Am): Z 10 : : tates why breaking heavy elements like Uranium (fission) or joining
Difference between sum of 3 sl | light ones like Hydrogen (fusion) releases massive amounts of en-
individual nucleon masses Z% % ergy.
and actual nucleus mass. 5 6| / Fission |
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Nuclear Fission Reaction

Definition

The splitting of a heavy, unstable nucleus into two lighter nuclei
(fission fragments), accompanied by the release of energy and

neutrons.

Power Plant Engineering
L Lecture 4.30: Fundamentals of Nuclear Science

LNuclear Fission Reaction

2026-07-24

Fission is the basis of all current commercial nuclear power. Note

Typical Reaction

the requirement for thermal neutrons for U-235, which necessitates
the use of a moderator in most reactors. The 200 MeV release per
atom is the reason nuclear energy has such high energy density.

235 4% n (thermal) =230 U* —1%1 Ba +°2 Kr + 3%n + Energy

o Energy Yield: ~ 200 MeV per
fission (2.5M x more than chemical
combustion of carbon).

@ Thermal Neutrons: Fission
effectively induced by ‘slow’
neutrons (~ 0.025 eV).

@ Fission Fra

ments: Highl

S
Power Plant Engineering

Fragment KE:
~ 167 MeV

Neutrons:
~ 5 MeV

Gamma/Beta:
~ 15 MeV

July 24, 2026
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Mechanics of Fission

Liquid Drop Model

@ A thermal neutron approaches a U-235 nucleus.

@ Neutron absorption forms the highly excited compound nucleus

U-236.

© The U-236 nucleus oscillates and deforms into a dumbbell shape.

© Coulombic repulsion overcomes the strong nuclear force.
© Release of 2-3 fast neutrons and immense kinetic energy.

: O
&)
o— @ @ —a» 8_’0

Step 1 Step 2 Step 3 Step 4

Power Plant Engineering

Step 5

Fission Fragments

& Fast Neutrons

July 24, 2026
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L—Mechanics of Fission

This visual walks through the liquid drop model. The critical point
is step 3 and 4, where the deformation becomes so severe that
the short-range strong nuclear force can no longer hold the nucleus
together against the long-range electrostatic repulsion of the pro-
tons.
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Nuclear Fusion Reaction

3*}1 L Lecture 4.30: Fundamentals of Nuclear Science
S
Definition § LNuclear Fusion Reaction
The process where two light atomic nuclei combine to form a
single, heavier nucleus, releasing massive amounts of energy. o , . ) i
Fusion is the 'holy grail’ of energy. It offers higher energy yield
o Typical Reaction (D-T): per unit mass than fission and uses abundant fuels (like deuterium
2H 43 H =4 He +1n+17.6 from seawater) without creating long-lived transuranic radioactive
MeV waste. However, sustaining the plasma state requires extreme en-
. . . i gineering.
@ Coulomb Barrier: Nuclei Deuterium
must overcome immense
electrostatic repulsion (tens
of millions of Kelvin). .

@

Neutron
Inertial). + 17.6 MeV

o Plasma State: Requires aﬂ
()

Confinement (Magnetic or

o Stellar Nucleosynthesis:

Powers the Sun and other
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Fission vs. Fusion: A Comparison

Parameter Nuclear Fission Nuclear Fusion

Process Splits heavy nuclei Joins light nuclei

Conditions Normal temperatures | Millions of degrees (ther-
(neutron induced) monuclear)

Energy Yield High (~ 200 MeV per fis- | 3-4x more energy per
sion) gram than fission

Fuel Abun- | Rare heavy metals (U, Th) | Virtually inexhaustible

dance (Deuterium)

Radioactive
Waste

Long-lived, highly radioac-
tive (actinides)

Primarily non-radioactive
Helium, short-lived activa-
tion

Commercial
Viability

Mature, widely deployed

Experimental R&D phase
(e.g., ITER)

Power Plant Engineering
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L Fission vs. Fusion: A Comparison

This table summarizes the trade-offs. While fission is commercially
viable today, it has waste management challenges. Fusion solves
the fuel and waste problems but presents extreme materials and
confinement engineering challenges that are yet to be fully solved
for net-positive power generation.



Chain Reaction Mechanism

Definition

A sequence of reactions where a reactive product or by-product causes
additional reactions to take place.

@ Fission Chain: Each U-235
fission produces ~ 2.5 fast
neutrons. If > 1 neutron induces
another fission, it's self-sustaining.

o Neutron Lifecycle: Fast neutrons
born — moderation — leakage /
parasitic capture — new fissions.

@ Critical Mass: Minimum amount
of fissile material needed.
Depends on geometry, density,
purity.

@ Control: Managed using control
rods (Boron, Cadmium) that

Power Plant Engineering July 24, 2026 424 /632
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L_Chain Reaction Mechanism

The chain reaction is what allows a reactor to operate continuously.
Because each fission releases more than one neutron, the popula-
tion of neutrons can grow rapidly. Controlling this population is
the fundamental task of reactor physics.
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Multiplication Factor and Criticality

?{I, L Lecture 4.30: Fundamentals of Nuclear Science
N~
o
Effective Multiplication Factor (kes) 8 LMultiplication Factor and Criticality
Kore = Neutron Production N
eff Neutron Absorption+Neutron Leakage
k_eff is the most important parameter in reactor operation. Main-
Subcritical (ks < 1) Supercritical taining exactly k=1 ensures steady state. We must also understand
€ H —
Critical (ke = 1) (kefr > 1) that without the tiny fraction (less than 1%) of delayed neutrons,

’E i \ |i N\ /_\ a reactor would be entirely uncontrollable.
Self-sustaining.

Steady power output.  Reaction accelerates.
Power increases.

Chain reaction dies.
Power decreases.

Prompt vs. Delayed Neutrons

Delayed neutrons (emitted seconds after fission) are crucial for making
reactors controllable; without them, supercritical excursions would
happen too fast.
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Types of Nuclear Fuels: Uranium 3:}1 L—Lecture 4.30: Fundamentals of Nuclear Science

o Fissile vs. Fertile: Fissile undergoes fission with thermal g LTypes of Nuclear Fuels: Uranium Lo s Y (51
neutrons (U-235). Fertile absorbs a neutron to become fissile «
(U-238 — Pu-239).

e Heavy Water Reactors (PHWRs): E.g., CANDU use Uranium is the foundational fuel. Distinguishing between fissile U-
natural uranium; heavy water minimizes parasitic neutron 235 and fertile U-238 is critical. Because natural uranium is mostly
capture. U-238, we usually have to enrich it, a complex and energy-intensive

@ Form: Processed into UO, ceramic pellets, loaded into process involving centrifuges.

Zircaloy cladding.

Natural Uranium Low Enriched Uranium (LEU)
99.3% U-238 (Fertile) 05-97% U-238
0.7% U-235 (Fissile) 3:5% U-235
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Nuclear Fuels: Plutonium and

Plutonium-239 (Pu-239

o Fissile isotope artificially produced
when U-238 absorbs a neutron.

@ Extracted via reprocessing, mixed
with UO5 to form Mixed Oxide
(MOX) fuel.

Thorium-232 (Th-232)

o Naturally occurring fertile material,
more abundant than Uranium.

@ Thorium Fuel Cycle: Breeds U-233
(excellent fissile isotope).

@ Advantages: Higher abundance,
superior ThO, properties, fewer
transuranic actinides, proliferation

resistant.

~- o
Power Plant Engineering

U-238
(Fertile)

Th-232

(Fertile)

+n
[~ decays|

July 24, 2026

Pu-239
(Fissile)

U-233
(Fissile)
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LNuclear Fuels: Plutonium and Thorium

Plutonium is generated in all current reactors and contributes to
power output. Thorium represents the future, especially for coun-
tries like India with vast Thorium reserves but limited Uranium.
The Thorium cycle is the basis of India’s three-stage nuclear power

program.



Characteristics of Effective Nuclear Fuels

High Fissile Content: To achieve
and maintain criticality.
Dimensional Stability: Must not

swell or warp under radiation and Fuel Pellet
thermal cycling. (Max Temp)
High Thermal Conductivity: \
Effectively transfer fission heat to \ G
ap

cladding and coolant. .
High Melting Point: Large safety Cladding
margin against core meltdown (UO, Coofant
melts at ~ 2865°C).
Chemical Compatibility: Must not
react aggressively with cladding
(Zircaloy) or coolant.
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L_Characteristics of Effective Nuclear Fuels

A good nuclear fuel isn't just about the atomic physics; it's heavily
about materials science. The fuel must survive an incredibly harsh
environment of high temperatures and intense neutron bombard-
ment for several years without failing.
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Summary 3:}1 L—Lecture 4.30: Fundamentals of Nuclear Science

@ Nuclear energy is derived from the mass defect governed by § L-Summary
E = mc2. &

e Fission: Splits heavy nuclei (U-235) with thermal neutrons,
releasing ~ 200 MeV and 2.5 fast neutrons. To summarize, we've explored the fundamental physics of the atom

@ Fusion: Combines light nuclei (D-T) at extreme temperatures, that permit nuclear power. The distinction between fissile and
offering high energy yield but requiring advanced plasma fertile materials, and the mechanics of the chain reaction, form the
confinement. foundation for understanding how nuclear reactors operate.

@ A sustained fission chain reaction requires a critical state
(kefr = 1), carefully managed by balancing neutron production
and loss.

@ Nuclear fuels require high thermal stability, conductivity, and
radiation resistance.

Key Concepts

Formula | E = mc? (Energy), ket (Multiplication Factor)
Fissile Fissions with thermal neutrons (e.g., U-235, Pu-239)

= o n-
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Preview of Next Lecture

Next Lecture: Nuclear Reactor Components and Classification

© Anatomy of a Nuclear Reactor: Core, Moderator, Control
Rods, Coolant, and Shielding.

@ Function and properties of different Moderators (Light Water,

Heavy Water, Graphite).

© Classification of Reactors: Thermal vs. Fast Breeder Reactors.

@ Introduction to Light Water Reactors (PWR and BWR).

Control Rods

Power Plant Engineering July 24, 2026
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L Preview of Next Lecture

i
In the next lecture, we will take these fundamental physics concepts
and apply them to engineering hardware. We'll look at the specific

components that make up a reactor core and how different choices
in moderator and coolant lead to different reactor designs.
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Welcome students to Unit 4. Today we begin our deep dive into

L 4 3 1 nuclear power generation by exploring the foundational science that
ECtU re . makes it possible.

Fundamentals of Nuclear Science
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Lecture Agenda

<:\,l L Lecture 4.31: Fundamentals of Nuclear Science

o

g L Lecture Agenda

N

We will cover the physics of fission and fusion, detail how a chain

@ 1. Atomic Structure and Binding Energy reaction is controlled, and discuss the fuels that power these mas-
@ 2. Principles of Nuclear Fission sive reactions.
@ 3. Principles of Nuclear Fusion
@ 4. The Chain Reaction Mechanism and Criticality
@ 5. Nuclear Fuels: Properties and Categorization
@ 6. Fuel Enrichment and Fabrication
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Atomic Structure & Mass Defect

<:\,l L_Lecture 4.31: Fundamentals of Nuclear Science
<
@ Atomic Nucleus: § L Atomic Structure & Mass Defect
Composed of nucleons Eg/A o
(protons and neutrons) Fe-56

bound by the strong nuclear The curve of binding energy is crucial. Elements lighter than iron

force, overcoming
electrostatic repulsion.

e Mass Defect (Am): The
difference between mass of Fusion Fission
an isotope and its mass
number. A

release energy through fusion, while heavier elements release energy
through fission, driving toward the maximum stability at iron.

o Einstein’s Mass-Energy
Equivalence: E = Amc?.
Missing mass becomes
binding energy.

e Binding Energy: Iron-56 is

the most stable isotope
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Nuclear Fission: The Mechanism <:\,l L Lecture 4.31: Fundamentals of Nuclear Science
o
e Definition: The splitting of a heavy, unstable nucleus (e.g., g L_Nuclear Fission: The Mechanism
U-235) into two lighter nuclei, releasing energy and neutrons. &
o Neutron Capture: A slow (thermal) neutron creates a highly
unstable U-236 nucleus. Emphasize that the kinetic energy of the heavy fission fragments
o Liquid Drop Model: Absorbed neutron induces oscillations — is what ultimately converts to heat in the fuel rods, which is then
deformation — scission. transferred to the coolant.

@ Energy Release: ~200 MeV per fission event, primarily as kinetic
energy of fragments.

FF1

n
® U H‘H @ - o

FF2
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Mechanism

Nuclear Fusion:

@ Definition: Combination of two light atomic nuclei into a heavier
nucleus, releasing massive energy due to mass defect.

@ Coulomb Barrier: Nuclei must overcome massive electrostatic
repulsion. Requires > 100 million K (thermonuclear fusion).

o D-T Reaction: ?H + 3H — *He + n + 17.6 MeV.

o Energy Density: Releases ~3—4 times more energy per nucleon
than fission.

/He—4 (3.5 MeV)

D Fusion

T
T
n(14.1 MeV)
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LNuclear Fusion: The Mechanism

While fusion is the holy grail of clean energy, sustaining the re-
quired plasma conditions (temperature, density, and confinement
time—the Lawson Criterion) remains a profound engineering chal-
lenge.



Fission vs. Fusion: A Comparative Analysis

products;
posal

geological dis-

Aspect Nuclear Fission Nuclear Fusion

Fuel Heavy elements (U, Pu); | Hydrogen isotopes (D
complex mining & enrich- T); abundant in seawa
ment ter/Lithium

Byproducts Highly radioactive fission | Stable Helium; primaril

structural material activa
tion

Safety Profile

Needs active cooling to
prevent meltdowns (decay
heat)

No runaway reaction; los:
of confinement quenche:
plasma

Commercial
Viability

Mature technology provid-
ing ~10% global electric-

ity

Experimental (e-g.
ITER); not yet commer
cially viable

Power Plant Engineering
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LFission vs. Fusion: A Comparative Analysis

This comparison highlights why current power plant engineering
focuses almost entirely on fission, despite the long-term potential

of fusion.




The Chain

Power Plant Engineering

The Chain Reaction Mechanism

3*}1 L Lecture 4.31: Fundamentals of Nuclear Science
N~
o
o Prompt Neutrons: U-235 fission produces ~2.43 fast neutrons § LThe Chalin Reactiion Medhamismn
per event. (S
o Neutron Moderation: Fast neutrons (~2 MeV) have a low
probability of causing fission. Moderators slow them to thermal If all neutrons were prompt, power levels would change on microsec-
energies (~0.025 eV). ond timescales, making reactors uncontrollable. Delayed neutrons
e Multiplication Factor (.k): k = %m - provide the necessary buffer time for mechanical control systems
@ Delayed Neutrons: Emitted seconds to minutes after the fission to act.

event. Crucial for controllability.

Fast N X .
xR . G Moderation Thermalization
Birth

A

Y

Subsequent , Absorgtion /

Fission N Leakage
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Reactor Criticality States

@ Subcritical (k < 1): More neutrons are lost than produced. LReactor Criticality States
Reaction dies out.

@ Critical (k = 1): Neutron production balances losses. Constant

2026-07-24

Operating a reactor involves carefully balancing k at exactly 1.000

rate.
@ Supercritical (k > 1): More produced than lost. Reaction for steady power, and slightly above 1 for controlled power in-
accelerates. creases.
e Reactivity (p): p = (k — 1)/k. Controlled via control rods
(Boron, Cd).
Subcritical (k < 1) Critical (k =1) Supercritical (k > 1)
Lost Lost
Lost Lost
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Introduction to Nuclear Fuels

3:}1 LLecture 4.31: Fundamentals of Nuclear Science
o
o Fissile vs. Fertile: Fissile (U-235) undergoes fission by thermal g L rmreducien e Nudesr Euds
neutrons. Fertile (U-238) captures a neutron to become fissile. N
e Natural Uranium: ~99.3% U-238 and ~0.7% U-235.
e Enriched Uranium: U-235 increased to 3-5% (LEU) for Light U-238 is the predominant isotope, but U-235 does the heavy lifting
Water Reactors. in most commercial reactors. We'll discuss how U-238 becomes
e Mixed Oxide (MOX): Blend of depleted U oxides and Pu oxides. useful in breeder reactors later.

U-235 (0.7%) U-235 (5%)

U-238 (99.3%)

Natural Uranium Low Enriched Uranium (LEU)
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Characteristics of Ideal Nuclear Fuels

3:}1 L Lecture 4.31: Fundamentals of Nuclear Science
o
o High Melting Point: UO, melts at ~2865°C, huge safety margin Q L_Characteristics of Ideal Nuclear Fuels
over metallic U (~1132°C). &
o Dimensional Stability: UO, resists swelling and distortion under
severe radiation and thermal cycling. Metallic uranium was used in early reactors, but modern power
o Chemical Compatibility: UO; is relatively inert in water. reactors almost exclusively use ceramic Uranium Dioxide due to
o Fission Gas Retention: Ceramic matrix effectively traps gases these superior physical and chemical properties.

like Xenon and Krypton.

Helium Gap
(Heat Transfe

Zircaloy
&Cladding

r

UQ% Pellet
ey

Ggadient
Trapped Xe/|

Power Plant Engineering July 24, 2026 440 /632



Power Plant Engineering

Nuclear Fuel Cycle: Fabrication

3*}1 L Lecture 4.31: Fundamentals of Nuclear Science
N~
o
e Mining and Milling: Ore processed into yellowcake (U3Og). & L—Nuclear Fuel Cycle: Fabrication
. . . . o
e Conversion & Enrichment: Yellowcake — Uranium Hexafluoride &
(UFe) gas — Centrifuge enrichment.
o Pelletizing: Enriched UFg — UO, powder — pressed into pellets The manufacturing of nuclear fuel is a highly precise metallurgical
and sintered. and chemical process. The Zircaloy cladding is particularly impor-
@ Fuel Assembly: Pellets loaded into Zircaloy tubes, sealed, and tant as it has a very low absorption cross-section for neutrons.

bundled.

Mining & Milling Comvzelon & Pelletizing Fuel Ass
Enrichment .
(Us0g) (UFé) (UO2) (Zircaloy
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Summary

Key Takeaways

@ Nuclear energy relies on the conversion of mass defect into
kinetic energy (E = mc?).

e Fission involves splitting heavy nuclei (U-235), while fusion
combines light nuclei (D-T). Fission is the basis of current
commercial power.

@ A self-sustaining chain reaction requires moderation of fast
neutrons to thermal energies and a careful balance of the
multiplication factor (k = 1).

@ Uranium Dioxide (UO>) is the standard fuel due to its high
melting point, structural stability under irradiation, and
chemical compatibility.
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I—Summary

To summarize, the physics of the nucleus provides a million times
more energy density than chemical bonds. Harnessing this requires
precise control of neutron populations and robust materials like
uo2.
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Next Lecture Preview

<:\,l L Lecture 4.31: Fundamentals of Nuclear Science
o
@ Next Topic: Nuclear Reactor Components and Coolant Systems. § L_Next Lecture Preview
@ We will explore the physical architecture of a nuclear power plant. &
o Key components: Reactor Pressure Vessel, Control Rods,
Moderators, and Coolants. In the next lecture, we transition from nuclear physics to thermal-
@ Understanding how heat is safely extracted from the core to hydraulic engineering, looking at the actual machines built to house
generate steam. these reactions.

Hot Wate, Steam
Reactor St
(Primary) Generator (072
Cold Wate Water
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Welcome to lecture 32. Today we transition from the fundamental

L 4 32 physics of nuclear fission into the practical engineering of nuclear

ECtu re . reactors by exploring their major mechanical and structural com-
ponents.

Nuclear Reactor Systems: Major Components
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?{I, L_Lecture 4.32: Nuclear Reactor Systems: Major

5 Components

8 L

S Agenda

N
Overview of Reactor Core Architecture Our agenda covers all critical subsystems of a reactor. We'll exam-
Nuclear Fuel and Cladding ine the core components that generate and control heat, followed

by the systems that extract that heat and ensure operational safety.
Neutron Moderators y y P y.

Control Rods and Reactivity Control
Coolant Systems

Reactor Pressure Vessel (RPV)
Biological and Thermal Shielding

Containment Structures
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Introduction to React 3*}1 L Lecture 4.32: Nuclear Reactor Systems: Major
ICT> Components
= L . .
§ Introduction to Reactor Architecture
Primary Objective
Continuous, stable power generation with multiple redundant safety Think of the reactor as the heat source of the power plant, replacing
margins while safely extracting thermal energy. the boiler in a conventional coal plant. Its architecture is strictly

dictated by neutron economy, thermal-hydraulics, and radiation
@ A nuclear reactor initiates, sustains, and controls a nuclear safety.
chain reaction.
@ Core components reside within the Reactor Pressure Vessel
(RPV): fuel assemblies, control elements, structural supports,
and moderator/coolant.
@ The balance of plant (BOP) systems interface with the reactor
to convert extracted thermal energy into electrical power via
steam turbines.
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Nuclear Fuel & Enrichment

Power Plant Engineering

3*}1 L_Lecture 4.32: Nuclear Reactor Systems: Major
L. i . . 5 Components

Flssﬂe.MaterlaI: Typically Uramum-23.5 (U—235). or § L_Nuclear Fuel & Enrichment

Plutonium-239 (Pu-239). Natural uranium contains ~0.7% « = ﬁ
U-235. o-f-
Enrichment: Most light water reactors (LWRs) require The ceramic UO2 pellets have a high melting point and retain fis-
low-enriched uranium (LEU) at 3-5% U-235. sion products well. The geometric arrangement in bundles ensures
Form Factor: Uranium dioxide (UO3) powder is compressed adequate coolant flow around every rod for critical heat removal.

and sintered into cylindrical ceramic pellets.

Fuel Rods: Pellets are stacked inside thin metallic tubes
(cladding).

Fuel Assemblies: Rods are bundled into matrices (e.g., 17x17
arrays in PWRs) using spacer grids and structural nozzles to
form a fuel assembly.

10010
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Fuel Cladding Materials
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Fuel Cladding Materials

3*}1 L_Lecture 4.32: Nuclear Reactor Systems: Major

5 Components

= L . .

§ Fuel Cladding Materials
Function & Key Properties
Prevents radioactive fission products from Contaminating the Zirconium is ideal because it doesn't absorb the neutrons needed
primary coolant while allowing efficient heat transfer. Requires low to sustain the chain reaction. However, at extreme temperatures
neutron absorption cross-section, high high-temperature mechanical (above 1200 C) like in severe accidents, it can react with steam to

strength, and excellent corrosion resistance. produce hydrogen gas, which is a major safety consideration.

@ Zircaloy: Zirconium alloys (Zircaloy-2 or Zircaloy-4) are the
industry standard for LWRs due to their transparency to
thermal neutrons.

o Alternative Claddings: Stainless steel is used in fast reactors
where neutron economy allows it, and silicon carbide is being
researched for accident-tolerant fuels (ATF).
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Neutron Moderators

3*}1 L_Lecture 4.32: Nuclear Reactor Systems: Major
5 Components
8 L
§ Neutron Moderators
e Purpose: Fast neutrons (born at ~2 MeV) must be slowed
down to thermal energies (~0.025 eV) to increase the The choice of moderator dictates the entire reactor design. An
probability of inducing U-235 fission. LWR uses light water as both coolant and moderator, whereas a

CANDU uses heavy water. Graphite was used in the RBMK and
early gas-cooled reactors.

@ Mechanism: Neutrons lose kinetic energy through elastic
collisions with light nuclei.

Common Moderators

o Light Water (H20): Excellent moderating ratio but absorbs
some neutrons, requiring enriched uranium.

o Heavy Water (D,0) & Graphite: Very low neutron
absorption, allowing the use of natural, unenriched uranium.
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L_Control Rods and Reactivity

Control Rods and Reactivity

2026-07-24

@ Function: Regulate the reactor’s thermal power output,

maintain steady-state operation, and shut down the reactor
(SCRAM). Control rods are the brakes and accelerator of the reactor. In an

emergency, all rods drop instantly into the core, a process known

o Materials: Must have very high thermal neutron absorption
cross-sections. Common materials include Boron (B4C),
Cadmium, Hafnium, and Silver-Indium-Cadmium (Ag-In-Cd)
alloys.

as SCRAM, halting the chain reaction in seconds.

© Mechanism: Inserted into the core to absorb neutrons and
decrease the multiplication factor (k). Withdrawn to increase
reactivity.

@ Drive Mechanisms: Control Rod Drive Mechanisms
(CRDMs) use magnetic jacks or fine motion motors. In PWRs,
rods drop by gravity during a loss of power (fail-safe design).
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5 Components
8 L
C% Reactor Coolant Systems
Removes the intense heat generated by nuclear fission in the core -
and transfers it to the power generation cycle. o )
Coolant flow must be maintained under all circumstances. Loss of
@ PWR Primary Coolant: Light water kept under extreme Coolant Accidents (LOCA) are the primary design basis accident
pressure (~15.5 MPa) to prevent boiling at operating for modern reactors, which is why emergency core cooling systems
temperatures of ~315°C. are mandatory.

o BWR Primary Coolant: Light water allowed to boil directly
within the reactor core at lower pressures (~7 MPa).

e Alternative Coolants: Liquid metals (Sodium or Lead) for
fast reactors due to superior heat transfer, and Helium/CO5
gas for HTGRs.

Reactor Core | Hot Coolant [Heat Exchanger /
(Heat Source) Steam Generator

Cold Coolant

D
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Reactor Pressure Vessel (RPV)

@ Structure: A massive, thick-walled cylindrical steel vessel that
houses the reactor core, internal support structures, and
directs primary coolant flow.

o Material: Constructed from low-alloy carbon steel forgings or
welded plates (e.g., SA-508) to withstand extreme pressures.

@ Cladding: The interior surface is clad with a thin layer of
austenitic stainless steel to prevent corrosion from the primary
coolant.

Neutron Embrittlement

The steel structure undergoes continuous fast neutron
bombardment, which gradually reduces its fracture toughness over
its operational lifetime.
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Components

L—Reactor Pressure Vessel (RPV)

The RPV is the single most critical component that cannot realis-
tically be replaced. Its lifespan dictates the lifespan of the entire
nuclear plant. Surveillance specimens are kept inside the vessel and
periodically tested to monitor embrittlement.
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L-Steam Generators (in PWRs)

Steam Generators (in PWRs)

2026-07-24

@ Function: Act as immense heat exchangers that transfer
thermal energy from the radioactive primary coolant to the
non-radioactive secondary coolant.

Steam generators are colossal components, often over 20 meters
tall. The integrity of the U-tubes is vital; tube ruptures can cause

a primary-to-secondary leak, bypassing containment.
o Design: Typically Vertical U-tube heat exchangers. Primary

coolant flows inside thousands of small inverted U-tubes.

@ Secondary Side: Feedwater enters the shell side, boils upon
contact with the hot U-tubes, passes through moisture
separators, and exits as dry saturated steam to the turbine.

o Barrier: Provides a physical barrier preventing radioactive
fission products from entering the turbine building.
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Shielding: Biological and Thermal

3*}1 L_Lecture 4.32: Nuclear Reactor Systems: Major
- . . 'CT> Components
e Thermal Shlgldmg: Metallic barr.lers placed between the core § L Shielding: Biological and Thermal
and the RPV inner wall. Reduces intense gamma and neutron «
flux to minimize heating and embrittlement. (@)
o Biological Shielding: Massive outer shielding designed to Radiation attenuation requires mass. The biological shield is often
protect plant personnel and the environment from radiation. a meter or more of specially formulated concrete, ensuring that
e Composition: Consists of high-density concrete (often background radiation levels in the reactor building remain within
containing steel punchings, barytes, or lead) several meters occupational safety limits.

thick surrounding the RPV.

o Attenuation: Heavy elements attenuate gamma rays, while
the water content in the concrete moderates and captures
escaping neutrons.

Core Barrel

Thermal Shield
ﬂ 4 RPV Wall
@ !2 A Riclagi
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Containment Structures

3*}1 L_Lecture 4.32: Nuclear Reactor Systems: Major
5 Components
o Purpose: Ultimate physical § L_Containment Structures
barrier to contain radioactive oY
material and high-pressure
steam in severe accidents The iconic dome-shaped buildings at nuclear sites are the contain-
(e.g., LOCA). ment structures. They are robust enough to withstand internal

o Primary Containment: Steel pressurization from steam flashing, as well as external impacts like

drywell or reinforced concrete Conerete Steel Liner
vessel enclosing the RPV and ~ contsinment / (Primary)
primary loop.

@ Secondary Containment:
Outer reactor building
structure, kept at slight
negative pressure with HEPA
filtration. Foundation Mat

@ Design Pressure: Withstands
sudden expansion of flashing
steam if entire primary coolant

aircraft crashes or extreme weather.
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Summary N L_Lecture 4.32: Nuclear Reactor Systems: Major
N~
. . S Components
@ A nuclear reactor relies on distinct subsystems to manage the © L
fission process and extract heat safely. < Summary
o Fuel assemblies provide the fissile material; cladding ensures
integrity.
© Moderators slow neutrons to thermal velocities; control rods To summarize, reactor design is an exercise in complex multidisci-

manipulate the neutron population.
@ The primary coolant transports heat to the balance-of-plant,
either directly or via steam generators. pellet to the massive concrete containment dome, works in tandem

The RPV, structural shielding, and tai t buildi id
O e T STURITE ShiECINg, and contaiment buridings provice to ensure stable power output and absolute safety.
defense-in-depth safety layers.

Moderator

plinary engineering. Every component, from the microscopic fuel

Control
Rods

Fuel &
Cladding

L

Reactor
Core

Shielding &
Containment
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Next Lecture Preview

?{I, L Lecture 4.32: Nuclear Reactor Systems: Major
. S 5 Components

° Toplc.: CIaSS|f|cat|9n of Nuclear Reactors. . . § L Next Lecture Preview

@ We will compare different reactor types based on their choice &
of coolant and moderator.

o Key focus on Pressurized Water Reactors (PWR), Boiling Next time, we'll take these components and see how different coun-
Water Reactors (BWR), and Pressurized Heavy Water tries and manufacturers arrange them. We'll dive deep into the
Reactors (PHWR/CANDU). specific operational differences between PWRs, BWRs, and heavy

@ We will examine the thermodynamic cycles specific to each water designs.

reactor architecture.

BWR Loop

PWR Loop

Reactor
(Boiling)

Direct Steam
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Welcome back. Today we transition from the theoretical physics

Lectu re 4 . 33 of nuclear fission to the engineering reality of commercial nuclear

power reactors, focusing on the four most prominent global designs.

Types of Nuclear Reactors: Construction and
Operation
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I—Agenda
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@ Overview of Commercial
Reactor Classification

Classification

!

PWR & BWR

We will cover the structural and operational mechanisms of the

@ Pressurized Water Reactor
(PWR): Dual-loop system

four primary reactor types, followed by a comparative analysis of

N their technical merits and challenges.
@ Boiling Water Reactor

[ )
[ )

(BWR): Single-loop system
o CANDU Reactor: Heavy [ canou )
[ )
[ )

water and natural uranium

o Fast Breeder Reactor (FBR):
Plutonium breeding and
liquid metal cooling

@ Comparative Analysis of CopEEe

Reactor Technologies
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Commercial Reactor Classification Parameters

3*}1 L Lecture 4.33: Types of Nuclear Reactors: Con-
N~ - -
N E - I y I (S struction and Operation
o Neutron Energy: t i tors t o . e -
Y 8y ermal reactors (require moderators to slow S L—Commercial Reactor Classification
down neutrons) vs. Fast reactors (no moderator, rely on fast & P
neutrons ; 1 MeV). SIEIEEE
e Coolant Type: Light water (H20), heavy water (D20), gas . o . .
h lassified hel h
(CO», Helium), or liquid metal (Sodium, Lead-Bismuth). Underétandmg o.w reactor.s are ¢ é-lS'SI ied helps in comprehending
e Moderator Type: Light water, heavy water, or graphite. why different designs require specific components. For example,
o Fuel Enrichment: Natural Uranium (0.7% U-235), Low-Enriched using natural uranium necessitates a highly efficient moderator like
Uranium (3-5% U-235), or Mixed Oxide (MOX). heavy water.

o Phase of Coolant: Single-phase liquid (PWR, liquid metal) or
two-phase boiling (BWR).

{Reactors by Coola nt}

Light Water iy Liguid
Water Metal

(_pwr ([ BWR ] ( canDU ) FBR
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Pressurized Water Reactor (PWR): Construction

o Primary Circuit: Reactor vessel,
primary coolant pumps,
pressurizer, and the tube side of
the steam generator.

@ Pressurizer: Maintains primary
coolant (light water) at
approximately 15.5 MPa (155 bar)
to prevent bulk boiling at
operating temperatures (~315°C).

o Steam Generator (U-Tube or

Pressurizer

Once-Through): A massive heat of|Leg
exchanger where heat is
3 Reactor Steam
transferred from the primary to Vessel Gen.
the secondary loop. =
o Reactor Vessel: Thick steel Pump

pressure vessel containing
enriched uranium (3-5% U-235)

Power Plant Engineering July 24, 2026
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struction and Operation

L Pressurized Water Reactor (PWR):
Construction

The defining feature of the PWR is its dual-loop design. The
pressurizer is critical; by maintaining high pressure, it ensures the
primary coolant remains liquid even at over 300 degrees Celsius.
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Pressurized Water Reactor (PWR) Operat|on & & L Lecture 4.33: Types of Nuclear Reactors: Con-
Control S struction and Operation
§ L Pressurized Water Reactor (PWR):
o Reactivity Control: Achieved via solid control rods (Ag-In-Cd o Operation & Control
or B4C) and chemical shim (boric acid dissolved in the primary ; o ; )
coolant). The separation of the radioactive primary loop from the turbine

o Negative Temperature Coefficient: As water temperature makes maintenance on the power generation side much easier. The

increases, density decreases, reducing moderation and
inherently lowering reactor power (self-regulating).

o Advantages: Radioactive primary coolant is isolated from the
turbine; highly stable operation.

o Disadvantages: Requires expensive high-pressure vessels,
complex steam generators, and must be shut down for

use of boric acid allows for fine control of reactivity over the fuel
cycle.

refueling.

Reactivity (Ak/k)
k

Coolant Temperature (°C)
epative Reactivity
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L Lecture 4.33: Types of Nuclear Reactors: Con-
struction and Operation

o Direct Cycle System: Only one |—Boi|ing Water Reactor (BWR):
coolant loop. Light water acts as Carsmuaien

both coolant and moderator.
@ Reactor Pressure Vessel Unlike the PWR, the BWR boils water directly in the core. This

(RPV): Operates at a lower eliminates the need for steam generators and a pressurizer, simpli-
pressure than a PWR (~7.5 MPa) fying the plumbing but complicating the turbine side.

allowing water to boil in the core
at ~285°C.

@ Internal Moisture Separators
and Steam Dryers: Located in
the upper portion of the RPV to Core
ensure steam entering the turbine ¢ ’ (onder-
is at least 99.9% quality. eedwate] Ser

@ Control Rod Drive: Inserted
from the BOTTOM of the Control Rod
reactor vessel, as the top is Drives (Bottom)
occupied by steam separation

Boiling Water Reactor (BWR): Construction

2026-07-24

Steam

L Jurbing
beparator:
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Boiling Water Reactor (BWR): Operation &

Characteristics

o Void Coefficient: Formation of steam bubbles (voids) reduces
water density, decreasing moderation. This provides a strong
negative void coefficient for safety.

@ Flow Control: Reactor power can be varied from 70% to
100% simply by changing the recirculation pump speed
(altering void fraction).

o Radiation in Turbine Building: Steam sent to the turbine is
slightly radioactive (N-16 isotope, half-life 7 seconds),
requiring shielding of the turbine during operation.

@ Thermodynamic Efficiency: Marginally higher than PWRs
due to the elimination of the heat exchanger temperature drop.

Thermal Power.

More power
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LBoiling Water Reactor (BWR): Operation
& Characteristics

A unique operational feature of the BWR is using the recirculation
pumps to control power. By increasing flow, steam bubbles are
swept away faster, increasing moderation and power without mov-
ing control rods.
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o CANDU: CANada Deuterium § L_CANDU Reactor: Core Construction
Uranium. Utilizes Heavy N
Water (D20) as both -
moderator and primary The CANDU abandons the single large pressure vessel for hundreds
coolant. of smaller pressure tubes. Heavy water is an incredibly efficient
o Calandria: A large, moderator, absorbing far fewer neutrons than light water, which is
low-pressure cylindrical tank why it can use un-enriched natural uranium.
containing the heavy water
moderator.
o Pressure Tubes: Hundreds of Calandria

(Low Pressure D,0)

horizontal Zirconium alloy
pressure tubes pass through
the calandria. These contain
the fuel and high-pressure,
high-temperature D>,O
coolant.

@ Fuel: Natural uranium dioxide

Horizontal
Pressure Tubes
(High Pressure)
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CANDU Reactor: Operational Features

3*}1 L Lecture 4.33: Types of Nuclear Reactors: Con-
N~ . -
On-Load Refueli Euel bundi be i 4 and (S struction and Operation
@ On-Load Refueling: Fuel bundles can be inserted an 9 .
. g ru . . . ! e S L_CANDU Reactor: Operational Features
removed while the reactor is operating at full power, utilizing &
robotic fueling machines at both ends of the calandria.
o High Neutron Economy: Zirconium pressure tubes and On-load refueling is a massive advantage for capacity factor. The
heavy water ensure minimal parasitic neutron absorption. reactor doesn't need to shut down for a month every 18 months
o Safety Systems: Two independent, fast-acting shutdown like light water reactors do.

systems (solid shutoff rods and liquid poison injection into the
unpressurized moderator).

o Economic Trade-offs: Savings on fuel enrichment are
partially offset by the high capital cost and leakage control
requirements of heavy water (D,0).

New Fuel Spent Fuel
_.-~"" Insertion .--7" Removal

[Faa] [ [ 1 [ 0 ]

Horizontal Pressure Tube
with Fuel Bundles
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Fast Breeder Reactor (FBR): Principle of Breeding

@ Breeding Ratio: The ratio of fissile material produced to
fissile material consumed. FBRs have a breeding ratio ; 1.0.

o Neutron Spectrum: Operates on fast neutrons (no
moderator). Fast neutrons are required to efficiently fission
Pu-239 and maximize the number of neutrons produced per
fission.

2026-07-24

Power Plant Engineering
L Lecture 4.33: Types of Nuclear Reactors: Con-
struction and Operation
L—Fast Breeder Reactor (FBR): Principle of
Breeding

The ’breeder’ concept is essentially creating more fuel than is
burned. Because we need fast neutrons to do this efficiently, we
cannot use water as a coolant, because water moderates (slows

o Fertile to Fissile Conversion: U-238 absorbs a fast neutron down) neutrons.

to become U-239, which beta decays into Np-239 and then
Pu-239 (fissile).

o Fuel Utilization: Can theoretically extract 60-70 times more
energy from raw uranium compared to thermal reactors by
utilizing the abundant U-238.

Breeding Reaction

238 1 239y B~ (23.5min) 539 B~ (2.36 days) 539
o U+on —gU > 93 Np oy
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Liquid Metal Fast Breeder Reactor (LMFBR)

@ Coolant: Liquid Sodium (Na). Excellent heat transfer properties,
high boiling point (883°C), and very low neutron absorption
cross-section.

@ Three-Loop System: Primary sodium loop (radioactive),
Intermediate secondary sodium loop (non-radioactive), and
Tertiary water/steam loop.

o Intermediate Loop Purpose: Prevents highly radioactive
primary sodium from reacting explosively with water in the steam
generator in case of a leak.

@ Core Configuration: A central core of highly enriched fissile
material (Pu-239/U-235) surrounded by a 'blanket’ of fertile
U-238 to capture escaping neutrons and breed Pu-239.

Hot Na Steam
Reactor Core Intermediate Steam .
. Turbine
(Primary Na) Heat Exchanger Generator
PPN
Cold Na Water
Power Plant Engineering July 24, 2026
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|—Liquid Metal Fast Breeder Reactor
(LMFBR)

Liquid sodium is the standard coolant for FBRs. However, sodium
reacts violently with water. Therefore, an intermediate sodium
loop is strictly required so that if a steam generator tube ruptures,
radioactive primary sodium is not involved in the chemical reaction.
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Technical Comparison of Reactor Types
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§ L Technical Comparison of Reactor Types
Reactor | Fuel & | Key Advantages Key Disa
Coolant/Mod. tages : o L .
Each reactor design represents a specific engineering compromise
PWR LEU (3-5%) High stability, un- | High pressur between neutron economy, thermodynamic efficiency, capital cost,
Light Water shielded turbine sel <-:ost, offli and operational complexity.
fueling
BWR LEU (3-5%) Lower capital cost (no | Shielded t
Light Water steam generator) required, co
hydrodynami
CANDU | Natural U On-load refueling, no | Expensive
Heavy Water enrichment needed complex pr
tubes
FBR MOX / Pu Tremendous fuel uti- | Complex s
Liquid Sodium (Na) | lization (breeds fuel) | tech, prolife
concerns
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?{I, L Lecture 4.33: Types of Nuclear Reactors: Con-
N~ . . "
(S struction and Operation :
O I "
@ PWRs utilize a dual-loop system with a pressurizer to keep § I—Summary E-e-@ @
light water liquid at high temperatures.
@ BWRs use a direct cycle where steam is generated directly in To summarize, the choice of reactor technology drastically alters
the reactor core. the plant’s thermal hydraulics, fueling strategy, and safety systems.

@ CANDU reactors utilize pressure tubes, heavy water
moderator, and natural uranium, allowing for on-load refueling.

@ FBRs operate with fast neutrons and liquid metal coolant to
breed more fissile plutonium than they consume, maximizing
uranium resource utilization.

BWR
(Boiling)
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Next Lecture Preview
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L Next Lecture Preview

In our next session, we will address the critical aspects of nuclear

Topic: Nuclear Power Plant Safety and Waste Management

safety, focusing on how these complex systems are designed to
@ Reactor Shielding and Containment structures contain radiation and handle failures safely.

@ Loss of Coolant Accidents (LOCA) and Emergency Core
Cooling Systems (ECCS)

@ Nuclear Waste handling, storage, and long-term disposal
strategies

@ Lessons learned from historical nuclear incidents.
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Nuclear Waste Management
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Welcome to Lecture 34. Today we tackle one of the most critical
L 4 34 aspects of nuclear energy: how we manage and safely dispose of
ECtu re . the radioactive waste generated by nuclear power plants.

Nuclear Waste Management
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LW, LW, HLW)
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I—Agenda
Introduction to Radioactive Waste Here is our agenda. We will start with classifying the waste, then
Classification of Nuclear Waste (Exempt, LLW, ILW, HLW) move through the lifecycle of processing, conditioning, interim stor-

Sources of Radioactive Waste in Power Plants g, e ifinellly lonz e eelegie] elbpesal,

Waste Processing and Volume Reduction Techniques
Conditioning and Immobilization

Interim Storage Solutions (Wet vs. Dry)

Deep Geological Repositories (DGR) for HLW

Future Technologies and Transmutation
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Introduction to Radioactive Waste

Radioactive waste contains radioactive chemical elements that
do not have a practical purpose.

It is a byproduct of nuclear power generation, medical
diagnostics, and industrial applications.

Radioactivity naturally decays over time; thus, the waste must
be isolated until it is no longer hazardous.

Half-lives of isotopes dictate the required isolation duration
(e.g., lodine-131: 8 days vs. Plutonium-239: 24,000 years).
The primary goal of waste management is to protect human
health and the environment now and in the future.

100

g‘ 80 1 ‘— Fission Products Decay ‘,
B 60| 8
2]

O 40 i
S 20f |

0 | | -
0 200 400 600 800 1,000
Time (Years)
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L Introduction to Radioactive Waste

Radioactive waste isn't unique to power plants, but power plants
produce the most highly radioactive forms. Because radioactivity
diminishes over time according to specific half-lives, our manage-
ment strategy is primarily one of safe containment and isolation
over time.
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Classification of Nuclear Waste

?{I, L Lecture 4.34: Nuclear Waste Management
N~
o
o Exempt waste & Very Low-Level Waste (VLLW): Negligible g L leeeiienrion of My Wiss .
radioactivity. Often concrete or brick from decommissioned plants. S @ @
Safely disposed of with general refuse after clearance. e
o Low-Level Waste (LLW): Accounts for 90% of volume but 1% of . . . o
radioactivity. Includes tools, work clothing, and filters. Short-lived Understanding classification is crucial. The vast majority of the
radioactivity. waste by volume is low-level, which is relatively easy to handle.
o Intermediate-Level Waste (ILW): 7% of volume, 4% of The high-level waste, while small in volume, contains almost all
radioactivity. Includes resins, chemical sludges, and reactor the radioactivity and poses the greatest engineering challenge.

components. Requires shielding but no cooling.

o High-Level Waste (HLW): 3% of volume but 95% of radioactivity.
Includes spent nuclear fuel (SNF) and liquid waste from reprocessing.
Requires heavy shielding and continuous cooling.

Volume Radioactivity
Green: 90%) Green: 1%)
Yellow: ILW (7%) Yellow: ILW (4%)
Red: HLW (3%) Red: HLW (95%)
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Sources of Radioactive Waste in Power Plants

3:}1 L—Lecture 4.34: Nuclear Waste Management
o
@ Primary Coolant System: Activation products (e.g., Cobalt-60) g L Ssuirees of Redfeaaiive Wesie in Bewear
and fission products from minor fuel cladding defects. & Plants
@ Spent lon-Exchange Resins: Used to purify cooling water,
accumulating trapped radioactive ions (ILW). Where does this waste come from? It's not just the fuel. Water
@ Spent Nuclear Fuel (SNF): The most significant source of HLW. circulating through the core gets irradiated, filters capture radioac-

Fuel assemblies are removed after ~3 years when U-235
concentration drops below viable levels.

@ Plant Decommissioning: lIrradiated structural materials, reactor
pressure vessel components, and concrete shielding.

tive particles, and over decades, the reactor structure itself becomes
mildly radioactive.

Coolant Loop lon-Exchange
Reactor Core (Activation > Resins
’ 4
(SNF, HLW) LLW) (ILW)
Structural
Components
(Decommissioning)
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Waste Processmg: Volume Reduction ?{I, L—Lecture 4.34: Nuclear Waste Management
N~
oS
@ Objective: Minimize the physical footprint required for storage and g I—Waste Processing: Volume Reduction
disposal. S ’
e Compaction: Crushing solid LLW (drums, contaminated clothing)
using high-force supercompactors, reducing volume by a factor of 3 to
10. Storage space is expensive and limited. Therefore, volume reduc-
@ Incineration: Burning combustible LLW and VLLW in specialized tion is a key engineering step. We use supercompactors for solids,

incinerators with strict off-gas filtration (HEPA filters), reducing
volume up to 100 times.

o Evaporation: Concentrating liquid wastes by boiling off water; the
radioactive residue is then treated as solid ILW.

@ lon Exchange: Liquid waste passed through resin beds that chemically
trap radioactive isotopes.

incinerators for combustibles, and evaporators for liquids.

5 Combustible —
Solid LLW LLW Liquid Wastes

~N

|Su erc:):n actorls | Inci o | HTPEEEE S
p p ncinerators lon Exchange
+
Reduced Volume Waste
(Ready for Conditioning)
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Condltlonmg and Immobilization N L Lecture 4.34: Nuclear Waste Management
N~
o
o Conditioning converts waste in*Fo a st'able'solid form t'hat is insoluble g I—Conditioning and Immobilization
and prevents the release of radionuclides into the environment. S
o Cementation: Mixing ILW (like resins and sludges) with specially
formulated concrete. Provides structural stability and radiation
shielding. Once reduced in volume, waste must be immobilized. We can't
@ Bituminization: Embedding ILW in bitumen (asphalt) to prevent water .
ingress. store liquids or loose powders long-term. We use cement for ILW
o Vitrification: The standard for HLW. Liquid high-level waste from and vitrification—turning waste into glass—for High-Level Waste

reprocessing is mixed with glass-forming materials and melted into
borosilicate glass.

@ Synroc (Synthetic Rock): An advanced crystalline ceramic matrix
capable of incorporating HLW elements into its mineral structure for
extreme long-term stability.

to ensure it cannot leak into groundwater.

High-Temp _
Melter Stainless
N
(Borosilicate Y St'eel
Glass) Canister
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Spent Nuclear Fuel (SNF) Management

e Open Fuel Cycle (Once-through): SNF is treated directly as
High-Level Waste and stored for eventual geological disposal.

o Closed Fuel Cycle (Reprocessing): SNF is chemically processed
to extrac’F unburr?ed Uranium and bred Plutonium for reuse as When we talk about Spent Nuclear Fuel, there are two global
MOX (Mixed Oxide) fuel.

@ Reprocessing reduces the volume of HLW and recovers up to
25-30% more energy from the original uranium ore.

@ PUREX Process (Plutonium Uranium Reduction nificantly reduces the final volume of high-level waste.
Extraction): The standard chemical method using nitric acid and
organic solvents to separate U and Pu from fission products.

L-Spent Nuclear Fuel (SNF) Management

2026-07-24

philosophies: treat it immediately as waste, or reprocess it to ex-
tract the remaining useful fuel. Reprocessing is complex but sig-

SNF (Open Cycle) SNléy(cclic))sed
~ l

- Reprocessing MOX Fuel
Interim Storage (PUREX) — (Reuse)
i 1

Geological Geological
Disposal Disposal
(HLW) (Reduced HLW)
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Interim Storage Solutions

Wet Storage (Spent Fuel Pools): SNF is highly radioactive and
generates significant decay heat immediately after removal. It is stored
in deep pools of borated water.

Water acts as both a neutron shield and a coolant to dissipate decay

heat. Requires active circulation and cooling systems. Because permanent repositories take decades to build, interim stor-

L Interim Storage Solutions

2026-07-24

o Dry Cask Storage: After 5-10 years in wet pools, decay heat drops . ong : .
5 S . age is necessary. Initially, fuel goes into water pools for cooling.
sufficiently for passive air cooling. o .
o Fuel assemblies are sealed in steel cylinders filled with inert gas After about 5 years, it is moved to robust, passively cooled dry
(Helium), which are then placed in massive concrete or steel casks.
overpacks.

Dry casks provide shielding, are extremely robust (designed to
withstand earthquakes, floods, and impacts), and can safely store fuel
for 50-100+ years.

Outer Concrete
Shield

Steel Canister
(Helium filled)

N
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Deep Geological Repositories (DGR)

<:\,l L Lecture 4.34: Nuclear Waste Management
o
@ The international consensus for ultimate disposal of HLW and ﬁ I—Deep Geological Repositories (DGR)
SNF is deep geological disposal. S
@ DGRs involve excavating tunnels hundreds of meters (typically
400-1000m) below the surface in stable rock formations (granite,
clay, or salt domes). For the hundreds of thousands of years required for HLW to de-
e Multi-Barrier Concept: cay to safe levels, surface storage isn't viable. Deep Geological

@ Waste Form: Vitrified glass or solid ceramic.
@ Container: Copper or steel canisters designed to resist corrosion
for >100,000 years. containers with natural, stable geology.
© Buffer: Bentonite clay packing that expands when wet, sealing
fractures and retarding groundwater flow.
© Geological Barrier: Stable, impermeable host rock isolating the
repository from the biosphere.

Repositories rely on a multi-barrier system combining engineered

Host Rock
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DGR Case Study: Onkalo, Finland

3:}1 L Lecture 4.34: Nuclear Waste Management
@ Onkalo spent nuclear fuel repository is the world's first % L_DGR Case Study: Onkalo, Finland
permanent DGR for high-level waste, located in Eurajoki, «
Finland.
@ Host Rock: Intact, 1.9 billion-year-old crystalline bedrock Finland's Onkalo facility proves that DGR is technologically feasi-
(granite). ble. They utilize the KBS-3 method, encapsulating fuel in thick
e Canister Design (KBS-3 concept): Cast iron insert for copper canisters and burying them in ancient, stable granite.

mechanical strength, surrounded by a 50mm thick pure copper
shell for absolute corrosion resistance.

o Burial depth: 400-450 meters underground.

@ Once fully loaded, the access tunnels will be backfilled and
sealed permanently, requiring no ongoing human intervention.

Surface Facility

Spiral Access
Tunnel
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Advanced Concepts' Transmutation <:\,l L—Lecture 4.34: Nuclear Waste Management
S
@ The most hazardous long-lived components of HLW are minor g I—Advanced Concepts: Transmutation
actinides (Neptunium, Americium, Curium). S
o Partitioning and Transmutation (P&T): Chemically separating
these actinides and irradiating them with high-energy neutrons.
o Transmutation forces these isotopes to undergo fission or neutron Looking to the future, Partitioning and Transmutation aims to
capture, converting them into short-lived or stable isotopes. solve the timescale problem. By bombarding long-lived actinides
® Requires advanced Fast Neutron Reactors or Accelerator-Driven with fast neutrons, we can literally change them into shorter-lived
Systems (ADS). . . . . .
o Potential to reduce the required isolation time of HLW from |so’Fopes, reducing the storage requirement from millennia to cen-
300,000 years to just a few hundred years, drastically simplifying turies.

DGR design.

104 T

102
{— Direct Disposal (Raw SNF)
— Partitioning & Transmutation
- Natural Uranium Ore

10°

10t 102 103 104 10° 10°
Time (Years)

Radiotoxicity (Rel. to Uranium)
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3*}1 L Lecture 4.34: Nuclear Waste Management
N~
o
. . . - .. g I—Summary
o Radioactive waste is classified by activity level (LLW, ILW, S
HLW), dictating handling and disposal requirements.
@ Volume reduction (compaction, incineration) and conditioning To summarize, managing nuclear waste is a heavily engineered,
(cementation, vitrification) are critical intermediate steps. step-by-step process. We classify, reduce, immobilize, store tem-
o Spent fuel can be reprocessed in a closed cycle or stored porarily, and eventually isolate the waste deep underground using
directly in an open cycle. multiple redundant barriers.

@ Interim storage transitions from actively cooled wet pools to
passively cooled dry casks.

@ Deep Geological Repositories (DGRs) using a multi-barrier
approach provide the ultimate, long-term solution for HLW.

Nuclear Spent Fuel
Reactor Pool (Wet)

Dry Cask | Deep Geol.
Storage Repository

N
'
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Next Lecture Preview L Lecture 4.34: Nuclear Waste Management

L Next Lecture Preview

2026-07-24

In our next lecture, we will discuss nuclear safety protocols, the
defense-in-depth philosophy, and analyze lessons learned from his-

Topic: Nuclear Power Plant Safety and Regulation
o Defense-in-Depth philosophy in nuclear safety. torical nuclear accidents.
@ Engineered safety features (ECCS, Containment structures).

@ Severe accident analysis (Three Mile Island, Chernobyl,
Fukushima).

@ Role of regulatory bodies (IAEA, AERB).
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Nuclear Waste Management

2026-07-24

Welcome to Lecture 35. Today we address one of the most critical
L t 4 35 challenges in nuclear power generation: the safe and long-term
ec u re . management of radioactive waste.

Nuclear Waste Management
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3*}1 L Lecture 4.35: Nuclear Waste Management
N~
o
e Introduction to Radioactive Waste 8 L_Agenda
. . N
o Classification of Nuclear Waste
(LLW, ILW, HLW) 1 G ] ) We will begin by defining and classifying radioactive waste, followed
® Management anfi Treatment of L i ) by specific treatment methods for each class, focusing heavily on
Low & Intermediate-Level Waste J/ long-term disposal solutions for high-level waste.
@ Spent Nuclear Fuel (SNF) Storage T resmrnent L
Solutions Conditioning
@ The Nuclear Fuel Cycle: l
Reprocessing vs. Direct Disposal ’ ) )
o ] Interim Storage
@ Immobilization Techniques: L J
Vitrification

@ Deep Geological Repositories Final Disposal
(DGR) N J

@ Advanced Transmutation Concepts

@ Summary and Conclusion
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Introduction to Radioactive Waste

Definition L—Introduction to Radioactive Waste

2026-07-24

Radioactive waste refers to any material that contains or is
contaminated with radionuclides at concentrations greater than
clearance levels. Generated primarily during nuclear fuel cycle
operations, reactor operation, and eventual decommissioning.

Nuclear waste is unique because its hazard diminishes over time,
unlike heavy metal toxicity. The challenge is the time scale re-
quired for isolation, ranging from decades for short-lived isotopes
@ Isotopic composition determines the waste's half-life (decay to hundreds of thousands of years for actinides.

rate) and specific activity (Bq/kg), dictating the required

shielding and cooling.
@ Primary goal of waste management: Isolate radioactive

materials from the biosphere until they decay to harmless

background levels.
@ Requires multi-barrier approaches combining engineered and

natural geological barriers.

—— Short-lived Isotopes
—— Long-lived Actinides
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Classification of Radioactive Waste

?{I, L Lecture 4.35: Nuclear Waste Management
N~
o
Low & Intermediate Level Waste § LClassification of Radioactive Waste
o Low-Level Waste (LLW): Contains minimal radioactivity with N '
short half-lives. Comprises ~90% of waste volume but <1% of ;. A
total radioactivity. Includes contaminated PPE, tools, and filters. It's crucial to understand the inverse relationship between volume
e e and radioactivity. While LLW takes up the most space, HLW de-
shielding during handling, but minimal heat generation. Includes ds th . . ] luti q .
reactor componeants, resins, and chemical sludges. m.an- s the most rigorous engineering solutions due to intense ra-
o Exempt Waste (EW) & Very Low-Level Waste (VLLW): diation and heat.
Negligible activity, safe for conventional landfill disposal after
clearance.

High-Level Waste (HLW)

Highly radioactive and generates significant decay heat. Primarily
composed of Spent Nuclear Fuel (SNF) and liquid waste from
reprocessing. Requires active cooling and heavy shielding.

Volume % Radioactivity %

Power Plant Engineering J;.lly 24, 2026 489 / 632



Power Plant Engineering
L Lecture 4.35: Nuclear Waste Management

Management of Low-Level Waste (LLW)

Treatment & Conditioning L—Management of Low-Level Waste (LLW)
o Volume Reduction: Essential for LLW management. Techniques
include super-compaction (crushing drums) and incineration for

combustible waste. . . g :
o Conditioning: Solidification of liquid LLW using cementation or Because LLW isotopes have relatively short half-lives (Ilke Co-60 or

bituminization to prevent mobility. Cs-137), near-surface engineered vaults provide sufficient isolation.
Volume reduction is economically critical to maximize repository

2026-07-24

Disposal & Monitoring
o Disposal: Near-surface disposal facilities. Engineered trenches or
concrete vaults located a few meters below ground level.
o Site Monitoring: Requires active institutional control and
environmental monitoring for typically 100-300 years until activity
decays to safe levels.

space.

Ground Level (Monitoring Cap)
Clay / Protective Cap Layer

Concrete Vault

10 o e

L chnbitidnda i Durhs |

OOoOoOo.
Natural Soil / Bedrock
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Waste (ILW) Treatment
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Intermediate-Level Waste (ILW) Treatment S L Lecture 4.35. Nuclear Waste Management
N~
o
Immobilization Strategies 8 L—Intermediate-Level Waste (ILW) Treatment
o Contains long-lived radionuclides requiring greater isolation than 139 D
LLW.
@ Encapsulation: ILW is typically immobilized in a solid matrix. i L , .
Garaniaien & e (o sslid weses 206 sl hes. ILW requires shielding for workers but doesn't require complex cool-
o Polymer Encapsulation: Used for specific wastes where cement ing systems. Cementation is favored because concrete provides
is unsuitable due to chemical interactions. both structural integrity and radiation shielding, while maintaining
o Disposal Strategy: Depending on the concentration of long-lived a high pH that minimizes radionuclide solubility.

alpha emitters, ILW may be placed in near-surface facilities or
deep geological repositories.

o Intermediate Storage: Often stored in surface facilities for
decades to allow decay of short-lived isotopes before final
geological disposal.

Yy

uter Steel Drum
.?Shielding & Containment)

| Cement Matrix
with Dispersed LW
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Power Plant Engineering
L Lecture 4.35: Nuclear Waste Management

Characteristics of High-Level Waste (HLW)

Hazard Profile
o Comprises only ~3% of waste volume but >95% of total
radioactivity.

Source: Discharged Spent Nuclear Fuel (SNF) from reactors and . . .
highly radioactive liquid raffinate from fuel reprocessing (PUREX HLW management dictates the timeline of nuclear waste strategy.

process). The extreme heat and radiation require robust, long-term engi-
neered barriers. The radiotoxicity curve explains why deep isolation

L—Characteristics of High-Level Waste (HLW)

2026-07-24

i

Decay Heat: Generates kilowatts of heat per ton initially,
necessitating active or passive fluid cooling systems. is non-negotiable.
Radiotoxicity: Dominated by fission products (Sr-90, Cs-137) for

the first few centuries, and by transuranic actinides (Pu, Am, Cm)

over millennia.

Requires isolation from the biosphere for 100,000 to 1,000,000

years.

Relative Radiotoxicity

i
10! 10? 10* 10* 10° 10°
Time (years)
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clear Fuel (SNF) Coolin

Wet Storage (Spent Fuel Pools)

SNF is immediately transferred to borated water pools upon discharge.
Water provides crucial neutron shielding and convective cooling for
decay heat removal. Typically stored here for 5-10 years.

Dry Cask Storage (Interim Solution)

After initial cooling, SNF is moved to massive steel and concrete casks.
These rely on passive natural circulation of air (or inert gas like Helium
inside the canister) for cooling.

o Canister Design: Features a dual-purpose design—inner welded
stainless steel confinement vessel and outer concrete overpack for
gamma/neutron shielding.

o Interim Solution: Dry casks are safe for 50-100 years but are
considered an interim step before final disposal.

Dry Cask Storage

Wet Storage (Pool) Passive Airflow
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L-Spent Nuclear Fuel (SNF) Cooling &
Storage

=T

Water is an excellent moderator, shield, and coolant, but requires
active pumping systems. Once heat levels drop sufficiently, dry
casks offer a safer, passive interim storage solution requiring mini-
mal maintenance.



The Nuclear Fuel Cycle: Open vs. Closed

Open (Once-Through) Cycle

SNF is treated entirely as waste

and prepared for direct disposal.
Maximizes HLW volume but avoids
reprocessing costs and proliferation
risks. )

Closed Cycle (Reprocessing)
SNF is chemically processed
(PUREX) to recover unburnt U-235

and produced Pu-239 for use as
Mixed Oxide (MOX) fuel.

o Waste Impact of Reprocessing: Reduces the volume and
long-term radiotoxicity of HLW significantly. Remaining liquid
high-level waste (fission products and minor actinides) must be
immobilized.

o Economic & Strategic Factors: Reprocessing maximizes
uranium resource utilization but involves complex radiochemical
engineering facilities.

Open Cycle

Direct
Mining Reactqp el yc.e
MOX Fuel

|

Disposal
[ Mining H Reactor HRepvocessing (Reduced
HLW)
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LThe Nuclear Fuel Cycle: Open vs. Closed

Countries like the US use an open cycle, treating all SNF as waste.
Countries like France use a closed cycle, recovering usable fissile
material, which drastically shrinks the volume of final high-level
waste requiring deep geological disposal.



Immobilization of Liquid HLW: Vitrification

The Vitrification Process
Vitrification is the standard process for immobilizing liquid HLW from
reprocessing plants.

@ Process: Liquid waste is calcined (evaporated and roasted into a
powder) and then melted at ~1150°C with borosilicate glass frit.

@ Glass Matrix Properties: High chemical durability, low
leachability in groundwater, and ability to incorporate a wide
variety of elemental oxides into its amorphous structure.

Liquid
@ Pouring: The molten HLW
glass-waste mixture is poured
into thick-walled stainless steel
canisters and allowed to slowly Melter
solidify and anneal. (1150°C)

@ Synroc: Alternative crystalline
i i Power Plant Engineering July 24, 2026 495 /632
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L Immobilization of Liquid HLW: Vitrification

Borosilicate glass is chosen because it accommodates the complex
chemistry of fission products without breaking down under intense
radiation. The resulting glass logs are chemically inert and highly
resistant to groundwater leaching.
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Deep Geological Repositories (DGR)

Ultimate Disposal Solution

L—Deep Geological Repositories (DGR)

2026-07-24

The internationally accepted ultimate solution for HLW and SNF
disposal. Repositories are excavated 300 to 1,000 meters below the
surface in stable geological formations (granite, clay, or rock salt).

The multi-barrier concept relies on redundancy. Even if the canister

Multi-Barrier Concept eventually fails after tens of thousands of years, the bentonite clay

o 1. Waste Form: Solid SNF pellets or vitrified glass. and the host rock's low permeability ensure radionuclides migrate

o 2. Engineered Barrier: Corrosion-resistant canisters (e.g., copper
or carbon steel).

o 3. Backfill: Swelling bentonite clay to absorb moisture, retard
groundwater flow, and self-heal fractures.

@ 4. Geological Barrier: Stable host rock isolated from tectonic
activity and moving groundwater.

so slowly that they decay before reaching the surface.

3. Bentonite Clay Buffer

2. Copper
Canister
o]
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Advanced Concepts' Transmutation 3:}1 L Lecture 4.35: Nuclear Waste Management
o
Objective & Benefits § L—Advanced Concepts: Transmutation
@ Objective: Reduce the long-term radiotoxicity burden of HLW by N ;
converting long-lived actinides (Am, Cm, Np) into shorter-lived or
stable isotopes. . . .
o Benefits: Can potentially reduce the isolation time requirement of Transmutation is the holy grail of nuclear waste management. By
HLW from 100,000 years to ~500 years. 'burning’ the long-lived minor actinides in fast reactors or ADS, we

o Partitioning and Transmutation (P&T): Requires highly can drastically reduce the required lifespan of geological reposito-

efficient chemical separation of minor actinides from SNF. ries.
o Fast Neutron Reactors: Utilized to bombard separated actinides

with fast neutrons, inducing fission and generating energy while

destroying the long-lived isotopes.
o Accelerator-Driven Systems (ADS): Subcritical reactors

coupled with a particle accelerator to provide a steady neutron

source for transmutation.

Fission
Product 1

£ Neut Long-Lived = => Short-Lived
W " Actinide or Stable
(e.g., Am-241) __-» lsotopes

Fission
Product 2
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Environmental and Regulatory Aspects

o International Atomic Energy Agency (IAEA) sets safety standards L Ervirenmemial and Regulatory Aspects
and guidelines for radioactive waste management.

o Decommissioning: End-of-life plant dismantling generates large
volumes of VLLW and LLW requiring managed clearance. . The technical solutions for waste management exist, but regulatory

o Transport Regulations: Movement of SNF and HLW requires
specialized Type B transport casks designed to withstand extreme

accidents (fire, impact, immersion).

2026-07-24

compliance and public trust remain significant challenges. Trans-
port casks are engineered to survive severe transport accidents,
ensuring public safety.

Socio-Political Challenges
@ Public Acceptance: Socio-political consensus is often a greater
hurdle for DGR implementation than technical feasibility.
o Intergenerational Equity: The ethical imperative to manage
waste safely without placing undue burdens on future generations.

Type B Transport Cask Testing

Must survive a 9-meter drop onto an unyielding surface, a 1-meter drop
onto a steel pin, a fully engulfing fire at 800°C for 30 minutes, and
water immersion to 200 meters, all without breaching containment.

= = =
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@ Radioactive waste is categorized by activity level and half-life:
LLW, ILW, and HLW.

@ LLW and ILW are volume-reduced, conditioned (cementation),
and disposed of in near-surface facilities.

@ Spent Nuclear Fuel is managed through wet pool cooling
followed by dry cask interim storage.

@ Reprocessing (closed cycle) recovers fissile material and
reduces HLW volume, while liquid HLW is stabilized via
vitrification.

@ Deep Geological Repositories (DGR) utilizing a multi-barrier
approach provide the ultimate long-term isolation for
High-Level Waste.

Waste Type | Conditioning Final Disposal

LLW Compaction / Cementation | Near-Surface Vaults
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I—Summary

To summarize, waste management is a highly structured process
tailored to the isotopic hazard. While interim storage is robust,
deep geological disposal remains the scientific consensus for per-
manent isolation.
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Preview for Next Lecture

?{I, L Lecture 4.35: Nuclear Waste Management
N~
o
Topic: Economics and Environmental Impact of Nuclear Power 8 LPreview for Next Lecture ot
, , & Milis
o Capital vs. Operating Costs of Nuclear Plants I""
o Levellzefi Cost of Energy (LCOE) comparisons with Next week, we will conclude the nuclear unit by examining the
conventional and renewable sources economic viability of nuclear power. We'll analyze capital costs,
@ Lifecycle carbon emissions and environmental footprint operational expenses, and the environmental benefits of low-carbon
@ Nuclear energy’s role in baseload generation and grid stability generation.

v

Comparative LCOE ($/MWh)

100

80

=)
=]

LCOE ($/MWh)
S

N
o

o
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ecture 4.36
POWer P | ants Site Selection Criteria for Nuclear Power Plants

2026-07-24

Welcome to Lecture 36. Today we delve into the rigorous and
multi-disciplinary process of selecting a site for a nuclear power

LECtU re 4 . 36 plant. The stakes are incredibly high, and the criteria are far more
stringent than for fossil fuel plants.

Site Selection Criteria for Nuclear Power Plants
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?{I, L_Lecture 4.36: Site Selection Criteria for Nuclear
S Power Plants
§ I—Agenda
N
Introduction and Primary Objectives of Siting Our agenda covers the core pillars of nuclear site selection. We will

Geological and Seismological Considerations look at earth sciences, water availability, weather patterns, and the

. . . . human element, culminating in the regulatory landscape.
Hydrological Requirements and Flooding Protection s & v .

Meteorological Factors and Atmospheric Dispersion

© © ¢ © o
A

. Population Distribution and Emergency Planning Zones
(EPZ)

@ 6. Grid Connectivity and Transportation Infrastructure

@ 7. Environmental Impacts and Regulatory Frameworks
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Introduction to Nuclear Siting

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
. .. . L 5 Power Plants

° Prlmary Obje(.:tlve: Ensu.re public safety a.nd minimize § Introduction to Nuclear Siting
environmental impact during normal operation and postulated «
accident conditions.

@ Unlike thermal plants, nuclear plants cannot be sited purely on The overarching goal is safety. A nuclear plant’s location is a
economic grounds (e.g., proximity to fuel source or load fundamental part of its safety case. It's not just about where it's
centers). cheapest to build; it's about where it is safest to operate for a

o Defense-in-Depth philosophy applies to siting: the site itself century.

acts as the first barrier by providing geographic isolation and
favorable natural characteristics.

o Life-cycle approach: The site must remain suitable for the
entire plant life (60+ years) and through the decommissioning
phase.

&~
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Geological and Seismological Criteria

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
. . . ) ] 5 Power Plants

o Foundation Stability: Requires competent bedrock with high § L Geological and Seismological Criteria
bearing capacity to support massive structures like the reactor «
containment building.

o Fault Avoidance: Sites must be sufficiently distant from The plant needs a solid foundation. We cannot risk the contain-
capable geological faults to preclude surface faulting and ment structure settling or cracking. Extensive bore-hole logging
severe ground motion. and seismic surveys are mandatory to prove the absence of active

@ Seismic Design Basis: Derivation of the Safe Shutdown faults.

Earthquake (SSE) and Operating Basis Earthquake (OBE)
specific to the site.

@ Soil Mechanics: Comprehensive evaluation of soil liquefaction
potential, subsidence, and slope stability under dynamic
seismic loading.

Reactor
ontainment
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Seismic Hazard Assessment Process

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
S Power Plants
O . .
[ 1. Regional Tectonic Evaluation (300 km radius) ] C% SIS (P2l (RESEESEnt [Fieesse
. - - This flowchart shows how we determine the earthquakes the plant
2. ldentification of Seismogenic Sources . . _
must survive. We look at history, map all faults within hundreds
l of kilometers, and use probabilistic models to design the structures
[ 3. Historical and Instrumental Earthquake Cataloging ] to withstand the worst-case ground acceleration.
[ 4. Probabilistic Seismic Hazard Analysis (PSHA) ]
5. Development of Site-Specific Ground
Motion Response Spectra (GMRS)
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Hydrological Criteria

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
S Power Plants

@ Cooling Water Demand: Requires massive and continuous § L_Hydrological Criteria
water supply for condenser cooling (often > 1 million gallons &
per minute for a large plant).

o Reliability of Source: Source (ocean, large lake, major river) Nuclear plants are incredibly thirsty. They need water to con-
must be reliable even under extreme drought conditions dense steam and, critically, to remove decay heat after shutdown.
(historical low flow). We also have to ensure that the water source doesn't become a

e Ultimate Heat Sink (UHS): Must guarantee at least a threat through extreme flooding or tsunamis, a key lesson from
30-day supply of cooling water for safe shutdown during a loss Fukushima.

of normal heat sink event.

o Flooding Protection: Site grade must be elevated above the
Probable Maximum Flood (PMF), accounting for dam failures,
seiches, tsunamis, and storm surges.

ety Marg
Probable Max Flood (PMF) -~ - - - - - 152/ Margin

Plant Site Grade

Normal Water Level - -------
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Power Plants
I—Meteorological Considerations

Meteorological Considerations

2026-07-24

Atmospheric Dispersion

Evaluation of local micro-climate, wind speeds, and atmospheric
stability classes (Pasquill-Gifford) to model the dispersion of routine

; ) ) If a release happens, where does the wind take it? We need detailed
and accidental radioactive effluents.

data on wind patterns to ensure any potential plume dilutes rapidly

and travels away from population centers. We also must design the
structures to withstand the most severe local storms.

Extreme Weather

Designing against site-specific extreme events including tornadoes
(evaluating wind pressure and missile impact), hurricanes, and
extreme snow/ice loading.

o Temperature Extremes: Affects the efficiency of the cooling
systems and the sizing of HVAC systems for safety-critical
areas.

o Topographical Effects: Valleys or coastal terrains can cause
localized wind channeling or stagnation, affecting plume
trajectories.
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Wind Rose and Dlsper5|on MOdelmg ?{I, L_Lecture 4.36: Site Selection Criteria for Nuclear
. . ) ) 5 Power Plants
@ Wind Rose Plot: Shows frequency of wind direction and § L-Wind Rose and Dispersion Modeling
speed over long periods. «
o Correlating wind patterns with demographic data.
o |dentifying the ‘sector of highest concern’ for emergency A wind rose is a crucial tool. It visually summarizes meteorological
planning. data, showing us immediately the predominant wind directions. We
N use this to establish exclusion zones and plan evacuation routes.
NWo \\\\\NE
W '\/ - -
Prevailing Wing" . 1T X
Direction (S AN B R - SE
s
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L Lecture 4.36: Site Selection Criteria for Nuclear
Power Plants
I—Population Distribution and EPZs

Population Distribution and EPZs

o Exclusion Area Boundary (EAB): Immediate area around the
plant where the licensee has complete authority to determine all
activities and remove personnel.

o Low Population Zone (LPZ): Surrounding area containing a
population low enough to allow for effective evacuation or
sheltering before allowable radiation dose limits are exceeded. . . .

o Population Center Distance: Distance to a dense population The EAB s strictly controlled. The EPZs dictate our emergency
center (> 25,000 residents) must be at least 1.33 times the response planning, ensuring we can rapidly evacuate or shelter peo-
distance to the LPZ boundary. . .

o Emergency Planning Zones: 10-mile Plume Exposure Pathway ple if the unthinkable happens.
EPZ and 50-mile Ingestion Pathway EPZ (FDA/EPA guidelines).

2026-07-24

We explicitly engineer distance between the reactor and the public.

50-mile Ingestion Pathway EPZ

10-mile Plume Exposure EPZ

P N
Lo Population Zone (LPZ)\
\

Exclusion Are:
Bougdary (EA
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Grid Connectivity & Off-Site Power

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
S Power Plants

o Proximity to Load Centers: Balancing the need to be away 8 L_Grid Connectivity & Off-Site Power
from populations with the economic penalty of long-distance a
EHV transmission.

o Grid Stability: The local grid must be robust enough to Nuclear plants are massive generators, but they also rely on the
handle a sudden trip of a large 1000+ MW nuclear unit grid for safety. If the reactor shuts down, we need grid power to
without cascading failure. run cooling pumps. Therefore, a highly reliable, redundant grid

o Reliable Off-Site Power: Safety systems require power. The connection is a strict site requirement.

site must have at least two physically independent grid
connections to minimize the risk of a Station Blackout (SBO).

e Right-of-Way (RoW): Feasibility of acquiring land for wide
transmission corridors.

Independent
Line 1

Substation
A

- -- To Main Grid

Nuclear
Plant
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Transport and Access Infrastructure

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
S Power Plants
§ Transport and Access Infrastructure
N
o Heavy Component Transport: Nuclear construction involves
massive components (Reactor Pressure Vessel ~500 tons, You cannot build a nuclear plant at the end of a dirt road. The
Steam Generators). logistics of moving 500-ton steel vessels dictate that sites near
o Waterborne Transport: Proximity to navigable waterways or navigable waterways or heavy-duty rail lines have a significant ad-
deep-water ports is highly advantageous for barge transport of vantage.

heavy forgings.

o Rail and Road: Robust rail links and highway access required
for construction materials and eventual transport of spent
nuclear fuel.

o Emergency Access: Multiple reliable access routes required
for emergency response teams to reach the site under adverse
conditions.
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L_Lecture 4.36: Site Selection Criteria for Nuclear
Power Plants
Environmental and Ecological Impact

Environmental and Ecological Impact

2026-07-24

Thermal Pollution & Marine Life

@ Large volumes of heated cooling water discharged back to the
source can disrupt local aquatic ecosystems. Mitigation via
cooling towers or large cooling ponds.

The environmental footprint must be managed. The biggest issue
is usually waste heat. We must ensure that the warm water we

. ) return to the river or ocean does not destroy the local marine life.
o Impingement and Entrainment: Intake structures must be

designed to minimize trapping fish (impingement) and drawing
in small organisms (entrainment).

Ecological Baseline
o Baseline Radiation: Extensive pre-operational monitoring to
establish background radiation levels for future comparison.
@ Flora and Fauna: Avoidance of ecologically sensitive areas,
wetlands, and habitats of endangered species.
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Regulatory Framework and Licensing

3*}1 L_Lecture 4.36: Site Selection Criteria for Nuclear
S Power Plants
e Stringent Approval Process: Siting is governed by national § I—Regulatory Framework and Licensing
nuclear regulators (e.g., AERB in India, NRC in USA) and «
environmental ministries. )
o Site Evaluation Report (SER): A massive, multi-volume Finding a good site is only step one. Proving it is safe to the
document detailing every geological, meteorological, and regulators and the public takes years of study, thousands of pages

demographic aspect of the site.

e Environmental Impact Assessment (EIA): Mandatory public
hearings and stakeholder consultations.

o Early Site Permit (ESP): In some jurisdictions, a site can be
approved for a nuclear plant independently of the specific reactor
design chosen.

of documentation, and rigorous public scrutiny.

Initial Site Data Collection Final Site
Scouting & SER filing Approval
T i —
EIA & Public
Hearings

Multi-Year Process
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Summary

2026-07-24

@ Nuclear site selection prioritizes safety and defense-in-depth

above all economic factors. To summarize, siting a nuclear plant is a complex optimization
problem. We must find a location that offers robust geological
stability, abundant water, favorable winds, low nearby population,
and excellent grid and transport links.

@ Geology must provide a stable, fault-free foundation capable of
withstanding severe earthquakes.

@ Hydrology demands a massive, ultra-reliable water source while
ensuring absolute protection from extreme flooding.

@ Meteorology and demography dictate atmospheric dispersion
characteristics and necessitate strict Emergency Planning
Zones.

@ The process is heavily regulated, requiring extensive
environmental and social impact assessments.
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Next Lecture Preview

?{I, L_Lecture 4.36: Site Selection Criteria for Nuclear

S Power Plants

§ Next Lecture Preview

N
e Topic: Nuclear Waste Management and Disposal In our next lecture, we will tackle the back end of the nuclear fuel
e Classification of radioactive waste (Low, Intermediate, High ayela. Omes th(_e plant g_enerétes power, how do_We S‘:afely handle

Level) and store the highly radioactive spent fuel for millennia? See you
' then.

@ Spent nuclear fuel storage (Spent Fuel Pools vs. Dry Cask

Storage).

@ Long-term geological repositories (e.g., Yucca Mountain,
Onkalo).

Reprocessing and closed fuel cycles.
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I n d 1a Nuclear Power Development in India

2026-07-24

Welcome to Lecture 37. Today we will discuss the unique trajec-
L 4 37 tory of nuclear power development in India, driven by indigenous
ECtu re = technology and resource availability.

Nuclear Power Development in India
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?{I, L—Lecture 4.37: Nuclear Power Development in
S India
§ I—Agenda
N
Early History and Foundation Here is the agenda for today's session. We will focus heavily on
Rationale for India’s Unique Approach Homi Bhabha's three-stage program and the technical specifics of
each stage.

Overview of the Three-Stage Programme

Stage |: Pressurized Heavy Water Reactors (PHWRs)
Stage Il: Fast Breeder Reactors (FBRs)

Stage Ill: Thorium-Based Reactors (AHWRs)
Current Capacity and Major Power Plants

Regulatory and Organizational Framework
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I—EarIy History and Foundation

Early History and Foundation

2026-07-24

@ Inception: Nuclear program envisioned by Dr. Homi J.
Bhabha in the late 1940s.

o Atomic Energy Act of 1948 established the Atomic Energy
Commission (AEC).

o Department of Atomic Energy (DAE) established in 1954
to execute the program.

India's nuclear journey started very early, right after independence.
Dr. Homi Bhabha's vision laid the foundation for a completely
self-reliant nuclear program.

o First Research Reactor: Apsara, commissioned in 1956 at
Trombay (now BARC), the first in Asia.

o Self-Reliance: Initial focus was on self-reliance in nuclear
technology due to geopolitical technology denial regimes.
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Rationale for India's Unique Approach

Resource Constraint: India has
limited domestic reserves of natural
Uranium (approx. 1-2% of global

reserves). Global Uranium
Resource Abundance: India ‘
possesses vast reserves of Thorium

(approx. 25% of global reserves),

primarily in monazite sands in Kerala. B e
Thorium Challenge: Thorium-232 is Rest (98-99%)
fertile but not fissile. It cannot directly

sustain a nuclear chain reaction.

Global Thorium

India (25%)
Rest (75%)

Necessity of Conversion: Th-232
must be transmuted into fissile
Uranium-233 (U-233) through neutron
absorption.

: Design a multi-stage

Power Plant Engineerin_g July 24, 2026
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L—Lecture 4.37: Nuclear Power Development in
India
L_Rationale for India’s Unique Approach

The entire Indian nuclear strategy is dictated by geological realities:
low uranium, high thorium. Since Thorium is not fissile, it requires
a complex breeding process to be useful.
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Overview of the Three-Stage Programme

3*}1 L—Lecture 4.37: Nuclear Power Development in
S India
@ Formulated by Dr. Homi Bhabha in the 1950s. < l—OvervieW of the Three-Stage Programme
@ Objective: To achieve complete energy independence for I
centuries using indigenous Thorium.
This is the core of India’s nuclear strategy. Each stage generates
the fuel necessary for the subsequent stage. We are currently in
Sr\lagte IU PHWR St;ge;:::g F+BR Stage 111: AHWR Stage |, with Stage Il in the prototype phase.
at. Lranum o, 539 N U-233| U-233 4 Th-232
1 Depleted U !
Electricity " Electricity + U-233
+ Pu-239 Electricity + U-233 y

o Stage I: Natural Uranium fueled Pressurized Heavy Water
Reactors (PHWRs). Produces electricity and Plutonium-239.

@ Stage Il: Fast Breeder Reactors (FBRs) utilizing mixed oxide
(MOX) fuel. Breeds more Plutonium and eventually U-233 from
Thorium blanket.

o Stage Ill: Advanced Heavy Water Reactors (AHWRs) running on
a self-sustaining Thorium-232 / Uranium-233 cycle.
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Stage |: Pressurized Heavy Water Reactors (PHWRs)

Technology Choice & Components

@ Technology Choice: PHWRs chosen because they use
un-enriched (natural) Uranium, avoiding the need for complex
and expensive enrichment facilities.

@ Moderator & Coolant: Uses Heavy Water (D20O), which has
a very low neutron absorption cross-section, ideal for natural
Uranium.

@ QOutput: Electricity generation and highly radioactive spent
fuel containing Plutonium-239.

Status and Standardization

e Standardization: India has standardized 220 MWe, 540
MWe, and currently 700 MWe PHWR designs.

@ Current Status: Forms the backbone of India’s current
installed nuclear capacity.

- — = = S
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India

I—Stage I: Pressurized Heavy Water Reactors
(PHWRs)

PHWRs were a strategic choice. By using natural uranium and
heavy water, India bypassed the need for uranium enrichment. The
byproduct, Plutonium, is crucial for the next stage.



Power Plant Engineering

Stage |: Reprocessing and Plutonium Extraction

3:}1 L—Lecture 4.37: Nuclear Power Development in
@ Closed Fuel Cycle: Unlike a ‘once-through’ cycle, India % Indlal_stage I: Reprocessing and Plutonium
reprocesses spent fuel. N Extocton
@ Reprocessing Plants: Located at Trombay, Tarapur, and
Kalpakkam (PREFRE facilities). Reprocessing is complex and hazardous but absolutely essential for
e Chemical Process: PUREX (Plutonium Uranium Redox the three-stage program. Without extracting the Plutonium from
EXtraction) process is used to separate Plutonium, remaining Stage |, Stage Il cannot begin.

Uranium, and fission products.

(Plutonium (Pu-239)
To Stage Il

~

| Depleted Uranium]

.

High-Level Waste
Vitrification

@ Plutonium-239 extracted from Stage | is the primary fissile
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Stage |l: Fast Breeder Reactors (FBRS) 3:}1 L—Lecture 4.37: Nuclear Power Development in
e Core Concept: FBRs operate with fast neutrons (no g Indlal_stage II: Fast Breeder Reactors (FBRs)
moderator) and ‘breed’ more fissile material than they «
consume.
@ Fuel: Mixed Oxide (MOX) - a mixture of Plutonium-239 Stage Il is technologically very demanding. Liquid sodium handling
(fissile) and depleted Uranium-238 (fertile). and fast neutron physics pose significant engineering challenges.

o Coolant: Liquid Sodium is used due to its excellent heat
transfer properties and lack of neutron moderation.

o Breeding Process: U-238 absorbs fast neutrons to become
Pu-239. The breeding ratio is > 1.

e Transition to Stage Ill: Once sufficient Pu-239 inventory is
built, Thorium-232 is introduced as a blanket material in the
FBR to breed U-233.

Significance of Liquid Sodium

Liquid sodium poses significant engineering challenges because it
reacts violently with air and water, requiring highly specialized
handling and leak detection systems.
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Reactor (PFBR)

Power Plant Engineering

Stage II: PrOtOtype Fast Breeder Reactor (PFBR) & L-Lecture 4.37: Nuclear Power Development in
S India
§ I—Stage Il: Prototype Fast Breeder Reactor
N

(PFBR)

@ Location: Kalpakkam, Tamil Nadu (BHAVINI - Bharatiya
Nabhikiya Vidyut Nigam Limited).
@ Capacity: 500 MWe pool-type sodium-cooled fast reactor.

The PFBR has faced delays due to the extreme complexity of liquid
sodium technology, but it represents a massive leap in indigenous
engineering capabilities.
o Significance: Marks the commercial beginning of the second

stage of the Indian nuclear programme.

@ Technological hurdles included large-scale liquid sodium
handling, development of high-temperature materials, and
complex reactor physics.

@ Future Plans: Several commercial Fast Breeder Reactors
(FBRs) of 600 MWe capacity are planned.
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Stage IlI: Thorium-Based Reactors (AHWRs)

Advanced Heavy Water Reactor (AHWR)
@ Goal: A completely self-sustaining Thorium-232 /
Uranium-233 fuel cycle.

o Reactor Design: Advanced Heavy Water Reactor (AHWR) is
being designed by BARC.

@ Fuel: Will use U-233 (bred in Stage Il) mixed with
Thorium-232.

Safety and Status
o Safety Features: Designed with advanced passive safety
systems relying on natural circulation, gravity, and compressed
air.
o Status: Conceptual design and technology development
phase. It will take several decades before Stage Il reaches
commercial maturity.

- —_ = = Saas
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L—Lecture 4.37: Nuclear Power Development in
India
I—Stage I1l: Thorium-Based Reactors

(AHWRs)

Stage Il is the ultimate goal. The AHWR is designed not just for
Thorium utilization, but also incorporates next-generation passive
safety features.
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The Three-Stage Cycle Material Flow

?{I, L—Lecture 4.37: Nuclear Power Development in
5 India
| Electricity | § L-The Three-Stage Cycle Material Flow
" Nat. Uranium | h . N
(U-238 + U-235) Stage I: PHWR P
h PU‘239 . . . . . . .
(from U-238) This slide visually summarizes the complex isotopic transformations

required to unlock Thorium's energy potential.

issile Driver

‘/Electricity\‘
More Pu-239 |

' Depleted U-238 |

Stage II: FBR

‘ Thorium-zsﬂ -

(Blanket) J (from Th-232)

issile Driver

‘ Electr|c1ty \
Thorlum 232 }—»[Stage 1: AHWR
C u23s

(Self sustalnlng)
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Current Capacity and Major Power Plants

3*}1 L—Lecture 4.37: Nuclear Power Development in
S India
§ L_Current Capacity and Major Power Plants
N
o Installed Capacity: ~7,480 MWe (as of recent data),
contributing to approx. 2-3% of India’s electricity mix. While our long-term strategy is indigenous, we have strategically
o Tarapur (TAPS): Boiling Water Reactors (BWRs) built with imported light water reactors like those at Kudankulam to quickly
US assistance (early exception to PHWR strategy). boost our baseload capacity.

e Kudankulam (KKNPP): VVER-1000 (Pressurized Water
Reactors - PWRs) built with Russian collaboration under IAEA
safeguards.

e Major PHWR Sites: Rawatbhata (Rajasthan), Kakrapar
(Gujarat), Kaiga (Karnataka), Narora (UP), Kalpakkam (TN).

@ Expansion: Fleet mode construction of 10 indigenous 700
MWe PHWRs is underway to rapidly scale capacity.
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3*}1 L—Lecture 4.37: Nuclear Power Development in
S India

O

C% I—Summary

@ India's nuclear program is characterized by its self-reliance and

the three-stage strategy formulated by Homi Bhabha. To summarize, the Indian nuclear program is a masterful engineer-
ing strategy designed to ensure centuries of energy security despite

@ The strategy aims to overcome limited Uranium reserves by e '
initial resource constraints.

eventually utilizing abundant Thorium.

@ Stage I: Utilizes natural Uranium in PHWRs to produce power
and Plutonium.

o Stage II: Utilizes Plutonium in FBRs to breed more fissile
material and convert Thorium to U-233.

o Stage IlI: Aims to achieve long-term energy independence
through Thorium-U233 based Advanced Heavy Water
Reactors.
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Next Lecture Preview

S L—Lecture 4.37: Nuclear Power Development in oo oo orrsion na o
S India
§ L—Next Lecture Preview
N
. . . In the next lecture, we will shift from technology to economics,
Economics of Power Generation and Tariff exploring how the cost of electricity is calculated and how tariffs
Structures are structured.

Fixed and Variable Costs in Power Plants
Depreciation and Load Factors

Base load vs. Peak load cost economics

Calculation of electricity tariffs
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Diesel Power Plants: Applications, Advantages, and
Limitations
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I—Agenda

Overview

2026-07-24

@ 1. Introduction to Diesel Power Plants
@ 2. General Layout and Operating Principle

Here is the outline for today's lecture. We will start with a brief

Typical Capacity introduction, then dive into the applications, followed by a detailed

@ 3. Prime Applications of Diesel Power Plants analysis of the advantages and limitations.
. Role as Peak Load and Standby Plants

. Emergency and Mobile Power Generation

. Technical Advantages: Startup and Efficiency

. Economic Advantages: Capital Cost and Layout

. Operational Limitations: Capacity and Maintenance
. Economic Limitations: Fuel Cost and Lubrication
10. Environmental Impact and Considerations

11. Summary

12. Preview of Next Lecture

Applications Advantages Limitations
(Factory/Grid) (Thumbs Up) (Warning)
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tions, Advantages, and Limitations

Introduction to Diesel Power Plants

Core Mechanism L Introduction to Diesel Power Plants

2026-07-24

o A diesel power plant utilizes a diesel engine as the prime mover to
drive an electrical generator (alternator).

@ Operates on the Diesel cycle, featuring compression ignition where Diesel power plants are distinct because they rely on internal com-
fuel is injected into highly compressed, high-temperature air.

o Typically utilized for decentralized power generation, offering
power output ranges from a few kilowatts to several megawatts plant engineering, we often look at multi-megawatt installations.
(e.g., 2 MW to 50 MW).

o Comprises essential subsystems: fuel supply, air intake, exhaust,
cooling, and lubrication systems.

bustion engines. The scale can vary significantly, but in power

Fuel Cooling
System System

Diesel Shaft, Electrical

’ Engine Pisarveiy Power Out
Exhaust
System
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Applications: Peak Load Power Plants

< . .
N L_Lecture 5.38: Diesel Power Plants: Applica-
~ . .
o tions, Advantages, and Limitations
Managing Fluctuations = ..
i — : . S L_Applications: Peak Load Power Plants
o Grid demand fluctuates significantly; diesel plants are ideal for 8V
supplying power during peak demand periods.
@ Rapid Start-up: Diesel engines can be brought online from a cold . L . .
state to full load within a few minutes, unlike steam or nuclear One of the most critical applications is peak load operation. Be-
plants. cause steam plants take hours to start, diesel engines are perfect
: for meeting the sudden spike in electricity demand during evening
Load Following h
. . . X . ours.
@ Load following capability: Highly responsive to sudden changes in
electrical load.
o Often operated in parallel with base-load thermal or hydro stations
to stabilize grid frequency and voltage during peaks.

—
o
S

Iy — Ny

0 I I I
0 6 12 18 24

Time of Day (Hours)
‘l:l Base Load == Peak Load ‘

Power Demand (MW)
o
o
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Applications: Standby and Emergency Power

Critical Backups

@ Standby units for critical infrastructure: hospitals, data centers,
telecommunication hubs, and continuous process industries.

@ Automatic Mains Failure (AMF) panels instantly detect grid
failure and automatically start the diesel generator.

o Ensures uninterrupted power supply (UPS) when integrated with
battery banks for the transient period before the engine starts.

@ Provides power to essential auxiliaries in large thermal/nuclear
power plants during blackouts (black start capability).

Main Grid
(Utility)
Automatic
Transfer Critical Load
Switch
Standby
Diesel Gen
Power Plant Engineering July 24, 2026
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s: Standby and

Power Plant Engineering
L_Lecture 5.38: Diesel Power Plants: Applica-
tions, Advantages, and Limitations

I—Applications: Standby and Emergency
Power

In scenarios where power loss can result in loss of life (hospitals) or
massive financial loss (data centers), diesel generators act as the
ultimate reliable backup.



Power Supply

Power Plant Engineering

Applications: Isolated and Mobile Power Supply & L Lecture 538 Diesel Power Plants: Applica-
™~ : .
o tions, Advantages, and Limitations
Remote Generation 9 L . .
o Electrification of remote areas: Islands, mining sites, and rural 8 Appllcatlons: Isolated and Mobile Power
communities where grid extension is economically unfeasible. Supp|y
@ Base load operation in isolated micro-grids, often hybridized with
| ind t timize fuel tion. o o B - 5 5
solar or wing enerey 1o opTimize Tue consumpron For off-grid locations, diesel is often the only viable choice. We

are increasingly seeing these integrated with renewables to form

Mobility & Marine

@ Mobile power generation: Trailer-mounted or skid-mounted diesel resilient micro—grids.

generator sets for temporary sites like construction, military
camps, or disaster relief.

@ Marine applications: Primary power for ship propulsion and
onboard electrical grids.

Solar
PV
Wind J Battery .| Microgrid
Load
Diesel
Gen
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Technical Advantages: Start-up and Response

Rapid Dispatch

@ Instantaneous starting capability: Can accept full load almost
immediately after starting.

@ No standby losses: Unlike steam plants where boilers must be kept
hot, a stationary diesel engine consumes no fuel.

@ High reliability and robust performance under varying load
conditions.

@ Excellent part-load efficiency compared to gas turbines; specific
fuel consumption does not degrade drastically at partial loads.

Steam 2487
Gas Turbine - 1.18 5

Diesel 03 . . L T
10° 10! 10? 10
Start-up Time (Minutes, log scale)
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L Technical Advantages: Start-up and
Response

The lack of standby losses is a massive technical and economic
benefit for peaking plants. You only burn fuel when you are gen-
erating revenue or serving a critical need.



Technical Advantages: Efficiency and Cooling

Performance Metrics

o High thermal efficiency: Modern diesel engines can achieve
thermal efficiencies of 35% to 45%, which is superior to simple
cycle gas turbines.

@ Lower cooling water requirements: Significantly less cooling water
needed compared to steam power plants (no massive condensers).

@ Air-cooling possibilities: Smaller units can be completely
air-cooled with radiators, eliminating the need for proximity to a
large water body.

@ Suitable for arid regions or areas with severe water scarcity.

ot Wate
Diesel Radiator Heat to
Engine (Air Cooled) [ "~~~ 7" Ambient Air
dold Watdr
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tions, Advantages, and Limitations
LTechnical Advantages: Efficiency and
Cooling

Because the waste heat in a diesel engine is mostly expelled through
the exhaust rather than a massive condenser, the cooling water
requirement is a fraction of what a coal plant needs.



Economic and Layout Advantages

Financial & Physical Footprint

o Lower initial capital cost ($/kW) compared to coal, nuclear, or
hydro power plants.

@ Compact plant layout: Requires significantly less footprint per MW
generated. No coal handling, ash disposal, or vast switchyards.

@ Short construction and commissioning time: Gensets are often
factory-assembled and tested, requiring minimal civil work on site.

@ Location flexibility: Can be located near the load center, reducing
transmission and distribution (T&D) losses.

Coal Boiler Cooling

Yard Tower ot

Diesel Layout

Coal Plant Layout
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L—Economic and Layout Advantages

The modularity of diesel plants is a major plus. You can buy a
containerized genset, drop it on a concrete pad, connect the fuel
and electricals, and be generating power in weeks, not years.



Limitations g Costs and Fuel
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Limitations: Operating Costs and Fuel

?{I, L_Lecture 5.38: Diesel Power Plants: Applica-
5 tions, Advantages, and Limitations
- : &
Flnanlal Challenges . . . . S L Limitations: Operating Costs and Fuel
o High operating cost: The primary disadvantage is the high cost of N
High-Speed Diesel (HSD) or Light Diesel Oil (LDO) per kWh
generated. .. A . . .
o Volatility of fuel prices directly impacts the unit cost of electricity, This is the A(.:hllles- heel of diesel power. Th.e fuel is expensive.
making base-load operation economically unviable in most Therefore, while capital costs are low, the Levelized Cost of Energy
grid-connected regions. (LCOE) is very high, restricting its use primarily to standby or

@ High lubrication costs: Diesel engines require expensive,
high-grade lubricating oils which must be replaced periodically.

@ Fuel transport and storage constraints: Requires robust supply
chains and large onsite storage tanks to ensure continuous

peaking.

operation.
% 200 T
E —— Diesel Fuel
g 100 | coal )
& 100 :
g
5 50 -
©
&) 0 Il Il Il
2,010 2,014 2,018 2,022
Year
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Limitations: Capacity and Maint

Technical Limitations

o Size limitations: Individual diesel engine capacities rarely exceed
50-60 MW, rendering them unsuitable for massive, centralized
utility-scale generation.
High maintenance requirements: Contains numerous reciprocating
and rotating parts subject to severe wear, high pressures, and high
temperatures.
Frequent overhauls: Requires strict adherence to maintenance
schedules (e.g., top overhauls every few thousand hours),
increasing downtime.
Shorter overall plant lifespan compared to slow-speed steam
turbines or hydro generators.

Combustion Chamber
(High Temp/Pressure)
Piston Rings

(High Wear)

Power Plant Engineering
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tions, Advantages, and Limitations

L Limitations: Capacity and Maintenance

The reciprocating nature of the engine induces wear and tear. You
can't just build a 500 MW single diesel engine, whereas 500 MW
steam turbines are standard.



Limitations: Environmental and Operational Impacts
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Limitations: Environmental and Operational Impacts & L Lecture 538 Diesel Power Plants: Applica-
o tions, Advantages, and Limitations :
Environmental Constraints < L1 8o . .
Limitations: Environmental and Operational
@ High emissions: Exhaust contains significant levels of Nitrogen 8 | P
Oxides (NOx), Particulate Matter (PM), Sulfur Dioxide (SO2), TR
and Carbon Dioxide (CO2). . . . . . . .
o Requires expensive emission control systems (like Selective Environmentally, diesel is heavily penalized. The noise and vibra-
Catalytic Reduction - SCR, or Diesel Particulate Filters - DPF) to tion also mean you can’t just place them anywhere without proper
meet stringent environmental norms. acoustic and structural engineering.

o Noise pollution: Generates high decibel noise levels necessitating
acoustic enclosures or heavy soundproofing for the power house.

@ Vibration issues: Heavy reciprocating masses require massive,
heavily damped concrete foundations to prevent structural
damage.

CO,, NO, High dB

Heavy
(Noise)

Vibrations

(Emissions)

Damped

Needs SCR Acoustic Enclosures :
Foundations
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Summary

Summary points

@ Diesel power plants use internal combustion engines to provide
rapid, reliable electrical power.

@ They excel as peak load, standby, emergency, and isolated off-grid
power sources.

o Key advantages include low capital cost, quick startup, lack of
standby losses, and low cooling water demand.

@ Major limitations include high fuel and operating costs, high
maintenance due to reciprocating parts, capacity limits, and
significant environmental impacts (noise, emissions).

Cons

High Fuel Cost
Pros Emissions
Low Cap-
ital Cost
Fast Start
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L_Lecture 5.38: Diesel Power Plants: Applica-
tions, Advantages, and Limitations

I—Summary

To wrap up, diesel plants are a critical piece of the power engineer-
ing puzzle, providing essential flexibility and backup, even if they
aren’t the primary source of global electricity.
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Next Lecture Preview

Upcoming Topics

L Next Lecture Preview

2026-07-24

o Topic: Diesel Power Plant Sub-Systems and Layout
o We will explore the detailed schematic of a diesel power station.
o Key systems to be covered:

Next time, we will look inside the plant and study the auxiliary
systems required to keep these massive engines running smoothly.

o 1. Fuel storage and injection systems . . . . .

19 BBl L Y Please review basic fluid mechanics and heat transfer principles
@ 2. Air intake and exhaust systems
o 3. Engine cooling and lubrication circuits before the next class.

@ 4. Starting mechanisms (compressed air vs. electric start)

Fuel Tank Air Intake

Pump

Diesel Engine (¢

~

Exhaust
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C’\}l L Lecture 5.39: Diesel Engine Power Plant Fun- Lecture 5.39

(S damentals: Applications, Advantages, and Lim- D Engne Pover Pl Fundamerls
O . .

N

S itations

N

Welcome to Unit 5. Having discussed large-scale base load plants

Lectu re 5 . 39 like steam and nuclear, we now shift our focus to smaller, highly

versatile power generation methods starting with diesel power

: : lants.
Diesel Engine Power Plant Fundamentals: PR

Applications, Advantages, and Limitations
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Lecture Agenda

?{I, L—Lecture 5.39: Diesel Engine Power Plant Fun-

5 damentals: Applications, Advantages, and Lim-

&  itations

& L

a Lecture Agenda

Our agenda today revolves around understanding what diesel plants

Introduction to Diesel Power Plants are, where they fit in the modern energy landscape, and a critical
Thermodynamic Fundamentals (Diesel Cycle Overview) look at their pros and cons.

Major Applications in the Power Grid
Captive and Emergency Power Generation

Advantages of Diesel Power Plants

Operational and Economic Limitations
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Introduction to Diesel Power Plants

Power Plant Engineering

Introduction to Diesel Power Plants

?{I, L—Lecture 5.39: Diesel Engine Power Plant Fun-
5 damentals: Applications, Advantages, and Lim-
§ itations
o L—Introduction to Diesel Power Plants
o A diesel power plant utilizes a compression-ignition internal Unlike steam plants that use an external combustion process to
combustion (IC) engine as the prime mover. create steam, diesel plants use internal combustion, converting the
@ The engine directly drives an alternating current (AC) chemical energy of fuel directly into mechanical rotation in one
generator (alternator) to produce electrical energy. primary component.

o Typically employs two-stroke or four-stroke engine
configurations depending on the capacity and speed
requirements.

@ Uses liquid fuels, primarily High-Speed Diesel (HSD) or Heavy
Fuel Oil (HFO) for larger marine-style engines.
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Thermodynamic Fundamentals

@ Operates on the ideal Diesel Cycle, characterized by
constant-pressure heat addition.

@ Relies on a high compression ratio (typically 14:1 to 25:1) to
auto-ignite the injected fuel.

@ Air-standard efficiency increases with higher compression ratios
and decreases with higher cut-off ratios.

@ Actual thermal efficiency typically ranges from 35% to 45%,
making it more efficient than simple steam turbine cycles of
comparable small scale.

P T
2 Qin 3 3
Qin
Isentropic 2 Isentropic
Isentropic 4 .
Isentropic 4
Qout

Qout

1

v
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L Lecture 5.39: Diesel Engine Power Plant Fun-
damentals: Applications, Advantages, and Lim-
itations

I—Thermodynamic Fundamentals

The high compression ratio is what eliminates the
plugs. Air is compressed until it's hot enough to

Sy e

need for spark

ignite the fuel

injected at the top of the stroke. This provides excellent thermal

efficiency for a machine of its size.
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nt Overview ?{I, L—Lecture 5.39: Diesel Engine Power Plant Fun-
5 damentals: Applications, Advantages, and Lim-
@ Prime Mover: The diesel engine itself. § itations
o Alternator: Converts mechanical shaft power to electrical power. N L_General Arrangement Overview
o Air Intake & Exhaust System: For supplying clean combustion
air and expelling exhaust gases safely. While the engine is the heart, a diesel power plant is heavily reliant
o Fuel System: Storage tanks, transfer pumps, filters, and injectors. on these auxiliary systems. We will cover the specific schematics
@ Cooling System: Removes waste heat via water jackets and of these auxiliary systems in detail in the next lecture.

radiators/cooling towers.
o Lubrication System: Minimizes wear on reciprocating parts using
forced oil circulation.

Lubrication
System
A o N
HE=IEgE Alternator
Cooling
System
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Schematic Layout of a Diesel Power Plant

?{I, L—Lecture 5.39: Diesel Engine Power Plant Fun-
5 damentals: Applications, Advantages, and Lim-
o Integration of the main engine with auxiliary circuits. a Itatlﬂ]s
N . .
@ Shows the flow path of fuel from the main storage to the day Seimaie Lyput of a Dl o Plads
tank, then to the engine. This diagram provides a macroscopic view of how the various sub-
o lllustrates the closed-loop cooling water system transferring systems interact. Notice how the fuel, air, and cooling water cir-
heat to a secondary heat exchanger or cooling tower. cuits are kept isolated but converge at the engine block.
To Atmosphere
Silencer
Main Storage Day Tank Exhaust
[

J Diesel Engine Generator

Air Filter

Heat

Cooling
Exchanger

Tower
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damentals: Applications, Advantages, and Lim-
itations
I—Applications: Peak Load Plants

Applications: Peak Load Plants

o Grid demand fluctuates; base load plants (coal, nuclear)
operate continuously at a steady rate.

2026-07-24

@ Diesel plants are deployed to handle short-duration peak loads

on the grid. When everyone turns on their AC units on a hot afternoon, the grid

needs power fast. Diesel plants can be started rapidly to 'shave the

@ Ability to start from cold and reach full synchronous speed and : i
peak’ and are shut down just as quickly when demand drops.

load within 1 to 5 minutes.

@ Prevents the need to operate large, less flexible thermal plants
at inefficient part-load conditions during low demand.

Load (MW)

Peak Peak
€ (Diesel /Gas)
7777777 Base Load Capacity
Base Load Plants (Coal/Nuclear)

i Time
0-24 Hours
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Applications: Standby and Emergency Power

@ Critical infrastructure requires uninterrupted power supply
(UPS).
@ Hospitals, data centers, telecommunications hubs, and
continuous-process chemical plants.
o Utilize Automatic Mains Failure (AMF) panels to start the
diesel generator immediately upon grid power failure.

@ Ensures life-safety systems and critical data are not
compromised during outages.

Grid AMF Sensor | Battery DG Load
Failure Detection ’ Crank Start Transfer
Power Plant Engineering July 24, 2026 551 /632

2026-07-24

Standby and E

Power Plant Engineering
L—Lecture 5.39: Diesel Engine Power Plant Fun-
damentals: Applications, Advantages, and Lim-
itations
I—Applications: Standby and Emergency

In these applications, the plant may not run for months, but when
the grid fails, it absolutely must start within seconds. Reliability
and maintenance of the starting system are paramount here.
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damentals: Applications, Advantages, and Lim-
itations
I—Applications: Captive and Remote Power

Applications: Captive and Remote Power Generation

Industries generating their own power to avoid grid tariffs or ensure
reliability.

2026-07-24

Because liquid fuel is relatively easy to transport and store com-

R El T pared to building high-voltage transmission lines, diesel is often the
ElileE Rl shilEatieh only viable choice for remote off-grid locations.

Islands, mining sites, and rural communities far from national grid
transmission lines.

Mobile/Portable Power

Trailer-mounted generator sets for construction sites, military
operations, and disaster relief.

Marine Propulsion

Large scale two-stroke diesel engines serving as the primary power
and propulsion for cargo ships.

il = = — Yo
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damentals: Applications, Advantages, and Lim-
itations
I—Advantages of Diesel Power Plants

Advantages of Diesel Power Plants

o Fast Start-up and Response: Can pick up full load within
minutes from a cold start.

2026-07-24

@ No Standby Losses: Fuel is consumed only when the engine

is running, unlike steam boilers that must be kept hot. The lack of standby losses is a huge economic advantage for inter-

e High Efficiency: Higher thermal efficiency than small steam et Wse e donE e o Sty el st o Lasy 02 pllat o

plants, maintaining good efficiency even at part loads. 2 giziie off raeeilness,
@ Simple and Compact Design: Requires significantly less
floor space and land volume than a comparable steam or hydro

plant.

Hours

10-15 min

1-5 min

- - » Start-up Time
Steam  Gas Turbine  Diesel
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itations
L—Further Advantages

Further Advantages

2026-07-24

o Lower Initial Capital Cost: Economical to install for small to

. .. Because they require little water and space, you can put a diesel
medium capacities (up to ~50 MW). Y Te pace. ¥ P

plant right in an industrial park, drastically cutting down on the
@ Less Cooling Water Required: Radiator cooling or small power lost over long transmission lines.

closed-loop towers suffice, unlike massive condensers in

thermal plants.

o Siting Flexibility: Can be located close to the load center,
reducing transmission and distribution (T&D) losses.

o Easy Handling of Fuel: Liquid diesel is easier to transport,
store, and handle automatically compared to coal or nuclear
material.
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damentals: Applications, Advantages, and Lim-
o High Operating Cost: Diesel fuel is significantly more itations
expensive per unit of energy than coal or uranium. L Limitations of Diesel Power Plants

Limitations of Diesel Power Plants

2026-07-24

@ High Lubrication Cost: Requires expensive lubricating oils

. . . The Achilles heel of the diesel plant is the fuel cost. While cheap
consumed continuously to manage reciprocating wear.

_ _ _ to build, running them 24/7 is economically prohibitive in most
o Capacity Constraints: Impractical for massive grid-scale base parts of the world.
load generation. Single unit sizes rarely exceed 50-60 MW.

o Shorter Lifespan: High friction and reciprocating forces lead
to a shorter operational life compared to rotary steam turbines.

LCOE ($/MWh)

[oam |
| [ Capital Cost
[ Fuel Cost
] ot = [ O&M Cost
.
S Cap
Coal Diesel Nuclear
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Environmental and Operational Limitations & Lecture 539 Diesel Engine Power Plant Fun-
5 damentals: Applications, Advantages, and Lim-
@ High Maintenance: Frequent overhauls, filter changes, and part o LEnvironmental and Operational Limitations =
replacements due to wear and tear of moving parts.
@ Noise and Vibration: Produces severe low-frequency noise and Emissions are a major hurdle today. Unabated diesel exhaust is
vibration; requires massive foundations and acoustic enclosures. highly polluting, and the equipment required to clean it adds sig-

nificantly to both the initial and running costs.
Environmental Impact

o Emissions: High emissions of Nitrogen Oxides (NOy), Sulfur
Oxides (SOy), and Particulate Matter (PM).

@ Requires expensive exhaust after-treatment (like SCR - Selective
Catalytic Reduction) to meet modern environmental norms.

Urea Tank
(DEF)
llnjection
; NO N2 + H>O
A »| SCR Catalyst >
Exhaust Exhaust
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itations
I—Summary
@ Diesel power plants use IC engines to drive generators, To summarize, diesel plants fill a crucial niche in power engineering.
providing high thermal efficiency and rapid start capabilities. They are not meant to power a nation continuously, but a modern

@ They are best suited for peak load shaving, emergency backup, grid cannot function reliably without them providing peaking and

and remote off-grid power generation. backup support.

@ Key advantages include low initial cost, compactness, no
standby losses, and low cooling water requirements.

@ Major limitations are the high cost of diesel fuel, restricted
total plant capacity, frequent maintenance, and significant
exhaust emissions.
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Next Lecture Preview

?{I, L—Lecture 5.39: Diesel Engine Power Plant Fun-

5 damentals: Applications, Advantages, and Lim-

&  itations

o

o L—Next Lecture Preview
Next time, we will open up the 'black box’ of the diesel plant and
examine the specific engineering behind its cooling, lubrication,

Deep Dive into Diesel Plant Auxiliary Systems fuel, and starting systems. See you then.

@ Fuel Injection and Storage Systems

@ Engine Cooling and Lubrication Circuits
@ Starting Mechanisms (Compressed Air and Battery Systems)
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Pl ant Configuration of Diesel Power Plant
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Welcome to Lecture 40. Today we will focus on the complete

L 5 40 configuration, layout, and operational principles of diesel power
ECtU re . plants.

Configuration of Diesel Power Plant
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?{I, L—Lecture 5.40: Configuration of Diesel Power
S PIaTt—

O

C% Agenda

Introduction to Diesel Power Plants
This is our agenda. We'll start with an introduction, examine the
physical layout, cover the working thermodynamic cycle, and then

General Layout of a Diesel Power Plant

Working Principle (Thermodynamic Cycle) ) ; ) o
dive deep into each major auxiliary system.

Fuel Supply System

Air Intake and Exhaust Systems

Engine Cooling System

Lubrication System

Starting System

Electrical Systems and Control

Summary and Q&A
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Introduction to Diesel Power Plants

< : . .
N L—Lecture 5.40: Configuration of Diesel Power
N~
Diesel | diesel i he pri 2 Pl
o Diesel power plants use a diesel engine as the prime mover to © L " .
drive an alternator. S Introduction to Diesel Power Plants
o They operate on the Diesel cycle (compression-ignition), utilizing a
liquid fuel such as High-Speed Diesel (HSD) or Light Diesel Oil
(LDO). . . Diesel plants are highly versatile, offering rapid startup and high
o Typically used for small to medium scale power generation (2 to . o
50 MW). efficiency at small scales. They are critical for peak load manage-
@ Primary applications: Standby/emergency power, peak load ment and emergency backup.
plants, off-grid or remote location power generation, and mobile
power units.

o Characterized by quick starting capability and high thermal
efficiency compared to small steam plants.

Startup Time (mins)

90
90
60
30
15
5
> Type
Diesel Gas Steam
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Plant
L General Layout of a Diesel Power Plant

General Layout of a Diesel Power Plan

@ The core is the Diesel Engine coupled directly to the Generator

(Alternator).
@ Surrounding the prime mover are essential auxiliary systems:

2026-07-24

@ Fuel Supply System (storage, filtration, injection)

@ Air Intake System (filters, superchargers/turbochargers)
© Exhaust System (silencers, heat recovery)

@ Cooling System (water jackets, radiators/cooling towers)
@ Lubrication System (oil pumps, coolers, filters)

@ Starting System (compressed air or battery/electric)

Fuel System [ Air Intake J {Starting SystemJ

This layout diagram is crucial. Every auxiliary system interacts
with the engine to ensure continuous, safe, and efficient operation.

Diesel Engine

/
& Generator
L >

Cooling System [ Lube System } [Exhaust System}
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Working Principle: The Diesel Cycle

3*}1 L—Lecture 5.40: Configuration of Diesel Power
S Plant - |
The 4-Stroke Diesel Cycle § L-Working Principle: The Diesel Cycle & “j
Power generation typically uses 4-stroke engines for better efficiency. o L SN S
© Suction Stroke: Pure air is drawn into the cylinder. . . . . ) .
@ Compression Stroke: Air is compressed (14:1 to 22:1), raising Unlike petrol engines, diesel engines compress only air. The high
temp (500-700°C). compression ratio is the key to their high thermal efficiency.

© Power Stroke: Fuel is injected, auto-ignites, rapidly expanding
and driving piston down.

@ Exhaust Stroke: Exhaust valve opens, piston pushes out burnt
gases.

Qout

Power Plant Engineering July 24, 2026 563 /632



Power Plant Engineering

Fuel Supply System Configuration

?{I, L—Lecture 5.40: Configuration of Diesel Power
S Plant
@ Function: To store, filter, and deliver fuel to cylinders in exact § L Fuel Supply System Configuration
quantities at high pressure. &
o Components: Main storage tank, day tank, transfer pump,
strainers/filters, fuel injection pump, and atomizing injectors. Clean fuel is critical. The filtration system prevents damage to
@ The Day Tank holds a daily supply of fuel and allows impurities the high-precision fuel injection pumps. The day tank provides a
to settle. reliable buffer.

@ Injection pressure must be extremely high (often >1000 bar) to
ensure fine atomization.

Fuel Flow Path

Storage Tank — Transfer Pump — Filter — Day Tank — Injection
Pump — Injector — Engine Cylinder

Storage Transfer " Day Injection . Engine
[ Tank [ Pump Bty Tank Pump nisctoy Cylinder
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Air Intake and Exhaust Systems

Exhaust System

Air Intake System

@ Supplies clean air for
combustion (15-20 kg air / kg
fuel).

@ Uses dry or oil-bath filters to
remove dust, preventing wear.

@ Often includes a
Turbocharger

@ Removes burnt gases safely.

@ Includes a Silencer/Muffler
to reduce low-frequency noise.

o Gases exit at 400-500°C.
Waste heat recovery boilers
can generate low-pressure
steam or hot water.

(exhaust-driven) to compress
intake air, increasing power &
efficiency.

— Air In[ Compressor
Air Filter (Turbocharger)

1 Shaft
ilencer
Haust O ']'Erbocharger) |
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Plant
L_Air Intake and Exhaust Systems

Turbocharging is almost universal in modern diesel power plants
as it drastically improves the power-to-weight ratio. The exhaust

system must manage noise and thermal energy.
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Engine Cooling System

?{I, L—Lecture 5.40: Configuration of Diesel Power
S Plant
@ Purpose: Maintain safe operating temps, prevent thermal failure, § I—Engine Cooling System
and maintain oil viscosity. N
@ Only ~35-40% of fuel energy converts to shaft power; much of
the rest is heat. Efficient cooling prevents catastrophic engine failure. Using treated
o Closed-loop system (Primary): Treated (demineralized) soft water in the primary loop prevents scale formation which would
water circulates through engine water jackets to prevent scaling. block heat transfer.

@ Secondary loop: Raw water cools the soft water via a heat
exchanger and rejects heat via a cooling tower.

Hot Soft Water Hot Raw Water
/\ /\
Engine H .
Water Excheaantger (EI?OOV!/I;'g
Jacket
\_/ \_/
Cold Soft Water Cold Raw Water
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Lubrication System

3*}1 L—Lecture 5.40: Configuration of Diesel Power
S Plant
e Functions: Reduces friction & wear (pistons, bearings), cools § L biesiien System
internal components, cleans surfaces, and provides piston ring seal. N
o Type: Typically a pressurized, forced-feed lubrication system.
@ Components: Lube oil sump, gear-driven main oil pump, oil Without continuous lubrication, engine seizure occurs in minutes.
cooler, primary/secondary filters, pressure relief valves. The oil also acts as a secondary coolant for parts like the piston
@ Lube Qil Cooler: Crucial for maintaining oil viscosity. Oil is crown.

typically cooled by the engine’'s main water cooling system.
@ Oil purifiers or centrifuges are often used in large plants to
continuously remove sludge.

Gravity Engine Bearings
Return & Pistons
@—{O” PumpHOil CooIerH Filter ]
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Starting Systems

3*}1 L—Lecture 5.40: Configuration of Diesel Power
S Plant
Requirement § I—Starting Systems
Diesel engines cannot start themselves; they require external power to o
overcome initial friction and compression resistance.
For utility-scale diesel plants, compressed air is the standard start-
o Electric Starting: Used for small to medium sets (up to ~2 ing method because electric starters would draw prohibitively high
MW). Employs DC starter motors powered by heavy-duty TS,

lead-acid battery banks.

o Compressed Air Starting: Used for large industrial diesel
engines. High-pressure air (20-30 bar) is directly injected into
specific cylinders during their power stroke to turn the engine.

o Auxiliary Engine Starting: A small petrol or diesel engine is
temporarily coupled to the main engine (less common in modern
plants).

@ Pre-lubrication pumps are often run before starting large engines
to ensure bearings are lubricated.

Air |30 bar Air Distributor |_AIr In_ (" Engine
Compressor Receiver Tank Valve Cylinder
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Electrical Systems and Control

3*}1 L—Lecture 5.40: Configuration of Diesel Power
S Plant
@ Alternator: Directly coupled to the engine flywheel. Usually a § L_Electrical Systems and Control
3-phase synchronous generator. N
o Exciter: Provides DC current to the alternator rotor field.
@ Governor: An electro-hydraulic or electronic speed controller that The governor and AVR are the brain of the power plant, ensuring
adjusts the fuel rack position to maintain constant engine speed the electrical output meets grid specifications regardless of load
(and thus AC frequency) despite load variations. fluctuations.

e Automatic Voltage Regulator (AVR): Maintains constant
terminal voltage.

e Control Panel: Monitors critical parameters (oil pressure, water
temperature, exhaust temp, voltage, frequency).

[Load Change HSpeed ChangeH Governor ]—{ AFdl}ilsthsg:t J—{Speed Restored}
Y
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Plant
L—Plant Layout Considerations

Plant Layout Considerations

e Vibration Isolation: Massive concrete foundations with
anti-vibration mountings (springs or rubber pads) are essential to
prevent structural damage.

@ Ventilation: The engine room requires massive airflow to remove
radiated heat and supply combustion air. Civil and structural engineering play a big role. The foundation

@ Acoustic Enclosures: Critical for noise compliance, especially in
urban environments.

o Fire Safety: Diesel fuel storage requires strict adherence to fire storage are Iegally mandated.
codes, including bunding (containment walls) around tanks and
foam suppression systems.

2026-07-24

must dampen massive dynamic loads, and safety systems for fuel

Cooling [ayout Boundary
Towers

Control
- Room

Engine Room

& Alternators ‘,\
Tank Farm

(Bunding)
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Summary

Diesel power plants offer flexible, quick-start power generation
based on the compression-ignition cycle.

The complete configuration involves the prime mover and six
critical auxiliary systems.

Fuel, Air/Exhaust, Cooling, Lubrication, Starting, and Electrical
control systems must all function perfectly in tandem.

Proper plant layout must address vibration, noise, heat dissipation,
and fuel safety.

While capital costs are relatively low, high operating fuel costs
restrict their use mainly to peak load and emergency backup roles.

‘ ’ @
N ' .
~. ' -

v

Diesel
Generator Set

ES
e ' A
‘ | | “
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L—Lecture 5.40: Configuration of Diesel Power
Plant
I—Summary

To summarize, a diesel power plant is a complex integration of
mechanical, fluid, and electrical systems. Mastery of these auxiliary
systems is key to plant engineering.
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Next Lecture Preview

?{I, L—Lecture 5.40: Configuration of Diesel Power

S Plant
o Topic: Performance and Testing of Diesel Power Plants § LNext Lecture Preview

N
o Calculation of Indicated Power (IP) and Brake Power (BP).
@ Mechanical, Thermal, and Volumetric Efficiencies. Next time, we will look at the math and thermodynamics behind
@ Heat Balance Sheet for a Diesel Engine. these plants, calculating exactly how efficient they are and where
@ Methods to improve plant performance and cogeneration the energy losses occur.

possibilities.

BP (35%)

Cdqoling (30%
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Systems of Diesel Power Plant
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Welcome to lecture 41. Today we delve into the intricate auxiliary

Lecture 5 41 systems that support the continuous operation of a diesel power
. plant.

Systems of Diesel Power Plant
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I—Agenda

2026-07-24

Our agenda covers the five primary auxiliary systems required for

Topics for Today

the reliable operation of the diesel engine prime mover.

Fuel Supply and Injection Systems

Air Intake System and Supercharging
Exhaust System and Waste Heat Recovery
Engine Cooling Systems (Open vs. Closed)

Lubrication System Mechanics

Starting Systems (Compressed Air and Electric)
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Fuel Supply System: Architecture and Flow

Power Plant Engineering
L Lecture 5.41: Systems of Diesel Power Plant

Fuel Supply System: Architecture and Flow

Function & Storage LFuel Supply System: Architecture and Flow

2026-07-24

@ Function: Delivers clean fuel from the main storage tank to the
engine injection system at the required pressure and flow rate.

@ Main Storage Tank: Usually located underground or outside the
plant room; provides bulk storage for 15-30 days of continuous
operation.

The fuel supply system is critical for preventing contamina-
tion. Even microscopic particulate matter can severely score the

\.

r— precision-machined plungers in the injection pumps.
Transfer & Filtration

o Transfer Pumps: Typically gear or lobe pumps used to move fuel
from main storage to the daily consumption (day) tank.

o Filtration Stages: Incorporates coarse strainers before transfer
pumps and fine micron filters (paper or felt) before the injection
pump to prevent injector nozzle clogging.

o Day Tank: An elevated gravity-feed tank inside the plant room
that holds an 8-hour supply, providing positive suction head to the
injection pump.

Main

Transfe .
Storage Prz:]spzr ]—)[ Filters ]—P[DayTank]—{ Engine J
Tank
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Fuel Injection System: Atomization and Metering

Core Objectives & Systems

o Core Objectives: Accurately meter the fuel quantity per cycle
based on load, time the injection precisely, and atomize the fuel
for rapid combustion.

o Jerk Pump System: Utilizes a camshaft-driven plunger pump for
each cylinder. The effective stroke of the plunger is varied by
rotating it via a rack and pinion mechanism connected to the
governor.

o Common Rail System: Maintains high-pressure fuel (up to 2000
bar) in a central accumulator (rail). Electronic Control Unit
(ECU) actuates solenoid or piezo injectors.

Atomization & Design

o Atomization: Fuel is forced
through nozzle orifices
(typically 0.1 to 0.3 mm
diameter) at extreme Needle Valve
pressures, breaking into a fine
mist with high surface area to
Power Plant Engi?ering_ July 24, 2026
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L Fuel Injection System: Atomization and
Metering

The shift towards Common Rail Direct Injection (CRDI) in modern
stationary engines allows for multiple injection events per cycle,
reducing NOx emissions and improving specific fuel consumption.



Air Intake System

Requirements & Filtration

o Requirement: A diesel engine requires roughly 15 to 20 kg of air per
kg of fuel. High volumetric efficiency is essential for maximum power
output.

o Filtration: Intake air must be free of dust. Types include dry paper
filters, oil-bath filters, and impingement-type viscous filters.

o Intake Manifold: Designed to minimize flow restriction (pressure
drop) and ensure equal distribution of air to all cylinders.

Performance Enhancement

o Supercharging/Turbocharging: Increases the density of intake air.
An exhaust-gas-driven turbine powers a centrifugal compressor.

o Charge Air Cooling (Intercooling): Compressing air raises its
temperature, reducing density. Intercoolers (air-to-air or air-to-water
heat exchangers) reduce the charge air temperature before it enters
the cylinders.

Fresh Air —b[ Compressor H Intercooler ]

Shaft

ExhaustOutf—[ Turbine H Engine ]
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L Air Intake System

Turbocharging is standard on modern plant engines. It can increase
the power output of a given engine displacement by 30% to 50%
without significantly increasing engine size.
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Exhaust System

Routing & Backpressure L Exhaust System

2026-07-24

o Purpose: To safely route high-temperature (400-600°C) exhaust
gases out of the engine room with minimal backpressure and noise.
o Backpressure Limitations: Excessive exhaust backpressure

prevents complete scavenging of cylinders, reducing volumetric
efficiency and increasing specific fuel consumption. boosts the overall thermal efficiency of the plant from around 35-

40% to upwards of 75-80%.

In cogeneration setups, utilizing the exhaust heat significantly

Acoustics & Energy Recovery

o Silencers/Mufflers: Employ reactive (expansion chambers for low
frequencies) and absorptive (fiberglass lining for high frequencies)
acoustic designs.

o Flexible Connections: Stainless steel bellows are installed
between the engine manifold and fixed exhaust piping to isolate
vibrations and accommodate thermal expansion.

o Waste Heat Recovery (WHR): Exhaust gases carry away about
30% of the fuel's energy. WHR boilers can generate low-pressure
steam or hot water for cogeneration purposes.

Engine Flexible Silencer / WHR Stack
Manifold Bellows Muffler Boiler ac
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Cooling System: Thermodynamic Necessity
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Heat Management I—Cooling System: Thermodynamic Necessit

o Heat Dissipation: Around 25-30%
of combustion heat is absorbed by
engine components (cylinder walls,
piston crowns, cylinder heads).

@ Necessity: Without cooling,
lubricating oil would degrade rapidly
(carbonize), and thermal expansion
would cause piston seizure.

Coolant & Control

@ Coolant Mediums: Water is the
most common due to its high specific
heat capacity. Inhibitors are added to
prevent scaling, corrosion, and
cavitation.

o Coolant Jackets: En

Maintaining the correct operating temperature is a delicate bal-
ance. Overcooling increases thermal stresses and friction, while
undercooling risks catastrophic engine failure.

Useful
Work
(35%)

. Cooli
ine blocks and o
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Open vs. Closed Cooling S
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Open vs. Closed Coollng Systems L Lecture 5.41: Systems of Diesel Power Plant

Cooling System Configurations

e Open System: Water is drawn from a natural source (river, lake), —
pumped through engine jackets, and discharged back. Rarely used (-\\ e —.
due to scale formation and debris.

@ Closed (Double Circuit) System: Demineralized, treated
primary water circulates through the engine jackets in a closed circuit systems with cooling towers to maintain strict control over

L-Open vs. Closed Cooling Systems

2026-07-24

Large centralized diesel power plants exclusively use closed double-

loop. the primary coolant’s chemistry.
o Heat Exchanger: The primary hot water transfers heat to a

secondary raw water circuit in a shell-and-tube or plate heat
exchanger.
o Cooling Towers: The secondary raw water rejects heat to the
atmosphere via an evaporative cooling tower before recirculating.
e Radiator Cooling: Common for smaller plants (< 5 MW);
primary water is cooled directly by an engine-driven or electrically
driven fan blowing air across a finned-tube radiator.

Closed Loop (Cooling Tower)

Engine
Radiator Setup

[
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L Lubrication System: Function and
Properties

Lubrication Essentials

@ Functions: Reduces friction and wear
(hydrodynamic lubrication), acts as a
coolant for pistons, seals the piston rings,
and flushes away wear particles and soot.

@ QOil Properties: Requires correct
viscosity index, high flash point, oxidation
stability, and detergency/dispersancy
additives to handle diesel soot. )

o Wet Sump System: Lubricating oil is
stored in the oil pan (sump) at the
bottom of the engine crankcase.

oil LSﬁaft)
@ Dry Sump System: Oil is evacuated
from the crankcase by a scavenge pump

and stored in an external reservoir.
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The lubrication system is the lifeblood of the engine. Piston cooling
is often achieved by oil jets spraying the underside of the piston
crown.
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Lubrication System Components

Flow and Distribution

o Oil Pump: Typically a positive displacement gear pump driven by
the engine crankshaft.
Oil Cooler: A shell-and-tube heat exchanger where hot oil

transfers heat to the engine coolant circuit. Necessary to maintain . . . o o
o szl Notice how oil temperature is regulated by the engine coolant. This
L B0 (O11) (BELIEER 4 ptiley [pREEErsa Glflis] (e s Gl ensures the oil reaches operating temperature quickly and doesn’t
block that distributes pressurized oil to the main crankshaft
bearings. overheat under heavy load.
Drilled Crankshafts: Oil flows from main bearings through drilled
passages in the crankshaft webs to lubricate the connecting rod
(big end) bearings.

Valve Train Lubrication: Oil is routed up to the cylinder head to
lubricate camshafts, rocker arms, and valve stems, then drains
back to the sump via gravity.

S -
Oil Pump ]—)[ Oil CoolerH Filter ]

R
N

L Lubrication System Components
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N

Gravity Return®,

N
N
N

Valve Main
Train g Gallery

Power Plant Engineering July 24, 2026 582 /632




Power Plant Engineering
L Lecture 5.41: Systems of Diesel Power Plant

Starting System: Requirements

I—Starting System: Requirements

2026-07-24

Challenges of Starting

@ Overcoming Inertia: Diesel engines
have high compression ratios (14:1 to
22:1). Starting requires significant torque
to overcome mechanical inertia, friction,
and compression pressures.

@ Cranking Speed: The engine must be
rotated at a minimum cranking speed
(typically 100-200 RPM) to generate
sufficient compression heat for
auto-ignition of fuel.

If an engine is cranked dry, the resulting bearing wear from one
start can be equivalent to hundreds of hours of normal running
operation.

Engages
Ring Gear
K

r Starter
]  Motor

Electric Starting & Limitations

Engine
Flywheel

@ Electric Starting: Uses a DC electric
motor with a pinion gear that engages
the engine flywheel ring gear. Powered by
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Compressed Air Starting System

Air Air Receiver Air (S:)’“n_der
Compressor (30-40 bar) Distributor I

Valve

Camshaft

System Overview

Primary Method: Standard for medium and large stationary
diesel engines.

Air Compressors: Multi-stage reciprocating compressors fill
high-pressure air receivers (typically 30-40 bar).

Air Distributor: A mechanically driven rotary valve synchronized
with the camshaft that directs compressed air to the correct
cylinders.

Air Starting Valves: Pneumatically actuated valves installed in
the cylinder heads. High-pressure air enters the cylinder during the
expansion stroke, driving the piston down.

Operation: The compressed air effectively acts as a pneumatic
motor using the engine's own cylinders until firing speed is reached
and fuel injection begins.

Power Plant Engineering
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L Compressed Air Starting System

Compressed air starting provides massive torque instantly. Air re-
ceivers are sized to provide a minimum of 3 to 6 consecutive start
attempts without recharging.
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Summary

Key System Takeaways

I—Summary

The Fuel System must meticulously filter and inject fuel at
extreme pressures for proper atomization and combustion.
Air Intake and Exhaust Systems utilize turbocharging to
increase volumetric efficiency and often employ waste heat
recovery to boost overall plant thermal efficiency. 0 0 ofo 5 -
@l e e Sl it et e e cmiiel) (o Understanding these interconnected auxiliary systems is vital. A
maintain thermodynamic balance and prevent internal scaling. . . . . . . .

The Lubrication System relies on high-quality oils and cooling to fallure n any Slngle syStem (e'g'v Coo“ng or |Ubrlcat|0n) WI” reSU|t
provide hydrodynamic lubrication and piston cooling.

Starting Systams tranition from electric motors.to compressed in immediate shutdown or catastrophic damage to the prime mover.

air systems as engine capacity and compression ratios increase.

Starting
System

2026-07-24

Fuel System Air/Exhaust

Diesel
Engine

Cooling System

Lubrication
System
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Next Lecture Preview

3:}1 L Lecture 5.41: Systems of Diesel Power Plant
o
g LNext Lecture Preview
Topic: 5.4 Gas Turbine Power Plant - o
Brayton Cycle
. . Next time, we shift our focus from reciprocating engines to rotary
¢ Thermodynamlc analysis of the T engines, exploring the fundamental thermodynamics of the Gas
ideal and actual Brayton cycle. . 5 Tiurfsfine e (g

o Components of a Gas Turbine:
Compressors, Combustors, and

Turbines. 2

@ Methods for improving Gas Turbine 4
efficiency: Intercooling, Reheating,
and Regeneration. 1

@ Comparison of Diesel and Gas
Turbine power plants for peaking
load applications.
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Welcome to Lecture 42. Today we shift our focus from the core

L 42 thermodynamic cycle of the gas turbine to the essential support

ECtu re 5 . systems, known as auxiliary systems, that make continuous and
safe operation possible.

Auxiliary Systems of Gas Turbine Plant
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?{I, L Lecture 5.42: Auxiliary Systems of Gas Turbine

S Plant

§ I—Agenda

N
Introduction to Gas Turbine Auxiliaries Our agenda covers all the major auxiliary systems. We will look at
Star‘“ng System Operat|on and Types how the turbine is Started, how fuel and oil are managed, and how

leniti . the massive amounts of air are filtered and cooled.
gnition System Mechanics

Fuel System and Conditioning
Lubrication System Layout
Cooling and Sealing Systems
Air Intake and Exhaust Systems

Summary and Key Takeaways
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Introduction to Gas Turbine Auxiliaries 3:}1 L Lecture 5.42: Auxiliary Systems of Gas Turbine
@ Auxiliary systems are vital support subsystems required for the % Plar;t_lntmduction to Gas Turbine Auxiliaries
safe, reliable, and efficient operation of the main gas turbine. N
@ They do not generate power themselves; rather, they consume
a fraction of the plant’s parasitic load. Think of the gas turbine as the engine block of a car. Just as a
@ Key systems include: Starting, Ignition, Fuel, Lubrication, car needs a starter, oil pump, and radiator, a gas turbine requires
Cooling, and Intake/Exhaust systems. these auxiliary systems. A failure here is just as critical as a failure
@ Failure or malfunction of any single auxiliary system will in the compressor or turbine blades.

typically result in a turbine trip (shutdown) to prevent

catastrophic damage.
Ignition
System
Starting Fuel
System System

Gas Turbine
Main Unit

Intake/Exhaust
' July 24, 2026
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Starting System: Purpose and Mechanics

2026-07-24

@ Unlike steam turbines, a gas
turbine cannot self-start.
The compressor must be
rotated to provide sufficient
airflow for combustion.

Before fuel can be ignited, the compressor must deliver a specific
mass flow of air. The starting system does this heavy lifting, accel-
erating the massive rotor until the combustion process takes over

@ The starting system the load.

accelerates the rotor from
rest to a speed where the Torque .
turbine produces enough | Gompressor
work to drive the compressor ;o
(self-sustaining speed).
@ Self-sustaining speed is
typically around 30% to |
50% of the rated e, 1% e

synchronous speed.

Rotor

@ The starting device must
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Starting System: Types of Prime Movers

2026-07-24

Electric Motor Starters

Common in smaller or industrial units. Connects via a clutch that
disengages once self-sustaining speed is reached.

The choice of starter depends on the turbine size and plant require-

Diesel Engine Starters ments. Modern large turbines almost exclusively use the generator

Used for black-start capability or in remote areas without a reliable grid itself as the starter via an SFC, which eliminates the mechanical
connection. starting clutch and physical prime mover.

.

Pneumatic (Air/Gas) Starters

Uses high-pressure air or natural gas expanded through a small starting
turbine.

Static Frequency Converters (SFC)

Uses the main generator as a synchronous motor during startup by
supplying it with variable frequency AC power. Common in large
heavy-duty frame machines.

.
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I—Ignition System

Ignition System

2026-07-24

@ Initiates combustion of the air-fuel mixture during the startup
sequence.

You don’t need a spark plug in every single combustion chamber.
Usually, just two are equipped with igniters. The pressure wave and
o Utilizes high-energy, high-voltage spark plugs (igniters) located flame travel through cross-fire tubes to instantly ignite the rest.
in specific combustion cans (typically two redundant igniters).
@ Once ignition is established in the primary cans, flame
propagation tubes (cross-fire tubes) carry the flame to the
remaining combustion chambers.

@ The ignition system is retracted or de-energized once
combustion is confirmed via flame scanners (UV or IR
detectors).
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Fuel System: Liquid and Gas

@ Responsible for delivering fuel to the combustors at the precise flow
rate and pressure required by the load demand.

Gas Fuel System

Includes knock-out drums (to remove moisture), gas scrubbers, heaters (to
prevent condensation and ensure superheat), and gas control valves (SRV
& GCV).

Liquid Fuel System

Includes low-pressure forwarding pumps, filters, high-pressure primary
pumps, flow dividers (to ensure equal flow to all nozzles), and atomizing air
systems.

Dual-Fuel capability

Requires complex valving to allow on-the-fly transfer between gas and
liquid fuels.
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L Fuel System: Liquid and Gas

Fuel must be clean and at the right state. For natural gas, we heat
it to ensure no liquid droplets impinge on the nozzles. For liquid
fuels like diesel, we need high pressure and atomizing air to create
a fine mist for proper combustion.



Lubrication Oil System: Functions

Power Plant Engineering

Lubrication Qil SyStem: Functions ?{I, L Lecture 5.42: Auxiliary Systems of Gas Turbine
S Plant
§ L—Lubrication Oil System: Functions
N
@ Provides hydrodynamic lubrication to the journal and thrust The lube oil system is the lifeblood of the turbine. Without it,
bearings of the turbine and generator. bearings would melt in seconds. It also doubles as the hydraulic
@ Acts as a primary coolant for the bearings, removing frictional fluid for the critical control valves.

heat and heat conducted from the turbine rotor.

@ Supplies high-pressure hydraulic fluid for the actuation of
control valves (e.g., fuel valves, Inlet Guide Vanes).

@ Operates continuously during run-down (coasting) and on
turning gear to prevent rotor bowing and bearing damage after
shutdown.
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Lubrication Oil System Layout

Power Plant Engineering

Lubrication Oil System Layout

?{I, L Lecture 5.42: Auxiliary Systems of Gas Turbine 2%
S Plant
§ L—Lubrication Oil System Layout
Turbine & o
MLOP Generator
o . earings . . . .
. : i : Notice the redundancy. If the main shaft pump fails, the AC auxil-
Shaft-driven, : .
. Duplex iary pump starts. If all plant AC power is lost, the DC battery-
normal operation. Filters -
. powered emergency pump ensures the turbine can coast down
o ALOP: AC motor, Lube Ol safely without wiping the bearings.
startup/backup. e o

Return

e ELOP: DC motor
(batteries),
emergency. @@ @@ @@

e Coolers/Filters:
Heat & particle
removal.

Lube Oil Reservoir
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Cooling and Sealing Air System

3*}1 L Lecture 5.42: Auxiliary Systems of Gas Turbine
S Plant
§ I—Cooling and Sealing Air System
N
S o o
° tCLaeS rtnuerlfc)il:g :;Icr)lir;% (t)?r:}?:tcautrljbriise (éli(c)i?a rfle_tallﬁlorgy(:) far exceed We use about 10-20% of the compressed air just for cooling and
sealing. The blades are hollow, and this air creates a thin protective
@ Cooling air is extracted from intermediate and discharge stages film on the outside, allowing the blades to survive in temperatures
of the compressor. that would otherwise melt them.

@ This air is routed through internal passages in the rotor and
stator to cool the turbine nozzles and buckets (blades) via film
and internal convection cooling.

@ Sealing air prevents hot combustion gases from escaping into
the bearing cavities and prevents lubricating oil from leaking
into the gas path.
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Air Intake and Filtration System

@ Gas turbines consume enormous volumes of ambient air. Any
particulates can cause compressor blade erosion or fouling, degrading
efficiency.

@ Intake systems typically feature multiple stages:

o Weather louvers

o Coalescer pads (moisture removal)

o Pre-filters

o High-efficiency particulate air (HEPA) filters and the overall power output of the turbine.

2026-07-24

A heavily fouled compressor can cost millions in lost efficiency.
The intake filter house is massive. In hot climates, we also cool
this intake air because cooler, denser air increases the mass flow

@ Anti-icing systems bleed hot compressor discharge air into the intake
to prevent ice formation on the Inlet Guide Vanes (IGVs) in cold
climates.

@ Inlet chillers or evaporative coolers may be used to increase air density
and thus increase turbine power output in hot weather.
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Exhaust System

?{I, L Lecture 5.42: Auxiliary Systems of Gas Turbine
S Plant
8 L—Exhaust System
N
o Directs the hot exhaust gases (usually 500°C — 600°C) safely The exhaust system handles massive volumetric flow at high tem-
away from the turbine and operating personnel. peratures. Noise control is a major environmental requirement.
@ Exhaust diffusers recover dynamic pressure and reduce exhaust In our next topic, cogeneration, this exhaust heat won't just be
velocity. vented; it will be captured.

@ Silencers are installed in the exhaust stack to mitigate the
high-decibel, low-frequency noise generated by the turbine.

@ In combined cycle or cogeneration plants, the exhaust is routed
to a Heat Recovery Steam Generator (HRSG) via a diverter
damper.
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?{I, L Lecture 5.42: Auxiliary Systems of Gas Turbine
S Plant

§ I—Summary

N

@ Auxiliary systems are the life-support systems for the gas

. To summarize, while the compressor and turbine do the thermody-
turbine.

) o namic work, they are entirely dependent on these auxiliaries. Un-
@ Starting systems accelerate the rotor to self-sustaining speeds

) derstanding them is crucial for plant operations and maintenance.
using external power or SFCs.

@ Fuel and Ignition systems coordinate to initiate and maintain
controlled combustion.

@ Lubrication systems protect bearings and actuate valves, with
critical redundant DC pumps for emergencies.

@ Cooling, Intake, and Exhaust systems manage thermal limits,
air quality, and environmental noise.
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Next Lecture Preview
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Cogeneration Power Plants Next time, we will see how to stop wasting the massive amount

o Concept of Combined Heat of heat exiting the exhaust stack by introducing cogeneration and
and Power (CHP). conack/ combined heat and power systems. See you then.
o Utilization of gas turbine Hot T
exhaust in Heat Recovery Air+Fue.H Tsz }M{ HRSG }
urbine
Steam Generators (HRSG).
@ Overall plant efficiency
improvements through {Electricity} { Frocess }
cogeneration.
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gine Vs Gas Tu rbine Power Plants Comparative Analysis: Diesel Engine Vs Gas Turbine

Power Plants
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Welcome to lecture 43. Today we will conduct a comprehensive

Lectu re 5 43 comparative analysis between diesel engine and gas turbine power
| ]

plants, consolidating our knowledge from the previous sessions.

Comparative Analysis: Diesel Engine Vs Gas Turbine
Power Plants
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Topics Covered

Introduction and Basis of Comparison
Thermodynamic Cycle Differences
Space and Layout Requirements

Capital Cost and Installation Time
Efficiency and Part-Load Performance
Fuel Flexibility and Water Requirements
Maintenance, Lubrication, and Lifespan

Environmental Impact and Summary
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gine Vs Gas Turbine Power Plants

I—Agenda

Our agenda covers eight main points. We will systematically eval-
uate both technologies across various technical and economic pa-
rameters to understand their ideal use cases.
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Introduction to Comparative Analysis

S L Lecture 5.43: Comparative Analysis: Diesel En-  ==mtesiiido oo™
S gine Vs Gas Turbine Power Plants
§ L Introduction to Comparative Analysis
Both Diesel and Gas Turbine plants are internal combustion prime
movers used extensively for decentralized power generation. While both plants serve similar grid functions, their fundamental
differences in operation dictate which is more suitable under spe-
@ Selection criteria depend heavily on site-specific constraints: cific geographical and economic constraints.

space availability, water scarcity, fuel supply logistics, and
capital budget.

@ Primary applications for both include peak load shaving,
emergency standby power, and isolated grid power supply.

Why Compare?

Understanding their comparative advantages is crucial for power
systems engineers when designing independent power producer
(IPP) setups or captive power plants.
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Basic Cyde Differences 3*}1 L Lecture 5.43: Comparative Analysis: Diesel En-
S gine Vs Gas Turbine Power Plants
1 © Ot 0w 75 o
Cycles of Operation g L—Basic Cycle Differences A\ (j
o Diesel Plants: Dual/Diesel Cycle (Compression of air, L,
CEMEEAT [ izt a.ddlt.lon, enttieiple egemelon, 2ne The core difference lies in the thermodynamic cycles and the nature
constant volume heat rejection). . . . : . .
) _ of mechanical motion. The reciprocating nature of diesel engines
o Gas Turbines: Brayton Cycle (Isentropic compression, necessitates heavier foundations compared to the smooth rotary
constant pressure heat addition in combustion chamber, motion of gas turbines.
isentropic expansion, and constant pressure heat rejection).

Diesel (Dual) T-S rBrayton T-S
2-3 2-3
3.4 3-4
12 112
4-1
41
— > S > S
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Plant Layout and Space Requirements

Footprint Comparison

Gas Turbine Plants have a significantly higher power-to-weight and
power-to-volume ratio compared to diesel engines. For a given
capacity, a gas turbine plant requires approximately 1/3rd to 1/4th
the floor space of a comparable diesel plant.

@ Diesel plants require massive concrete foundations to dampen
low-frequency vibrations generated by reciprocating masses.

@ Gas turbines, being rotary, are practically vibration-free,
allowing for lighter foundations and modular, containerized

packaging (plug-and-play).

10 MW Diesel Plant

(Large Footprint) 1) MW Gbs
Turbine
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gine Vs Gas Turbine Power Plants
LPlant Layout and Space Requirements

If you are designing a plant in an urban area or an offshore platform
where space is at a premium, the gas turbine is undeniably the
better choice due to its compact footprint.
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I—Capital Cost and Installation Time

Capital Cost and Installation Time

2026-07-24

Investment Overview

o Capital Cost: Gas turbine plants typically have a lower initial
capital cost per kW of installed capacity than diesel plants of
the same rating.

Gas turbines win on specific capital cost for medium to large instal-

lations, and their modularity allows for extremely rapid deployment
o Installation Time: Gas turbines are highly modular and to solve acute power shortages.

skid-mounted; installation and commissioning can be
completed in a matter of months.

@ Diesel engines, especially large low-speed ones, require on-site
assembly, extensive civil works for foundations, and longer
commissioning periods.

@ However, for very small capacities (below 1-2 MW),
high-speed diesel generator sets often have lower initial costs
due to mass production economies.

il = = =
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Starting Time and Load Response

2026-07-24

I—Starting Time and Load Response

Diesel Plants

Diesel Plants can be started from cold and synchronized to the grid
at full load within 1 to 2 minutes, making them excellent for
emergency black-start. They respond almost instantaneously to
load fluctuations due to direct mechanical governing of fuel
injection.

For critical backup power (like hospitals or data centers) where
seconds matter, diesel is the standard. Gas turbines are fast, but
not 'instantaneous’ like diesel.

Gas Turbine Plants

Gas Turbine Plants require a longer starting sequence (purging,
cranking, ignition, acceleration) typically taking 5 to 15 minutes to
reach full load. They have a slightly slower transient response due
to the thermal inertia of the combustion process and compressor
dynamics (risk of compressor stall).
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Efficiency and Part-Load Performance

?{I, L Lecture 5.43: Comparative Analysis: Diesel En-

@ Full Load Efficiency: Large diesel engines can achieve E gine Vs Gas Turbine Power Plants —
thermal efficiencies of 40-45%. Simple cycle gas turbines 5 —Efficiency and Part-Load Performance ///
typically achieve 30-38%.

o Part-Load Efficiency: Diesel engines maintain a relatively flat This is a critical slide. If your plant operates primarily at part
efficiency curve down to 50% load, while Gas turbines suffer a loads, a gas turbine will be highly uneconomical due to poor part-
drastic drop. load efficiency. Diesel engines are vastly superior in variable load

Efficiency (%) scenarios.

— Diesel

Gas Turbine
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Fuel Flexibility and Preparation

Power Plant Engineering

Fuel Flexibility and Preparation

3*}1 L Lecture 5.43: Comparative Analysis: Diesel En-

S gine Vs Gas Turbine Power Plants

§ L Fuel Flexibility and Preparation
Diesel Engines
Can burn a wider variety of liquid fuels, including Heavy Fuel Oil The fuel cost over the life of the plant usually dwarfs the capital
(HFO) and Light Diesel Oil (LDO), which are cheaper. cost. The ability of large diesels to burn cheap, residual heavy fuel

oil gives them a massive operational cost advantage in marine and

ERMCR. o= oxd 1P applications,

Require cleaner fuels like Natural Gas or high-grade distillate oils to
prevent hot corrosion of turbine blades by vanadium and sodium.
@ Using HFO in a gas turbine requires extensive, costly fuel
treatment plants (washing and vanadium inhibition).
@ Gas turbines are exceptionally well-suited for gaseous fuels
directly from pipelines, whereas gas-fired reciprocating engines
are more complex.

5\,
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Cooling Water Requirements

3*}1 L Lecture 5.43: Comparative Analysis: Diesel En-
S gine Vs Gas Turbine Power Plants
O
e Diesel Plants: Require a substantial amount of cooling water S '—Cooling Water Requirements
to maintain engine block, lube oil, and charge air temperatures
i . . o .
W'_th'n safe limits. Typlcally, 25-30% of the fuel energy is In arid regions or locations where securing water rights is difficult,
rejected to the cooling water system. the gas turbine’s almost zero water requirement is a decisive ad-
o Gas Turbine Plants: Reject the vast majority of their waste vantage.

heat directly to the atmosphere through the exhaust gases.
Total water demand is negligible compared to diesel.

Diesel Heat Rejection Gas Turbine Heat Rejection

Power Plant Engineering July 24, 2026 610 /632



Maintenance, Lubrication, and Operating Life

Maintenance & Lubrication

o Diesel engines: Involve many moving, sliding parts (pistons,
valves, cams) requiring frequent maintenance and part
replacement. Consume a significant amount of expensive
lubricating oil.

e Gas turbines: Have fewer moving parts (primarily just the

rotor assembly), resulting in longer intervals between major
overhauls. Lube oil consumption is virtually zero.

Operating Life
Large, low-speed diesel engines typically have a longer overall
operational lifespan than high-temperature gas turbine components.
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I—Maintenance, Lubrication, and Operating
Life

While gas turbines require specialized metallurgical maintenance
less frequently, diesel engines require continuous, routine mechan-
ical maintenance. Also, don’t underestimate the cost of lube oil in
a diesel plant—it is a significant operational expense.



Environmental Impact and Emissions

Emissions Profile

e Gas turbines: (especially dry low NOx designs firing natural
gas) have significantly lower NOx, SOx, and particulate matter
emissions.

o Diesel engines: Running on heavy fuel oils require massive,
expensive exhaust gas cleaning systems (scrubbers, SCR) to
meet modern environmental regulations.

Noise and Footprint

@ Gas turbines produce high-frequency aerodynamic noise, easier
to attenuate using acoustic enclosures and silencers.

@ Diesels produce low-frequency structural noise that is harder to
block.

@ Gas turbines generally have a much smaller environmental
footprint, making them easier to permit in urban environments.

— —_ = = Saas
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L Lecture 5.43: Comparative Analysis: Diesel En-
gine Vs Gas Turbine Power Plants

L—Environmental Impact and Emissions

Environmental permitting is increasingly stringent. A natural gas-
fired turbine is considered a 'clean’ fossil fuel technology, whereas
a heavy fuel oil diesel plant faces severe regulatory hurdles.
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gine Vs Gas Turbine Power Plants

Summary of Comparison

e Base Load Applications: Large low-speed diesels (using
HFO) or Combined Cycle Gas Turbines.

e Peak Load/Emergency Applications: High-speed diesels for
instant power, Simple Cycle Gas Turbines for larger capacity
peaking where space is limited.

I—Summary of Comparison

2026-07-24

To summarize, neither is universally better. The 'best’ choice is a
direct function of fuel price and availability, load profile (steady vs.
variable), and physical site constraints.

Parameter Diesel Engine Gas Turbine
Capital Cost Higher Lower
Efficiency (Part Load) High Low
Water Requirement High Low
Space Requirement High Low
Starting Time Very Fast (1-2 min) | Fast (5-15 min)

Final Verdict

Neither is universally better. The 'best’ choice is a direct function of
fuel price and availability, load profile, and physical site constraints.

) = = —
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Next Lecture Preview: Cogeneration

3*}1 L Lecture 5.43: Comparative Analysis: Diesel En-

S gine Vs Gas Turbine Power Plants

§ LNext Lecture Preview: Cogeneration
Combined Heat and Power (CHP) We've seen that both plants reject a lot of heat. Next time, we'll
In our next lecture, we will introduce the concept of Cogeneration. learn how to capture that heat and push our overall plant efficien-
We will explore how utilizing the waste heat from both diesel and cies from 40% up to 80% through cogeneration.
gas turbine exhausts can dramatically increase overall plant thermal
efficiency.

@ Topics will include topping and bottoming cycles, and
thermodynamic principles of heat recovery.

@ Please review the basic concepts of heat exchangers and the
Rankine cycle before the next class.
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L.ecture 5.44: Combined Cycle and Cogenera- Lecture 5.44
tion Systems Combined Cycle and Cogeneration Systems

2026-07-24

Welcome to Lecture 44. Today we're bridging the gap between

L 44 distinct thermodynamic cycles by exploring how combining them

ECtu re 5 . can drastically improve overall plant efficiency, focusing on Cogen-
eration and Combined Cycle Power Plants.

Combined Cycle and Cogeneration Systems
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?{I, L—Lecture 5.44: Combined Cycle and Cogenera-

S tion Systems

8 L

S Agenda

N
Introduction to Cogeneration (CHP) Here is our roadmap for today. We will start with the fundamen-
Thermodynam|c P”nC'ples Of Cogeneration tal Concept of Cogeneration, then dive into the thermodynamics

Applications and Benefits of Cogeneration of combined cycle plants, specifically the Brayton-Rankine integra-

Introduction to Combined Cycle Power Plants (CCPP)

tion.

The Brayton-Rankine Combined Cycle
Heat Recovery Steam Generators (HRSG)

Performance and Efficiency Analysis

Summary & Next Lecture Preview
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Introduction to Cogeneratlon (CHP) 3*}1 L—Lecture 5.44: Combined Cycle and Cogenera-
S tion Systems
' ion? Q : :
il s (openeretient S L Introduction to Cogeneration (CHP)
o Cogeneration, or Combined Heat and Power (CHP), is the o -
simultaneous production of electricity and useful thermal energy from
a single fuel source. Cogeneration is a prime example of energy efficiency. Instead of
@ In conventional power plants, a large portion of thermal energy is . . .
. . . ) . wasting the heat rejected from a thermodynamic cycle, we harness
rejected to the environment via condensers or cooling towers (typically . ) )
50-70% loss). it. The topping cycle is the most common for power plants, where
@ CHP systems capture this low-grade reject heat for industrial high-grade energy generates electricity, and low-grade heat is sup-
processes or district heating, increasing overall fuel utilization. plied to a thermal load.
@ Can be classified into Topping Cycle (electricity produced first,
exhaust heat used) and Bottoming Cycle (high-temp heat used in
process first, waste heat generates power).

Electricity
Electricity 30%
Ny 3%
Fuel 100% Fuel 100% Usegﬂ‘y':eat
e Waste Heat RS
65% Waste Heat

20%
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Thermodynamics of Cogeneration

@ Overall Thermal Efficiency (ncog) = Woer - Gprocess

o Utilization Factor (e,): A more comprehengive metric for CHP, defined
as the ratio of useful energy output (electrical + thermal) to the fuel
energy input.

o Typical modern CHP systems can achieve Utilization Factors of 80%
to 90%, compared to 35-40% for conventional isolated power plants.

@ The back-pressure steam turbine is a common prime mover for
topping cycles, where exhaust steam is delivered at a pressure suitable
for the process heat requirement, rather than expanding to vacuum
condenser pressure.

Wt (Power)

Qin (Fuel) Qprocess (Heat)

Qloss

Power Plant Engineering
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Thermodynamics

Power Plant Engineering
L—Lecture 5.44: Combined Cycle and Cogenera-
tion Systems

I—Thermodynamics of Cogeneration

The thermodynamics shift from maximizing purely mechanical
work to optimizing the sum of work and useful heat. The uti-
lization factor is key here. By not expanding steam to a very low
pressure, we sacrifice some electrical output, but gain a massive
amount of usable thermal energy.
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Cogeneratlon Plant LayOUt 3*}1 L—Lecture 5.44: Combined Cycle and Cogenera-
5 tion Systems
O
8 L Cogeneration Plant Layout
@ Boiler generates high-pressure steam. o
@ High-pressure steam expands in a turbine to generate electricity
(Wout). This schematic illustrates a typical topping cycle layout. Notice
@ Steam is extracted or exhausted at a specific pressure to satisfy the extraction point on the turbine. This allows flexibility to vary
industrial heating demands (Qprocess)- the ratio of electrical power to thermal power based on demand
o Condensate from the process is returned to the boiler feed pump. 0 ] ] 0 -
fluctuations in the industrial facility.

Steam

Boiler Turbine

Wout @

lction
A Condenser

Extral

Process |
Héat

Pump K
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Applications and Benefits of Cogeneration

Key Sectors and Advantages

@ Industrial Applications: Chemical plants, paper mills, refineries, and
food processing facilities with continuous steam demands.

o District Heating: Providing space heating and hot water to
residential and commercial areas in cold climates.

@ Economic Benefits: Significant reduction in overall fuel consumption
and energy costs for facilities requiring both power and heat.

o Environmental Benefits: Reduced greenhouse gas emissions per unit
of useful energy produced due to higher overall efficiency.

Chemical & Paper District Food
Refineries Mills Heating Processing
(V3
LAA)

CO; Emission Reductions
CHP significantly lowers emissions com-

pared to separate heat & power due to
higher utilization factors (up to 90%).
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I—Applications and Benefits of Cogeneration

CHP isn't for every application; it requires a proximate thermal
load because transporting heat over long distances is inefficient and
expensive. But for industries like paper mills or chemical plants, it
is highly economically viable.
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Introduction to Combined Cycle Power Plants & L Lecture 5.44: Combined Cycle and Cogenera-
(CCPP) S tion Systems
S L : :
S Introduction to Combined Cycle Power
CCPP Principles o Plants (CCPP)
@ A Combined Cycle Power Plant integrates a high-temperature topping
cycle with a lower-temperature bottoming cycle to maximize efficiency. Moving from Cogeneration to combined CyC|e: CCPP'’s primary goal
@ Most common configuration: Gas Turbine (Brayton cycle) as the . .. . .
topping cycle and Steam Turbine (Rankine cycle) as the bottoming is maximizing electrical output, not providing process heat. We use
cycle. the high exhaust temperature of a gas turbine to run a complete
o Gas turbines reject exhaust gases at extremely high temperatures
(500°C to 600°C). steam power plant.
@ Instead of venting this heat to the atmosphere, it is routed to a Heat
Recovery Steam Generator (HRSG) to produce steam.

Air &

Hot
Exhaust

HRSG
'
'

~
Exhaust
to Stack
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The Brayton—Rankme Combined Cyde 3*}1 L—Lecture 5.44: Combined Cycle and Cogenera-
S tion Systems
8 LThe Brayton-Rankine Combined Cycle
o Synergy of cycles: The Brayton cycle operates efficiently at high o s
temperatures but has a high heat rejection temperature. The Rankine
cycle operates well at lower temperatures. The equation for overall efficiency shows that the combined effi-
@ Overall Efficiency (1cc) = 7gas + Tsteam — (71gas X Nsteam)- ciency is greater than either individual cycle. CCPP allows us to
@ Modern Brayton-Rankine CCPPs achieve thermal efficiencies approach the Carnot efficiency limit much closer than a single cycle

exceeding 60% (Lower Heating Value basis).

@ Provides fast start-up capability from the gas turbine side, crucial for
grid stability and peaking loads, combined with the high efficiency of
the steady-state steam cycle.

Efficiency Example

If a gas turbine has an efficiency of 7. = 35% and the steam turbine has
Nsteam — 30%:

ever could.

Nee = 0.35 4+ 0.30 — (0.35 x 0.30) = 0.65 — 0.105 = 0.545 or 54.5%

The combined efficiency is vastly superior to either cycle alone!
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T-s Diagram of Combined Cycle

Thermodynamic Interface

@ Top loop: Brayton cycle representing compressor, combustion
chamber, and gas turbine.

o Bottom loop: Rankine cycle representing pump, HRSG (heat
addition), steam turbine, and condenser.

@ The critical interface is the heat exchange region where the cooling
curve of the gas turbine exhaust matches the heating/boiling curve of
the water/steam.

T

A
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LTs Diagram of Combined Cycle

This T-s diagram is the heart of combined cycle thermodynamics.
Pay attention to the temperature difference between the gas cool-
ing line and the water heating line. The minimum temperature
difference is the 'pinch point’, a crucial design parameter in the
HRSG.



Heat Recovery Steam Generator (HRSG)

Power Plant Engineering

< .
Heat Recovery Steam Generator (H RSG) N L Lecture 5.44: Combined Cycle and Cogenera-
~ .
(S tion Systems
HRSG Operation ©
I L
@ The HRSG is a massive heat exchanger connecting the gas and steam S Heat Recovery Steam Generator (HRSG)
cycles.
o Operates without supplementary firing (typically), relying entirely on
gas turbine exhaust heat. The HRSG does not burn fuel; it just captures waste heat. To
@ Consists of three main sections: Economizer (preheats water), squeeze every bit of efficiency out, modern plants use multiple
Evaporator (boils water to steam), and Superheater (increases steam . ! )
temperature above saturation). steam pressures. This allows the boiling process to occur at multi-
o Advanced CCPPs use multi-pressure HRSGs (dual or triple pressure) ple temperatures, reducing the thermodynamic irreversibility in the
to minimize exergy destruction during heat transfer, better matching
the gas cooling curve. heat eXChanger-

Cool Gas

Stepst 1@,
Tymbjpe GT To Stack

— Slrpar Evaporator| Economizer| —
heater

Feedwater
In
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Efficiency and Performance Factors

Optimization Parameters

o Gas Turbine Inlet Temperature (TIT): Higher TIT increases
Brayton cycle efficiency and provides hotter exhaust for the Rankine
cycle, boosting overall plant efficiency.

@ Pinch Point Temperature Difference: A smaller pinch point
increases heat recovery (more steam) but requires a exponentially
larger, more expensive HRSG.

o Condenser Pressure: Lowering the condenser pressure in the steam
cycle increases work output, subject to cooling water availability.

@ Supplementary Firing: Sometimes burners are added in the HRSG
duct to increase steam production during peak demand, though this
generally lowers overall thermal efficiency.

Overall Overall
Efficiency Efficiency

P

IT Pinch Point AT
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|_ 5 -
Efficiency and Performance Factors K b

Optimizing a CCPP is a complex engineering task. You have to
balance thermodynamic ideals with economic realities, like the size
and cost of the HRSG dictated by the pinch point.



Environme: and Economics
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Environmental Benefits and Economics 3*}1 L—Lecture 5.44: Combined Cycle and Cogenera-
S tion Systems
Sustainability and Viability & L . . .
Environmental Benefits and Economics
o Lower CO, Emissions: Due to high efficiency (;60%) and the use of I mul M
natural gas (lower carbon-to-hydrogen ratio than coal), CCPPs emit T
about 50% less CO, per MWh than traditional coal plants. .
o Reduced Water Usage: Only the steam cycle portion requires CCPPs are currently the backbone of the transition toward cleaner
cooling water, making CCPPs consume roughly 1/3 the water of a energy. They provide reliable, dispatchable power with a signifi-

comparable conventional steam plant.
o Capital Cost and Build Time: Lower capital cost per kW and faster
construction times compared to nuclear or large coal facilities. their flexibility is vital for balancing solar and wind power.
o Flexibility: Highly adaptable to cyclic operation, complementing
intermittent renewable energy sources on the modern grid.

cantly smaller environmental footprint than older technologies, and

CO, Emissions Water Usage
(relative) (relative)
A R > A R
J [ J (O
& & & < & &
S .S
2 &
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Summary

Key Takeaways

o Cogeneration (CHP) improves fuel utilization (up to 90%) by
simultaneously producing electrical power and useful thermal energy
for industrial processes.

o Combined Cycle Power Plants (CCPP) integrate a Brayton topping
cycle with a Rankine bottoming cycle to achieve electrical efficiencies
exceeding 60%.

@ The HRSG acts as the vital link in a CCPP, recovering exhaust heat to
drive the steam turbine.

@ CCPPs offer significant environmental and economic advantages,
including lower emissions, reduced water usage, and high operational
flexibility.
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I—Summary

To summarize, combining cycles—whether it's power and heat, or
two power cycles—is the primary engineering strategy for maximiz-
ing the extraction of useful energy from our fuel sources.
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Next Lecture Preview

L Next Lecture Preview

2026-07-24

In our next lecture, we shift from thermodynamics to economics.
Understanding how to calculate the actual cost of generating power
and analyzing demand curves is essential for any power plant en-

Economic Analysis of Power Plants

o Next time, we will explore the Economic Analysis of Power
Plants.

o We will discuss fixed costs, operating costs, and the levelized
cost of energy (LCOE).

@ Topics will include load curves, diversity factor, and capacity
factor.

@ Please review the fundamentals of engineering economics.

gineer. See you then.
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Cle Simple Numerical on Brayton Cycle
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Welcome students to lecture 45. Today we will focus on solving

practical numerical problems related to the Brayton Cycle.
Lecture 5.45

Simple Numerical on Brayton Cycle
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I—Agenda

2026-07-24

Review of the Ideal Brayton Cycle Here is the agenda for today's session. We'll start with a quick
Key Formulas and Thermodynamic Relations review of formulas, then jump right into two comprehensive nu-
merical examples.

°
°
@ Numerical Problem 1: Ideal Brayton Cycle
@ Step-by-step Solution to Problem 1

°

Numerical Problem 2: Actual Cycle with Component
Efficiencies

Step-by-step Solution to Problem 2

Summary and Key Takeaways

Power Plant Engineering July 24, 2026 630 /632



Review of the Ideal Brayton Cycle

Processes

@ Process 1-2: Isentropic compression in the compressor
(s1 = s2). Work is done on the gas.

@ Process 2-3: Constant-pressure heat addition in the
combustion chamber (P, = P3). Heat Q;, is supplied.

@ Process 3-4: Isentropic expansion in the turbine (s3 = sa).
Work is extracted from the gas.

@ Process 4-1: Constant-pressure heat rejection in the exhaust
(P4 = Py). Heat Qout is rejected.

P T
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cle
L_Review of the Ideal Brayton Cycle

A quick recap of the four basic processes of the Brayton cycle.
Remember that pressure remains constant during heat addition
and rejection in the ideal model.
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Key Formulas and Thermodynamic Relations

?{I, L Lecture 5.45: Simple Numerical on Brayton Cy-
S cle
§ |—Key Formulas and Thermodynamic
] N Relations
@ Pressure Ratio (rp) = P>/P1 = P3/Ps
@ Isentropic Temperature Relation: These equations assume air-standard assumptions with constant
To/ Ty = (Py/Py)k—D/k = r{gk—l)/k specific heats. Ensure you know how to use the pressure ratio to
o Compressor Work (W) = c,(T> — T1) kJ/kg find temperatures.
@ Turbine Work (W;) = ¢,(T3 — T4) kJ/kg
o Net Work (Wpet) = W — W,
o Heat Added (Qin) = (T3 — T2)

Ideal Thermal Efficiency

Whet 1
Nih = g0 = 1—

m r‘()k—l)/k
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Problem 1: ldeal Cycle Statement

Problem Statement

2026-07-24

lQm
@ A gas turbine power plant operates ombustiop,
on an ideal Brayton cycle with a e Let's read through the first problem carefully. Note the given val-

pressure ratio of 8. e ues: T1 is 300 K, T3 is 1300 K, and rp is 8.

@ Air enters the compressor at 300 K om Turbl—
and leaves the combustion chamber | Wi, —> Woue
at 1300 K.

@ Assume constant specific heats at
room temperature (c, = 1.005
kl/kg-K, k =1.4).

Determine:

@ The gas temperature at the exits of
the compressor and the turbine.

@ The back work ratio.
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L—Problem 1 Solution: States 1 and 2
(Compressor)

Problem 1 Solution: States 1 and 2 (Compressor)

2026-07-24

Given: T; =300K, r, =8, k=14

Using the isentropic relation for the compressor:

First, we find the temperature after compression. The compressor
k—1)/k i | i
=T - (rp)( )/ work is calculated using the temperature difference.

T, = 300 - (8)(©4/14) = 300 - (8)°-2857
T, =300-1.811 =543.3 K

Compressor Work (W.):

Wc = Cp(T2 — Tl)
W, = 1.005 - (543.3 — 300)
W, = 244.5 kJ /kg
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L_Problem 1 Solution: States 3 and 4
(Turbine)

Problem 1 Solution: States 3 and 4 (Turbine)

Given: T3 =1300 K, P3/Py =r, =8

2026-07-24

Using the isentropic relation for the turbine:

T Next, we find the turbine exhaust temperature. The turbine work
Ty = W output is significant, calculated here as 585.1 kJ/kg.
1300 1300
T4 p— p—
(8)(0:4/1.4) 1.811
T, =717.8 K

Turbine Work (W,):

W, = cp(Ts — Ta)
W, = 1.005 - (1300 — 717.8)
W, = 585.1 kJ /kg
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cle

Problem 1 Solution: Net Work, BWR, and Efficiency

|—Problem 1 Solution: Net Work, BWR, and
Efficiency

2026-07-24

The efficiency is about 44.8%. The BWR of 41.8% indicates that

Net Work Output (W) Thermal Efficiency (7:)
nearly 42% of the turbine's power output is used just to drive the
Whet = Wy — We Nth = Wnet/Qin compressor.
Whet = 585.1 — 244.5 nen = 340.6/760.5
Whet = 340.6 kJ/kg nen = 0.448 (or 44.8%)

Heat Added (Q;,)

Back Work Ratio (BWR)

Qin = cp(T3 — T2) BWR = W,/ W,
Q= 1.005- (1300 — 5433)  BWR — 244.5/585.1
Qin = 760.5 kJ/kg BWR = 0.418 (or 41.8%)
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Problem 2: Actual Cycle Statement

Problem Statement
o Consider the same gas turbine cycle as Problem 1. "V

2026-07-24

@ Now, assume the compressor and the turbine have isentropic

S i Real components are not perfectly isentropic. We introduce isen-
efficiencies of 80% and 85%, respectively.

tropic efficiencies to see how they impact overall performance.
e Isentropic efficiencies account for irreversible losses (friction,
turbulence) in practical components.

Determine:
@ The back work ratio.
@ The thermal efficiency.
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L_Problem 2 Solution: Actual Component
Work & Temperatures

Problem 2 Solution: Actual Component Work &

Temperatures

2026-07-24

Notice how the actual compressor requires more work (305.6 vs

Compressor (7. = 0.80) Turbine (7, = 0.85) 244.5), and the actual turbine produces less work (497.3 vs 585.1).
Actual Work (W, ,): Actual Work (W; ,):

Wc,a = c,ideal/nc Wt,a = Wt,ideal Ui

W, , = 244.5/0.80 Wt = 585.1-0.85

We » = 305.6 kJ/kg Wt o = 497.3 kJ/kg

Actual Exit Temp (T2.): Actual Exit Temp (731.):

Toa=T1+ (Wc,a/cp) Tas= T3 — (Wt,a/cp)

T2, = 300 + (305.6,/1.005) Tas = 1300 — (497.3/1.005)

T2, =604.1 K Tas = 805.2 K
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Problem 2 Solution: Actual Net Work and Efficiency 3 L Lecture 5.45: Simple Numerical on Brayton Cy-
% 45:
(S cle
O .
o Actual Net Work (Wier.,): § I—E:F?bllem 2 Solution: Actual Net Work and
Whet.o = Wy.o — W, = 497.3 — 305.6 = 191.7 kJ /kg iciency
o Actual Heat Added (Qin.,): The actual net work drops significantly, and the efficiency plum-
Qin,a = Cp(T3 - TZa) = 1.005 - (1300 - 604‘1) =700.3 kJ/kg mets from 44.8% down to 27.4%. This shows why component

efficiency is critical in gas turbines.

Actual Thermal Efficiency (n:.2)

Ntha = Whet,a) Qina = 191.7/700.3 = 0.274 (or 27.4%)

Net Work (kJ/kg)
340.6

191.7

Ideal  Actual
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Problem 2 Solution: Back Work Ratio

Actual Back Work Ratio (BWRy)

BWR, = W,/ W, .,
BWR, = 305.6/497.3 = 0.614 (or 61.4%)

2026-07-24

A BWR of 61.4% means that the majority of what the turbine
o Ideal BWR — 41.8% produces just sustains the cycle. This is a defining characteristic
o Actual BWR = 61.4% of gas power cycles compared to steam cycles.

Conclusion: In the actual plant, over 61% of the turbine's gross
output is consumed by the compressor, leaving less net work for
generating electricity.
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L Lecture 5.45: Simple Numerical on Brayton Cy-
cle

I—Summary

2026-07-24

@ The ideal Brayton cycle's efficiency is strongly dependent on

. To summarize, today we saw numerically how pressure ratio affects
the pressure ratio across the compressor.

. _ _ _ the cycle, and more importantly, how sensitive the gas turbine is
@ Gas turbine cycles inherently suffer from high back work ratios to compressor and turbine inefficiencies.

because compressing a gas requires significant work compared
to pumping a liquid.

@ Real-world component inefficiencies (non-isentropic
compression and expansion) drastically reduce cycle net work
and thermal efficiency.

o Careful calculation of temperatures at each state point is the
foundation for analyzing these cycles.
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Next Lecture Preview

?{I, L Lecture 5.45: Simple Numerical on Brayton Cy-
S cle
§ L—Next Lecture Preview
N
Introduction to Cogeneration Systems Next time, we will explore cogeneration, where we utilize the high-
) .. temperature exhaust from the gas turbine (like our 805 K exhaust
e Combined Heat and Power (CHP) Principles LomP & ( . .
_ in Problem 2) for useful heating or steam generation, massively
@ Waste Heat Recovery from Gas Turbine Exhaust improving overall plant efficiency.

@ Thermodynamic Analysis of Cogeneration Cycles

Hot Exhaustf  Heat Steam to
L )
Gas Recovery Process/Turbine
Turbine . .Steam
——> Elect |%tey
nerator
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