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Understanding the principles behind the Carnot heat engine is fundamental in thermodynamics,
especially when examining how efficiency varies with temperature differences. This article provides a
comprehensive overview of how a Carnot engine's efficiency is affected when operating between two
temperature reservoirs, Th (hot reservoir) and Tc (cold reservoir), and explores the specific change in
efficiency that occurs under these conditions. Whether you are a student, researcher, or enthusiast,
grasping these concepts is essential for mastering thermodynamic cycles and their practical
applications.

---

Fundamentals of Carnot Heat Engine

What Is a Carnot Engine?

A Carnot engine is an idealized thermodynamic engine that operates on a reversible cycle known as
the Carnot cycle. It is considered the most efficient engine possible between two temperature
reservoirs because it operates without any irreversible losses such as friction or unrestrained heat
flow. The theoretical maximum efficiency of a heat engine is achieved in a Carnot engine.

Basic Working Principles

The Carnot cycle consists of four reversible processes:

1. Isothermal Expansion: The working substance absorbs heat \(Q_h\) from the hot reservoir at
temperature \(T_h\) and expands, doing work on the surroundings.
2. Adiabatic Expansion: The gas expands adiabatically, lowering its temperature from \(T_h\) to
\(T_c\).
3. Isothermal Compression: The working substance releases heat \(Q_c\) to the cold reservoir at
temperature \(T_c\).
4. Adiabatic Compression: The gas is compressed adiabatically, raising its temperature back to
\(T_h\), completing the cycle.

---



Efficiency of a Carnot Heat Engine

Definition of Efficiency

The efficiency (\(\eta\)) of any heat engine is defined as the ratio of work output (\(W\)) to the heat
input (\(Q_h\)):

\[
\eta = \frac{W}{Q_h}
\]

For a Carnot engine, this efficiency depends solely on the temperatures of the hot and cold reservoirs:

\[
\eta_{Carnot} = 1 - \frac{T_c}{T_h}
\]

where:

- \(T_h\) = Absolute temperature of the hot reservoir (in Kelvin)
- \(T_c\) = Absolute temperature of the cold reservoir (in Kelvin)

Since the Carnot engine is ideal, its efficiency represents the theoretical maximum achievable
efficiency between two given temperatures.

---

Effect of Temperature Change on Carnot Engine
Efficiency

Understanding the Relationship

The efficiency of a Carnot engine is directly related to the temperature difference between the hot
and cold reservoirs. As the temperature difference increases (i.e., higher \(T_h\) or lower \(T_c\)), the
efficiency improves. Conversely, reducing the temperature difference diminishes the efficiency.

The formula:

\[
\eta_{Carnot} = 1 - \frac{T_c}{T_h}
\]

implies:



- Increasing \(T_h\) (hot reservoir temperature) while keeping \(T_c\) constant increases efficiency.
- Decreasing \(T_c\) (cold reservoir temperature) while keeping \(T_h\) constant increases efficiency.
- Simultaneously increasing \(T_h\) and decreasing \(T_c\) results in the maximum efficiency.

Note: Temperatures must be in Kelvin for the formula to be valid.

Change in Efficiency When Temperatures Vary

Suppose the initial temperatures are \(T_{h1}\) and \(T_{c1}\), and the new temperatures are
\(T_{h2}\) and \(T_{c2}\). The change in efficiency (\(\Delta \eta\)) can be expressed as:

\[
\Delta \eta = \left(1 - \frac{T_{c2}}{T_{h2}}\right) - \left(1 - \frac{T_{c1}}{T_{h1}}\right) =
\frac{T_{c1}}{T_{h1}} - \frac{T_{c2}}{T_{h2}}
\]

This difference quantifies how the efficiency varies with changes in reservoir temperatures.

---

Calculating the Change in Efficiency: Practical
Examples

Example 1: Increasing Hot Reservoir Temperature

Suppose a Carnot engine operates initially between:

- \(T_{h1} = 600\,K\)
- \(T_{c} = 300\,K\)

Initial efficiency:

\[
\eta_1 = 1 - \frac{300}{600} = 1 - 0.5 = 0.5 \quad \text{or} \quad 50\%
\]

Now, the hot reservoir temperature increases to:

- \(T_{h2} = 700\,K\)

New efficiency:

\[
\eta_2 = 1 - \frac{300}{700} \approx 1 - 0.429 = 0.571 \quad \text{or} \quad 57.1\%



\]

Change in efficiency:

\[
\Delta \eta = 0.571 - 0.5 = 0.071 \quad \text{or} \quad 7.1\%
\]

This illustrates that increasing the hot reservoir temperature enhances efficiency.

---

Example 2: Decreasing Cold Reservoir Temperature

Initially, the same temperatures:

- \(T_{h} = 600\,K\)
- \(T_{c1} = 300\,K\)

Efficiency:

\[
\eta_1 = 50\%
\]

Now, decrease the cold reservoir temperature to:

- \(T_{c2} = 250\,K\)

New efficiency:

\[
\eta_2 = 1 - \frac{250}{600} \approx 1 - 0.417 = 0.583 \quad \text{or} \quad 58.3\%
\]

Change in efficiency:

\[
\Delta \eta = 0.583 - 0.5 = 0.083 \quad \text{or} \quad 8.3\%
\]

Reducing the cold temperature reservoir improves efficiency.

---



Implications for Real-World Applications

Design of Efficient Engines

Understanding how efficiency varies with temperature allows engineers to optimize heat engine
designs:

- Selecting materials and systems capable of operating at higher temperatures for the hot reservoir.
- Improving insulation and heat transfer mechanisms to minimize heat loss.
- Utilizing waste heat at high temperatures to increase overall system efficiency.

Limitations and Practical Considerations

While the Carnot cycle provides a theoretical maximum, real engines face limitations:

- Irreversible processes cause efficiency to fall below Carnot's maximum.
- Material constraints prevent operating at extremely high temperatures.
- Environmental factors and economic considerations influence achievable temperatures.

Environmental Impact and Energy Conservation

Maximizing the efficiency of heat engines reduces fuel consumption and greenhouse gas emissions.
Understanding the relationship between temperature differences and efficiency supports:

- Development of more sustainable energy systems.
- Transition to renewable energy sources with higher temperature gradients.
- Improved waste heat recovery systems.

---

Summary and Key Takeaways

- The efficiency of a Carnot heat engine depends solely on the temperatures of the hot and cold
reservoirs.
- Increasing \(T_h\) or decreasing \(T_c\) enhances the engine's efficiency.
- The change in efficiency when temperatures vary can be quantitatively determined using the
efficiency formula:

\[
\eta_{Carnot} = 1 - \frac{T_c}{T_h}
\]



- Practical improvements involve operating at higher temperatures and minimizing heat losses.
- Real-world engines are less efficient than the Carnot cycle but understanding these principles guides
better thermodynamic system design.

---

Conclusion

The relationship between temperature differences and the efficiency of a Carnot heat engine
underscores the importance of thermal management in energy systems. By analyzing how the
efficiency changes with variations in \(T_h\) and \(T_c\), engineers and scientists can develop more
efficient, sustainable, and environmentally friendly power generation technologies. Although real
engines cannot reach Carnot efficiency due to irreversibilities and practical constraints, these
theoretical insights serve as vital benchmarks for optimizing thermal systems.

---
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Frequently Asked Questions

What is the basic principle behind a Carnot heat engine
operating between two temperatures Th and Tc?
A Carnot heat engine operates on the principle of reversible engine cycles that convert heat into work
with maximum efficiency, functioning between a hot reservoir at temperature Th and a cold reservoir
at temperature Tc.

How is the efficiency of a Carnot heat engine calculated?
The efficiency η of a Carnot heat engine is given by η = 1 - (Tc / Th), where Th and Tc are the
absolute temperatures of the hot and cold reservoirs, respectively.



What happens to the efficiency of a Carnot engine if the
temperature difference between Th and Tc increases?
The efficiency increases as the temperature difference widens because the efficiency formula
depends on the ratio of Tc to Th; a larger difference results in higher efficiency.

How does changing Th or Tc affect the efficiency of a Carnot
engine?
Increasing Th or decreasing Tc increases the efficiency, whereas decreasing Th or increasing Tc
reduces the efficiency, as per the formula η = 1 - (Tc / Th).

What is the change in efficiency if Th is doubled and Tc
remains constant?
The efficiency increases, as η_new = 1 - (Tc / 2Th), which is greater than the original efficiency. The
exact change depends on the initial temperatures.

Is it possible for the efficiency of a Carnot engine to reach
100%?
No, a Carnot engine cannot reach 100% efficiency unless Tc approaches absolute zero, which is
physically impossible due to the third law of thermodynamics.

What is the significance of the change in efficiency for real-
world engines compared to Carnot engines?
Real engines have lower efficiencies due to irreversibilities and practical limitations, whereas Carnot
engines represent the maximum possible efficiency between two temperatures.

If the temperatures Th and Tc are fixed, can the efficiency of a
Carnot engine be improved?
No, the efficiency of a Carnot engine is solely determined by the temperatures Th and Tc; it cannot be
improved beyond the theoretical maximum dictated by these temperatures.

How does the change in efficiency relate to the second law of
thermodynamics?
The second law states that no engine operating between two heat reservoirs can be more efficient
than a Carnot engine; thus, changes in efficiency are bound by thermodynamic limits.

What is the mathematical expression for the change in



efficiency when the reservoir temperatures change?
The change in efficiency Δη = (Tc_old / Th_old) - (Tc_new / Th_new), reflecting how efficiency varies
with the reservoir temperatures.
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Understanding how the efficiency of a Carnot heat engine responds to changes in operating
temperatures is fundamental to thermodynamics. The phrase "Q|C A Carnot Heat Engine Operates
Between Temperatures Th and Tc" encapsulates the core principle of idealized thermodynamic cycles,
where the maximum possible efficiency is determined solely by the temperatures of the hot and cold
reservoirs. In this guide, we explore what this efficiency is, how it is affected when these
temperatures change, and the practical implications of these variations.

---

Introduction to Carnot Heat Engines

Before delving into the specifics of efficiency change, it’s essential to understand what a Carnot heat
engine is and why it is considered the most efficient engine possible according to thermodynamic
principles.

What is a Carnot Heat Engine?

A Carnot heat engine is an idealized thermodynamic device that operates on a reversible cycle,
known as the Carnot cycle. It absorbs heat \(Q_h\) from a high-temperature reservoir at temperature
\(T_h\), performs work \(W\), and expels heat \(Q_c\) to a low-temperature reservoir at temperature
\(T_c\).

Key Features:

- Reversibility: The cycle involves only reversible processes, ensuring maximum efficiency.
- Maximum Efficiency: Among all heat engines operating between the same two temperatures, the
Carnot engine has the highest possible efficiency.

---

Defining Efficiency for a Carnot Engine

The efficiency \(\eta\) of any heat engine is given by:

\[
\eta = \frac{\text{Work Done}}{\text{Heat Absorbed from Hot Reservoir}} = \frac{W}{Q_h}
\]

For a Carnot engine, this efficiency simplifies to a fundamental relation based on temperatures:



\[
\boxed{
\eta_{Carnot} = 1 - \frac{T_c}{T_h}
}
\]

where:

- \(T_h\) = Absolute temperature of the hot reservoir (in Kelvin)
- \(T_c\) = Absolute temperature of the cold reservoir (in Kelvin)

This formula highlights that the efficiency depends solely on the temperature difference between the
two reservoirs.

---

Understanding How Efficiency Changes with Temperature

Now, considering the question: "What is the change in the efficiency of a Carnot engine when the
operating temperatures \(T_h\) and \(T_c\) change?"—we need to analyze the sensitivity of
\(\eta_{Carnot}\) to variations in these temperatures.

---

Impact of Changes in \(T_h\)

Increasing \(T_h\):

- When the hot reservoir temperature \(T_h\) increases, the term \(\frac{T_c}{T_h}\) decreases.
- Since \(\eta_{Carnot} = 1 - \frac{T_c}{T_h}\), a decrease in \(\frac{T_c}{T_h}\) results in an
increase in efficiency.
- Implication: Raising the temperature of the hot reservoir enhances the maximum achievable
efficiency.

Decreasing \(T_h\):

- Conversely, lowering \(T_h\) increases \(\frac{T_c}{T_h}\), reducing the efficiency.
- Practical aspect: Maintaining high \(T_h\) is desirable for better efficiency, but material and
engineering constraints limit how high \(T_h\) can go.

---

Impact of Changes in \(T_c\)

Increasing \(T_c\):

- An increase in the cold reservoir temperature \(T_c\) raises the ratio \(\frac{T_c}{T_h}\), thus
decreasing efficiency.
- Implication: Warming the cold reservoir reduces the temperature difference, leading to lower
efficiency.



Decreasing \(T_c\):

- Lowering \(T_c\) reduces \(\frac{T_c}{T_h}\), thereby increasing efficiency.
- Practical aspect: Achieving very low \(T_c\) (e.g., in cryogenic conditions) can significantly improve
efficiency but involves complex engineering challenges.

---

Quantitative Analysis of Efficiency Change

To understand the exact change in efficiency when temperatures change, calculus can be employed:

\[
\eta_{Carnot} = 1 - \frac{T_c}{T_h}
\]

Differential change:

\[
d\eta = - \left( \frac{dT_c}{T_h} - \frac{T_c}{T_h^2} dT_h \right)
\]

- This expression shows that the change in efficiency depends on how both \(T_h\) and \(T_c\) vary.

Key observations:

- Increase in \(T_h\): \(dT_h > 0 \Rightarrow d\eta > 0\), efficiency increases.
- Increase in \(T_c\): \(dT_c > 0 \Rightarrow d\eta < 0\), efficiency decreases.
- Decrease in \(T_c\): \(dT_c < 0 \Rightarrow d\eta > 0\), efficiency increases.
- Decrease in \(T_h\): \(dT_h < 0 \Rightarrow d\eta < 0\), efficiency decreases.

---

Practical Implications of Efficiency Changes

Understanding how efficiency varies with temperature is not merely theoretical—it has concrete
applications in designing real-world engines and energy systems.

1. Power Plant Optimization:

- Power plants operate more efficiently when they can increase the temperature of the steam or
working fluid (\(T_h\)) and reduce the temperature of cooling systems (\(T_c\)).
- Modern supercritical and ultra-supercritical turbines aim to operate at higher \(T_h\) for maximum
efficiency.

2. Refrigeration and Cooling Systems:

- Lowering \(T_c\) (cold reservoir temperature) in refrigeration cycles improves their efficiency.
- Cryogenic applications push the limits of low \(T_c\) to maximize cycle efficiency.

3. Material and Engineering Constraints:



- While increasing \(T_h\) improves efficiency, materials must withstand higher temperatures without
degradation.
- Similarly, achieving very low \(T_c\) involves advanced insulation and cooling techniques.

---

Limitations and Real-World Considerations

While the Carnot cycle provides a theoretical maximum efficiency, real engines are less efficient due
to:

- Irreversibilities (friction, turbulence)
- Non-ideal working substances
- Practical limitations in achieving extreme temperatures

Nevertheless, the fundamental relation \(\eta_{Carnot} = 1 - \frac{T_c}{T_h}\) serves as an ideal
benchmark for evaluating real engines.

---

Summary: Key Takeaways

- The efficiency of a Carnot heat engine is dictated solely by the temperatures of its reservoirs.
- Increasing the hot reservoir temperature \(T_h\) increases efficiency.
- Increasing the cold reservoir temperature \(T_c\) decreases efficiency.
- The change in efficiency can be quantified by the differential relation:

\[
d\eta = \frac{T_c}{T_h^2} dT_h - \frac{1}{T_h} dT_c
\]

- Practical improvements in engine efficiency involve manipulating these temperatures within material
and engineering constraints.

---

Final Thoughts

The study of how efficiency changes with temperature highlights the importance of thermodynamic
principles in energy conversion. By understanding these relationships, engineers and scientists can
better design systems that approach the ideal limits set by the Carnot cycle, thereby maximizing
efficiency and reducing energy waste. While perfect Carnot engines remain theoretical, their
principles guide the development of real-world technologies essential for sustainable energy
solutions.

---

In conclusion, the efficiency change in a Carnot heat engine operating between temperatures \(T_h\)
and \(T_c\) hinges on the relative variations of these temperatures. Recognizing this helps optimize
thermal systems and underscores the fundamental role of temperature management in
thermodynamic efficiency.
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