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Abstract

Thermodynamic cycles are not only the core concepts of thermal science, but also key
approaches to energy conversion and utilization. So far, power cycles and
refrigeration cycles have been the only two general classes of thermodynamic cycles.
While diverse types of systems have been developed to perform thermodynamic
cycles, no new general classes of thermodynamic cycles have been proposed. Based
on the basic principles of thermodynamics, here we propose and analyze a new
general class of thermodynamic cycles named class 1 heating cycles (HC-1s). Two
basic forms of HC-1s are obtained by connecting six essential thermodynamic
processes in the proper order and forming a thermodynamic cycle. HC-1s present the
simplest and most general approach to utilizing the temperature difference between a
high-temperature heat source and a medium-temperature heat sink to achieve efficient
medium-temperature heating and/or low-temperature cooling. HC-1s fill the gaps that

have existed since the origin of thermal science, and they will play significant roles in
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energy conservation and emission reduction.
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Highlights

- A new general class of thermodynamic cycles are constructed.

- Their nature, functions, characteristics and advantages are generally analyzed.

- A novel, efficient, coordinating, simple and general approach to heating and cooling.
- Only need six processes to achieve heat-driven heating and heat-driven cooling.

- Have advantages over current cogeneration, heat pump and absorption heat pump

systems.
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Main Text

1. Introduction

1.1. General classes of thermodynamic cycles

Thermodynamic cycles are not only the core concepts of thermal science, but
also essential to the global energy system. So far, power cycles and refrigeration
cycles have been the only two general classes of thermodynamic cycles 2. Power
cycles (Figure 1a) utilize the temperature difference between a high-temperature heat
source and a low-temperature heat sink to convert part of high-temperature heat into
power; they are widely used in power plants, automobiles and aircraft. Refrigeration
cycles (Figure 1b) utilize the grade difference between power and high-temperature
heat to lift heat from a low temperature to a high temperature; they are widely used in
refrigerators, air conditioners and heat pumps. These two general classes of
thermodynamic cycles each present a simple and general approach to energy

conversion and utilization.
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Figure 1. A basic power cycle and a basic refrigeration cycle. (a) A basic power

cycle consists of four processes: pressurization 1-2, high-temperature heat
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absorption 2-3, depressurization 3-4, and low-temperature heat rejection 4-1. (b)
A basic refrigeration cycle consists of four processes: pressurization 1-2, high-
temperature heat rejection 2-3, depressurization 3-4, and low-temperature heat

absorption 4-1.

The study of thermodynamic cycles has a long history. The early explorations
of heat engines laid the technical foundations for studying thermodynamic cycles. In
1824, Sadi Carnot 1*! proposed the concept of a power cycle as a generalization of
actual heat engines; he also reversed the power cycle to get a refrigeration cycle.
Thereafter, scientists and engineers have been focusing on improving the performance
of thermodynamic cycles, and exploring diverse means to perform thermodynamic
cycles. Nowadays, the principles and methods of performance enhancement have
been studied a lot; meanwhile, thermodynamic cycles can be performed by various
types of systems, including the mechanical compression system [* ], electrochemical
system [®) thermoacoustic system 7], magnetocaloric system [], electrocaloric system
1 and twistocaloric system [!%). However, no new general classes of thermodynamic
cycles have been proposed. Considering the importance of thermodynamic cycles in
human life and production, two natural but rarely-raised questions arise: 1) Are there
any new general classes of thermodynamic cycles? 2) If any, what are their functions,

characteristics and advantages in energy conversion and utilization?

In this study, we propose a new general class of thermodynamic cycles named
class 1 heating cycles (HC-1s). HC-1s present the simplest and most general approach
to utilizing the temperature difference between a high-temperature heat source and a
medium-temperature heat sink to achieve efficient medium-temperature heating

and/or low-temperature cooling. HC-1s (more precisely, their basic forms) also
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provide the simplest operating procedure and equipment structure for heat-driven
heating and heat-driven cooling. Without loss of generality (and as most
thermodynamics textbooks do), we mainly introduce and discuss HC-1s on the basis
of the mechanical compression system, which is the most common and intensively-

studied means to perform thermodynamic cycles.

1.2. The sustainable utilization and production of thermal energy

Considering that approximately 90% of the global energy consumption
involves the generation or manipulation of heat, achieving the sustainable utilization
and production of heat is vital for solving global energy and environmental problems
(111 Tt is worth noting that there is often a huge temperature difference between heat
supply and heat demand. The most typical case in which such a temperature
difference exists is burning fossil fuels for heating, which is the main method for
humans to obtain heat. The temperature of the heat released from burning fossil fuels
can exceed 1,400°C; in contrast, the temperature of the heat required for residential
heating is lower than 100°C, and it is estimated that 52.6% of European industrial heat
demand is below 400°C '), This temperature difference may also exist when people
use nuclear energy, biomass energy, solar energy or hydrogen energy for heating.
However, people have long been accustomed to simply and directly transferring high-
temperature heat to medium-temperature heat consumers without utilizing the
temperature difference between the two; this conventional heating method irreversibly
reduces the energy quality by a large margin and has contributed to a series of serious
problems, including high energy costs, climate change !'3], environmental pollution
and health crisis ['*. Researchers have proposed several advanced heating

technologies, including cogeneration (also called combined heat and power, CHP) 1>
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171 heat pumps ) and adsorption heat pumps 8], to replace the conventional heating
method; however, the former two are confined to the improvement or combination of
power cycles and refrigeration cycles, and the latter rely on the special characteristics
of solutions and thus lack generality. In contrast, we aim at achieving efficient heating
from the higher perspective of constructing a new general class of thermodynamic

cycles.

2. Construction

We construct HC-1s on the account of the following logic. Consider the
simplest case: high-temperature heat is the only energy supply, and medium-
temperature heat is the only energy demand—thermodynamically, they correspond to
a high-temperature heat source and a medium-temperature heat sink respectively.
First, we can easily find a low-temperature heat source—usually the environment or a
low-temperature heat resource can play this role. We intend to utilize the temperature
difference between the high-temperature heat source and the medium-temperature
heat sink, to overcome the temperature difference between the low-temperature heat
source and the medium-temperature heat sink. Simply speaking, the core task of HC-
Is is to move high-temperature heat and low-temperature heat together to the medium
temperature. As a result, the medium-temperature heat sink obtains more heat than

that provided by the high-temperature heat source, so efficient heating is achieved.

Then, we explore the minimum number of steps required to achieve this task.
Since an HC-1 operates among a high-temperature heat source, a medium-temperature
heat sink and a low-temperature heat source, it contains at least three heat transfer

processes. Besides, in order to switch circularly among three temperature levels, the
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cycle requires at least three transition processes (in the mechanical compression
system, transition processes are often pressurization and depressurization processes),

so the cycle contains a total of at least six thermodynamic processes.

Finally, the basic forms of HC-1s can be obtained by connecting these six
essential processes in the proper order and forming a thermodynamic cycle. We notice
that the cycle’s three transition processes can be carried out in two different relative
orders—the cycle’s working medium can either first transition from the low
temperature to the high temperature, then to the medium temperature, and finally to
the low temperature; or it can first transition from the low temperature to the medium
temperature, then to the high temperature, and finally to the low temperature.

Correspondingly, HC-1s have two basic forms:

The basic form A of HC-1s (HC-1A, Figure 2a) consists of the following six
processes: pressurization 1-2, high-temperature heat absorption 2-3, depressurization
3-4, medium-temperature heat rejection 4-5, depressurization 5-6, and low-

temperature heat absorption 6-1.

The basic form B of HC-1s (HC-1B, Figure 2b) consists of the following six
processes: pressurization 1-2, medium-temperature heat rejection 2-3, pressurization
3-4, high-temperature heat absorption 4-5, depressurization 5-6, and low-temperature

heat absorption 6-1.
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Figure 2. The basic forms of class 1 heating cycles (HC-1s). (a) An HC-1A
consists of six processes: pressurization 1-2, high-temperature heat absorption 2-
3, depressurization 3-4, medium-temperature heat rejection 4-5, depressurization
5-6, and low-temperature heat absorption 6-1. Although process 1-2 and process
4-5 seem to intersect in the temperature-entropy (7-S) diagram, they are
independent of each other. (b) An HC-1B consists of six processes: pressurization
1-2, medium-temperature heat rejection 2-3, pressurization 3-4, high-
temperature heat absorption 4-5, depressurization 5-6, and low-temperature heat

absorption 6-1. Process 2-3 and process 5-6 are also independent of each other.

If needed, adjustments or improvements can be applied to these basic forms to
obtain diverse cycle structures, and thus better performance can be achieved without
losing simplicity. Therefore, although we only show their two basic forms, HC-1s are
actually a huge family of thermodynamic cycles, just like power cycles and

refrigeration cycles.
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3. Analysis

Next, we analyze the functions, characteristics and advantages of HC-1s based

on their basic forms.
3.1. The basic functions of HC-1s

It is worth noting that the logic in Section 2 can also be transferred to the case
of utilizing heat for cooling; in this case, a cold consumer serves as the low-
temperature heat source, usually the environment serves as the medium-temperature
heat sink, and an object hotter than the environment serves as the high-temperature
heat source. In the best case, a heat consumer serves as the medium-temperature heat
sink while a cold consumer serves as the low-temperature heat source, then an HC-1
can satisfy both by utilizing high-temperature heat. In addition, if there exists a power
demand or a power supply (although it is not considered in the above analysis), an

HC-1 can also produce or utilize power efficiently.

According to the law of conservation of energy, we have

Wit = Qinnt T it~ Qo (1)
where Whet is the net work output of an HC-1, Qin, 1 is the amount of heat absorbed
from the high-temperature heat source by the cycle, Oin, 1. is the amount of heat
absorbed from the low-temperature heat source by the cycle, and Qou is the amount of

heat rejected to the medium-temperature heat sink by the cycle.

For an HC-1 with Wnet = 0, Eq. (1) can be written as O, =0, , +0, - The

cycle utilizes the temperature difference between the high-temperature heat source
and the medium-temperature heat sink, to efficiently supply medium-temperature heat

Qout, or low-temperature cold energy (by absorbing Qin, 1), or both.


https://doi.org/10.20944/preprints202110.0437.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2021 d0i:10.20944/preprints202110.0437.v1

For an HC-1 with Wnet > 0, Eq. (1) can be writtenas O, +W, ., =0, 4y + O, | -

The cycle utilizes the above-mentioned temperature difference to efficiently supply
medium-temperature heat Qou (or supply low-temperature cold energy by absorbing

QOin, L, or both) and power Whet.

For an HC-1 with Wyt <0, Eq. (1) can be written as

Ot = Ot + O +|W,o| - The cycle utilizes the above-mentioned temperature

difference, as well as the grade difference between power and medium-temperature
heat, to efficiently supply medium-temperature heat Qout, or low-temperature cold

energy (by absorbing QOin, 1), or both.

For an internally reversible HC-1, Waet can be expressed as the difference
between the areas enclosed by the cycle’s clockwise part and the anticlockwise part in
the 7-S diagram. Here we take an HC-1A as an example to prove this statement

schematically (Figure 3).
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Figure 3. The auxiliary figure for proving the statement that the net work output
of an internally reversible HC-1 can be expressed as the difference between the

areas enclosed by the cycle’s clockwise part and the anticlockwise part in the T-S
10
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diagram. Both process 1-2 and process 4-5 pass through state point 7, which
means this state exists in both processes but the two processes are independent of
each other. The area (4) under the curve of each internally reversible heat

transfer process represents the amount of heat transfer for that process "1,

The amounts of the cycle’s heat transfer can be expressed as

Qin, n=Ay sy
Qin,L = Aa—G—l—b—a (2)
Qout = Aa—5—4—c—a

Thus,

VVnet = Qin, H + Qin, L Qout

=455t Ay s

= Ab—2—3—c—b + Aa—6—l—b—a - (Aa—5—7—b—a + Ab—7—4—c—b) (3)
= (Ab—Z—B—c—b - Ab—7—4—c—b ) - (Aa—577—b—a - Aa—é—l—b—a )

= A7 23477 A6—5—7—1—6

= Aclockwise - Aanticlockwise

The proof is complete. Therefore, for an internally reversible HC-1 with Wyet =0,
Whet > 0, or Whet <0, the area enclosed by the cycle’s clockwise part is equal to, larger
than, or smaller than that enclosed by the anticlockwise part in the 7-S diagram,
respectively. This conclusion provides a visual guidance for designing the shapes and

parameters of HC-1s to meet diverse energy supplies and demands.

3.2. Coordinating: HC-1s vs power cycles

We can obtain the advantages of HC-1s by comparing them with the former
two general classes of thermodynamic cycles—power cycles and refrigeration cycles

(and their corresponding heating methods). Both HC-1s and power cycles can utilize
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high-temperature heat, but the two differ a lot in energy products. The core function of
HC-1s is to utilize high-temperature heat for heating and/or cooling; besides, HC-1s
can also produce or utilize power according to the local demand and supply of energy.
In contrast, the core function of power cycles is to utilize high-temperature heat for
power generation; heating can only be the by-product of power cycles, and cooling
even cannot be produced by power cycles. Therefore, HC-1s show significant
coordinating ability in the situations where heating or cooling is the foremost or even
sole energy demand, such as oil processing, food processing and residential heating,
because their products satisfy local demands well. In contrast, most current
cogeneration systems are based on power cycles, and they have to use high-
temperature heat to firstly generate power then supply heat [!]; therefore, the heat and
power produced by these systems have to meet certain proportions, otherwise these
systems will be inefficient (the similar problem also occurs in non-cyclic cogeneration
systems, e.g., fuel-cell-based systems and solar photovoltaic/thermal systems). The
ratio of the heat to the power produced varies from 1.4 to 2.6 for different types of
current cogeneration systems 1!, If too much power is produced to be consumed
locally, the user of a current cogeneration system has to export the redundant power to
the grid ['"); in this case, the system becomes complex and the initial investment is
compelled to rise. Moreover, even if the user only needs heating, the cogeneration
system still has to produce power and thus will require more fuel than the

conventional method of direct heating; in contrast, an HC-1 in such a situation will

consume less fuel than direct heating, because when W, =0 wehave Q , >0, .

Less fuel means lower local emission and lower transportation costs.

3.3. Simplicity: HC-1s vs refrigeration cycles
12
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Both HC-1s and refrigeration cycles can achieve efficient heating and cooling,
but the two differ a lot in energy inputs. The working principle of refrigeration cycles
is utilizing power to lift heat, so they can only be used in the situations where power
supply exists. However, power is usually a secondary energy source and mostly
generated by power cycles. Therefore, although a heat pump P! or a refrigerator itself
operates on a refrigeration cycle, people actually need a combination of a power cycle
and a refrigeration cycle to achieve efficient heating or cooling—the power cycle
coverts part of heat into power, then the power is transmitted to the refrigeration
cycle, and finally the refrigeration cycle utilize the power to lift heat. The power cycle
either operates between the above-mentioned high-temperature heat source and
medium-temperature heat sink (Figure 4b, cycle 1-2-3-4-1), or is located in a power
plant elsewhere; the refrigeration cycle operates between the above-mentioned
medium-temperature heat sink and low-temperature heat source (Figure 4b, cycle 5-6-
7-8-5). Since a basic power cycle and a basic refrigeration cycle each contain four
thermodynamic processes, the combination of both requires eight thermodynamic
processes and a power transmission process between two cycles. In contrast, a basic
HC-1 only needs six thermodynamic processes to achieve the same goal, and it also
avoids the transmission loss between two cycles. Moreover, HC-1s can be further
simplified in special cases. For example, when heating up a gas which is suitable to be
the cycle’s working medium, we can employ it to directly conduct an open cycle, i.e.,
5-6-1-2-3-4 in Figure 2a or 3-4-5-6-1-2 in Figure 2b. We can get the heated gas at the
exit of the open cycle with no need for the process of medium-temperature heat

rejection and the corresponding heat exchanger.
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Figure 4. The comparison between an HC-1 and the combination of a power
cycle and a refrigeration cycle. (a) A basic HC-1 only requires one cycle with six
thermodynamic processes. (b) The combination of a basic power cycle and a
basic refrigeration cycle requires two cycles with eight thermodynamic processes
(and a power transmission process between two cycles) in total. The power cycle
1-2-3-4-1 operates between the high-temperature heat source and the medium-
temperature heat sink; the refrigeration cycle 5-6-7-8-5 operates between the
medium-temperature heat sink and the low-temperature heat source; the power

cycle drives the refrigeration cycle.

3.4. Generality: HC-1s vs absorption heat pumps

We only use the fundamentals of thermodynamics in the construction of HC-
1s without involving characteristics of any specific working medium. Therefore, HC-
Is can be performed by various working media, and the range of their achievable
operating temperatures is as wide as that of current thermodynamic cycles.
Furthermore, although we mainly describe HC-1s on the basis of the mechanical

compression system, we infer that they can also be performed by other types of
14
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systems with their functions and advantages remained; to this end, the processes of
pressurization and depressurization mentioned above should be replaced with the
corresponding transition processes in each system. In contrast, the common heat-
driven heating technology and heat-driven cooling technology, i.e., absorption heat
pumps and absorption chillers ['8], have to operate on the concentration change of a
solution. Thus, they face restrictions in many aspects, including the choice of their
working media and materials, as well as the range of their operating temperatures and
sizes; besides, their working mechanism lacks generality and thus is hard be

transferred to other types of systems.

4. Examples

Here we show three typical examples of HC-1s (without loss of generality,
they are all in basic form A); they each possess clear theoretical significance or
practical value. We also present their coefficients of performance (COPs, the ratio of
the cycle’s output to input) for medium-temperature heating or low-temperature

cooling when Whet = 0; the derivation is included in the Supplementary Information.
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Figure 5. Three typical examples of HC-1s. (a) An HC-1A with isothermal heat
transfer processes. T, 7m and 71 are the working medium’s thermodynamic
temperatures during high-temperature heat absorption, medium-temperature
heat rejection, and low-temperature heat absorption, respectively. (b) An HC-1A
with isobaric heat transfer processes, employing an ideal gas as its working
medium. (c) An HC-1A with isobaric heat transfer processes, employing a phase-
change working medium. The depressurization (throttling) process 5-6 is
internally irreversible and thus expressed as a dotted line. In (b) and (c), pu, pm
and pr are the working medium’s pressures during high-temperature heat

absorption, medium-temperature heat rejection, and low-temperature heat
16
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absorption, respectively.

4.1. The HC-1A with isothermal heat transfer processes

The first example (Figure 5a) has isothermal heat transfer processes so it can
clearly reveal the proportional relationships during moving heat among three different
temperatures. Regarding the cycle as internally reversible [!), we can express its COPs

as

COPH — Qoul :TM(TH_TL) (4)

Qin,H TH(TM _TL)

Qin,L _ TL(TH _TM)

COP, = =nt —
Qin,H TH(TM _TL)

)

where COPy and COPc are the cycle’s COPs for medium-temperature heating and

low-temperature cooling respectively.

4.2. The HC-1A with isobaric heat transfer processes, employing an ideal gas as

its working medium

The other two are not hard to be realized on the basis of current technologies.
The second example (Figure 5b) has isobaric heat transfer processes and employs an
ideal gas as its working medium. Regarding the cycle as internally reversible, and the

ideal gas’s isobaric specific heat as constant [, we can express the cycle’s COPs as

=~

<ol

Skl ke
0 P (pH" -pt J
COP, = = — (6)

0. k=L kel -1
- o | P — Pt
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(7

where £ is the ideal gas’s specific heat ratio.

4.3. The HC-1A with isobaric heat transfer processes, employing a phase-change

working medium

The third example (Figure 5c) has isobaric heat transfer processes and

employs a phase-change working medium. The cycle’s COPs can be expressed as

COP, = LOow = h—hs (8)
Qm,H hs - hz

COP, = & = h—hy 9)
Qin, H h’3 - h2

where /4 is the working medium’s enthalpy per unit of mass at each state point.

5. Conclusions

Each thermodynamic process of HC-1s has been widely used in practice and
exists in every current power cycle and refrigeration cycle; besides, all the functions,
characteristics and advantages of HC-1s are demonstrated by analysis on the basis of
the basic principles of thermodynamics. Therefore, neither numerical nor
experimental case studies are required to reach the conclusions of this article (but they
can be future research contents). Theoretically, HC-1s are in equal status with power
cycles and refrigeration cycles, and they fill the gaps that have existed since the origin

of thermal science. Practically, HC-1s provide a novel, efficient, coordinating, simple
18


https://doi.org/10.20944/preprints202110.0437.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2021 d0i:10.20944/preprints202110.0437.v1

and general approach to heating and cooling, and they will play significant roles in
energy conservation and emission reduction. Furthermore, considering that the
concept of thermodynamic cycles has been transferred and extended to other fields
(e.g., chemistry [ 2% and meteorology [?!:22)), HC-1s are expected to offer profound

inspirations to these fields.
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