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Preface

The field of energy analysis has long been dominated by the concept of energy 
conservation, a principle rooted in the First Law of Thermodynamics. However, 
while energy cannot be created or destroyed, it can undergo transformations that 
render it less useful for performing work, a limitation that traditional energy analysis 
often overlooks. This realization has led to the emergence and growing importance 
of exergy analysis, which provides a more comprehensive understanding of energy 
systems by accounting for the quality of energy, not just its quantity. Exergy, a 
concept derived from the Second Law of Thermodynamics, measures the maximum 
useful work that can be obtained from a system as it moves towards thermodynamic 
equilibrium with its environment. Unlike energy, exergy is destroyed in irreversible 
processes, making it a more insightful tool for evaluating the efficiency of energy 
conversion systems. By focusing on the degradation of energy quality, exergy analysis 
helps identify where and how losses occur, guiding improvements in both process 
design and resource management.

The theoretical background of exergy is rooted in classical thermodynamics, but 
its application extends far beyond traditional boundaries. It provides a rigorous 
framework for analyzing the efficiency of mechanical and thermal systems in terms 
of exergy, allowing researchers and engineers to better understand the true work 
potential within a system and identify opportunities for minimizing waste, thereby 
contributing to more sustainable practices. This book underscores the importance 
of exergy in contemporary scientific and engineering applications, exploring its 
theoretical foundations and practical implications. As the world grapples with the 
twin challenges of energy sustainability and environmental impact, exergy analysis 
emerges as an essential tool for designing systems that are not only more efficient 
but also more aligned with the principles of sustainability. By providing a clearer 
picture of how energy is utilized and degraded, exergy analysis opens new pathways 
for innovation in energy technology, ultimately contributing to the creation of more 
resilient and sustainable energy systems.

Dr. Joan Josep Roa Rovira
Steros GPA Innovative S.L.,

Barcelona, Spain
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Chapter 1

Challenges in Assessing Useful 
Exergy and Its Significance for 
Economic Development Studies: 
An Examination of Mozambique’s 
Economics Sectors, 1971–2014
Teles Huo, Miguel St. Aubyn, Laura Felício  
and Tânia Sousa

Abstract

This chapter presents and analyses the outcomes derived from estimating useful 
exergy data associated with the final electricity usage in Mozambique’s productive 
sectors—encompassing industry, commerce, and services—covering Mozambique, 
from 1971 to 2014. At the time of carrying out the research, the availability of 
International Energy Agency (IEA) data relating to Mozambique was only from 1971 
to 2014. The societal exergy analysis methodology used to estimate useful exergy 
involved first converting the final electricity use into its exergetic equivalent. Then, 
this exergy was categorized according to its specific end uses. Finally, the useful 
exergy was calculated by applying the appropriate efficiency rates for each usage 
category. The electricity consumption data, measured in GWh, was sourced from 
the IEA database. The findings indicate a significant increase in final electricity 
consumption starting in 2000. While there was a noticeable rise in useful exergy 
in the trade and services sector, the industry sector’s contribution remained domi-
nant. The most significant contributions to total useful exergy were mechanical 
work in the industry sector, followed by high-temperature heat production. As 
useful exergy represents the effective portion of exergy reflecting energy usage 
outcomes, it emerges as a crucial concept for analyzing the link between energy 
consumption and economic growth.

Keywords: economic growth, energy, exergy, final electricity consumption, 
Mozambique, useful exergy
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1. Introduction

While mainstream economics traditionally emphasizes capital and labor as the 
primary factors of production, this chapter contends that energy and exergy are 
equally vital for the production process and economic growth analyses. This per-
spective aligns with the first two laws of thermodynamics asserting that in all real 
processes, energy is conserved (first Law) but degraded (second Law). The degrada-
tion of energy can be measured as a loss of its ability to perform mechanical work, 
commonly referred to as exergy [1].

Considerable evidence supports the contention that energy is crucial for economic 
growth, and in the production process, there is no substitute for energy. Although 
different energy sources can be substituted, energy as a whole cannot. Hence, energy 
is as integral to the production process as capital and labor. Without energy, generat-
ing a product is impossible, making energy more than a mere component of produc-
tion costs; it is an intrinsic part of the production process. Analyzing the relationship 
between energy consumption and economic dynamics is more effective when 
using useful exergy, that is. the exergy of the heat produced by the electric radiator 
or mechanical work produced by the electric motor, compared to final electricity 
consumption (FEC) [2, 3].

Despite the significance of energy, there is a notable absence of exergy studies, 
particularly in African countries. No useful exergy research related to Mozambique 
has been found [2, 3]. Concerning Africa, the research conducted by Ref. [4] focused 
on determining the exergetic efficiencies of electricity and fuel consumption in South 
Africa, examining various sectors and overall usage. Their study estimated that the 
exergetic efficiency of the mining industry, the most dominant sector in South Africa, 
is approximately 83%. Ultimately, the researchers argue that the performance of 
exergy utilization in the South African industry can be enhanced by adopting differ-
ent forms of conservation. Turning to Ref. [5], their analysis encompasses Ghana and 
the United Kingdom. They examine the relationship between the imperative to reduce 
energy consumption and Gross Domestic Product (GDP) growth (absolute decou-
pling), considering climate change objectives by 2030. The researchers conclude that 
achieving “absolute decoupling” between primary energy consumption and economic 
activity will be very challenging for both Ghana, as a growing economy requiring 
more energy to sustain its growth, and the United Kingdom, where energy consump-
tion is expected to remain constant in the future to ensure GDP growth. Additionally, 
they assert that energy efficiencies alone are not effective in reducing primary energy 
consumption or carbon dioxide (CO2) emissions.

Regarding global studies on exergy, Ref. [6] analyses the exergetic efficiencies 
inherent to the different forms of exergy use while [7] reconstructs the different forms 
of electricity use in the United States of America (USA) economy, from 1900 to 1998, 
using different data sources. The electricity uses were classified into: lighting, heating 
(high and low temperatures), mechanical work, electrolysis, and electronic devices. 
Results showed that the USA largest consumption was for mechanical work and that 
the final to useful aggregated exergy efficiency of electricity remained unchanged dur-
ing the twentieth century. This is consistent with results obtained by Ref. [8] that show 
that despite technological evolution, the World final-to-useful end-use efficiency was 
surprisingly constant (∼48%), due to “efficiency dilution,” wherein individual end-use 
efficiency gains are offset by increasing uptake of less efficient end uses.
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The study [9] discusses the usefulness of the concept of exergy for all systems 
subject to mass and energy flows and argues that economic and ecological systems are 
highly coupled, given the possibility of irreversible depletion of the available plan-
etary stocks of exergy.

This chapter aims to present and analyses the results and constraints of 
constructing useful exergy data associated with the FEC of Mozambique’s eco-
nomic productive sector, encompassing industry, commerce, and services from 
1971 to 2014. This period is imposed by the availability of IEA data relating to 
Mozambique, which at the time of carrying out the research, were only from 1971 
to 2014.

These data hold significance for studying the role of useful exergy in 
Mozambique’s economic growth, thereby contributing to the ongoing debate on this 
subject.

Economic growth, quantified by the evolution of GDP, is not solely dependent on 
input availability but also on effective work derived from FEC. Consequently, from 
an engineering standpoint, production—whether industrial or otherwise—requires 
energy-driven work [1].

In the production process, useful exergy is essential because work transforms 
inputs into final products. Useful exergy finds applications in various sectors, such as 
industry, where it powers machines through mechanical drive, involving the conver-
sion of electricity into mechanical energy [10]. Additionally, it plays a crucial role 
in heating processes, such as those employed in smelting or firing processes within 
heater systems.

Addressing the relevance of energy in Mozambique’s economy, the Industrial 
Policy and Strategy for 2016–2025 (IPS) identifies poor electricity access in many 
regions, particularly outside urban areas, and high electricity costs as key structural 
constraints for industrial development in the country.

Following this introduction, the second section delves into the concept of useful 
exergy, the third section presents data and methods, the fourth section outlines the 
results, and the final section encompasses the discussion and conclusions.

2. From exergy to useful exergy

Exergy is the useful part of the energy of a system in a specific environment, 
that is. the maximum amount of work, whether mechanical, heat generation, 
 lighting, or other, that a system can perform until achieving equilibrium with its 
environment [10].

For a closed system in steady state, the exergy balance corresponds to the 
Eq. (1) [4]:

 − − =∑ 0
rQ w

r
E E I  (1)

Where:
rQE  and wE  indicate the values of exergy associated with heat transfer ( )rQ  and 

the performance of the work (W) provided by the system.



Exergy – Theoretical Background and Case Studies

6

Also, according to Ref. [4], when the heat transfer ( )rQ  occurs in a space with 
uniform temperature, rT , and oT , and the environment temperature1, then the 
associated thermal exergy is given by:

 
 

= − 
 

01 .
rQ r

r

TE Q
T

 (2)

On the other hand, the exergy of mechanical work is expressed as being [4]:

 =wE W  (3)

The exergy flows, 
rQE  and wE , measure the quality of the energy flow in its state 

of use, akin to an energy service, resulting in what is commonly referred to as “useful 
work” [1].

I denotes the exergy consumed or lost due to irreversibility, conferred by the 
second law of thermodynamics.

In a real process, the exergy destruction is the quality of energy that is destroyed, 
which is proportional to the entropy production [12]. Therefore, the consumption of 
exergy is greater than zero for any irreversible process and equal to zero for reversible 
processes.

The idea of exergy as the maximum amount of work that can be produced from a 
given energy flow is conceptually shared among exergy authors [3, 13], and so it will 
be understood in this chapter, as the part of the energy used to generate work during 
production processes, while the useful exergy is obtained as a result of applying the 
conversion efficiencies related to each end use.

3. Data and methods

The methodology applied for the construction of useful exergy series is the soci-
etal exergy analysis [14]. The FEC data are in GWh. The data are from IEA database, 
covering the period of 1971 to 2014, by sectors of activity, excluding, in this chapter, 
the residential sector. There is no data related to the Mozambican agricultural sector.

The total FEC trend, in Figure 1, indicates that there are two distinct periods: first, 
from 1971 to 1999 and, second, from 2000 to 2014. The second period is strongly 
influenced by the beginning of MOZAL’s activities in Mozambique, an industry of 
aluminum smelter with final electricity consumption corresponding to 45% of the 
country’s consumption.

1 For Mozambique, the reference for the average temperature was obtained from [11], indicating that the 
annual average temperature varies from 22 to 24°C. The Maputo region records high average temperatures 
(24°C) when compared to other regions in the country. Furthermore, Maputo hosts the country’s largest 
industrial park, approximately 55% of all industries in the country [11]. For that reason, the annual average 
temperature of Maputo was taken as a reference for the environment temperature.
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The methods followed three steps: (1) the conversion of FEC into exergy, (2) the 
allocation of final exergy consumption, per sector, to the different end uses, and 
(3) the application of the final exergy efficiencies, according to end uses, to obtain 
the useful exergy data per sectors for Mozambique. The total useful exergy data was 
obtained by summing the disaggregated results.

Exergy conversion factors were applied to obtain exergy data. In the case of 
electricity, the conversion factor to exergy is equal to one.

The end uses for industrial, commercial and services sectors followed the end 
uses obtained from the literature [7, 15, 16], which indicate types of end uses, such as 
mechanical drive, heat, lighting, cooling, and other uses.

In the case of industry, five end uses have been identified: the use of electricity 
for mechanical work, heat production, lighting, cooling, and electrolysis processes. 
For the commerce and services sector, four use-ends were found for lighting, cooling, 
heat, and electronics uses.

Useful work, which is useful exergy, is calculated as [12]:

 ε φ=tjk tk tjkU E   (4)

Where:
j—represents economic sectors,
k—indicates the category of usage types,
t—is the time,
ε tk —are the exergy efficiencies by usage types;
φ —denotes the exergetic factor for each type of energy source (the exergetic 

factor is equal to 1 for electricity), and.
tjkE —is the exergy obtained by type of use for each production sector.

Considering the specified end uses for each sector, it is essential to apply the cor-
responding exergy efficiencies to derive the useful exergy for each sector. Examining 

Figure 1. 
Exergy by end uses: Industrial sector.
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mechanical drive, historical data indicates that in 1970, industrial engines demon-
strated an average efficiency of approximately 70%. Subsequent advancements led to 
an increased average efficiency, reaching around 85% in 1980 and further climbing to 
90% in the 2000s [7].

A comprehensive investigation into lighting within the US industrial sector in 
1946 disclosed that lighting efficiencies accounted for about 7.7% of industrial elec-
tricity consumption at that time [7]. The efficiency of lighting is contingent upon the 
type of lamp used. In 1970, the efficiency for incandescent lamps was 5%, while that 
for fluorescent lamps was 20% [7]. Determining the applicable efficiency should con-
sider the predominant lamp type in use within production units. However, in many 
instances, data related to the predominant lamp types in different economic sectors is 
not available. Over time, lighting efficiencies exhibited notable improvements from 
7% in 1940 to 8.5% in 1960, 11% in 1980, and further advancing to 13% in 2000 [7].

In the context of cooling associated with air conditioning, the efficiency is esti-
mated to be around 0.3 [8]. Refrigeration, on the other hand, experienced a notable 
efficiency increase from 75% in 1960 to 85% in 2000, attributed to advancements in 
equipment enhancing overall efficiency [7]. The efficiency of heat at high tempera-
tures also underwent changes over time, progressing from 87% in the 60s and 70s to 
89% in 1980, culminating in 90% by 2000 [7].

Heat exergy efficiencies are calculated using Carnot efficiency. The exergetic 
efficiency of heat production depends on the environment and the system tempera-
ture [15]. For heat production, three subcategories were established giving the system 
temperature: High-temperature heat (HTH), for temperatures above 500°C (indus-
trial uses); medium temperature heat (MTH), for temperatures between 500°C and 
120°C; and Low-temperature heat (LTH), for uses below 120°C [15]. LTH uses can 
be further disaggregated into three other sub-subcategories: LTH 1, for uses between 
120°C and 90°C; LTH2, for uses between 90°C and 50°C; and LTH3, for uses below 
50°C. In this study, LTH2 was assumed for commerce and service sectors [15]. For 
LTH, electric heat has an exergetic efficiency of around 10% [10].

In this study, the efficiencies adopted were adapted from Ref. [15] for mechanical 
work, heat production, lighting, cooling, and others, as discussed in point 4 of this 
paper. The efficiencies applied are part of Appendices A and B.

4. Results

4.1 Exergy allocations by end uses

Results of exergy by end uses are shown in Figures 1 and 2.
Figure 1 shows the exergy allocated by end uses in the production processes of 

industrial sector, including mechanical drive, applied for running machines, cooling, 
lightning, heat and electrolysis processes applied, especially in aluminum industries..

Up until 1999, the predominant utilization of exergy in the industrial sector was 
in mechanical drive. However, starting from 2000 onwards, the most significant 
application shifted to electrolysis, corresponding to the introduction of the aluminum 
industry, particularly with the establishment of MOZAL. In contrast, for the com-
merce and service sector, among the end uses found in this sector, the primary use 
throughout the entire period remained cooling, as depicted in Figure 2.

Figures 1 and 2 illustrate the exergy uses in both sectors, giving the pattern of uses 
according to the energy needs of each sector.
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The next stage was to obtain the useful exergy data by applying exergy efficien-
cies related to each type of end uses. Details about the efficiencies applied are in 
Appendices A and B at the final of the chapter..

4.2 Useful exergy data

Figure 3 shows the useful exergy data obtained for industrial and for commercial 
and services, including the total useful exergy of both sectors.

Figure 2. 
Exergy by end uses: Commercial and service sector.

Figure 3. 
Useful exergy by sector and total.
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The findings indicate that the total useful exergy is primarily influenced by the 
useful exergy generated within the industrial sector.

4.2.1 Total useful exergy

Figure 4 illustrates the total useful exergy, revealing a dynamic pattern akin to 
that of FEC. This resemblance can be attributed to the diminished impact of heat 
end uses in Mozambique. As previously highlighted, the conversion of electricity to 
exergy follows a nearly one-to-one ratio for various end uses, with the exception of 
processes involving heat.

From 2000 onwards, the energy needs of the industrial sector arose steadily as a 
result of the sector recovery and the effectiveness of direct international investment, 
like that of the implementation of MOZAL, accrued after the cease-fire in 1992, and 
after the implementations of the first democratic government.

Figure 5 provides a detailed depiction of the useful exergy within the commercial 
and service sector. The findings reveal a seasonal dynamic in this sector from 1971 to 
1991, followed by a steady growth trend from 1992 until 2011. This upward trajectory 
corresponds to the postwar period, specifically after the conclusion of the conflict in 
1992. Conversely, the decline in 2000 is associated with the occurrence of a significant 
flood that affected the economy.

4.2.2 Efficiency of useful exergy

Figure 6 illustrates the overall efficiency of useful exergy. The efficiency of useful 
exergy represents the ratio of useful exergy to FEC (both total and by sectors). This 
ratio serves as an indicator of the efficient utilization of the FEC.

The results indicate that from 2000 onwards, despite the increase in total useful 
exergy, the overall efficiency of useful exergy was lower than in the previous period. 
This is attributed to the substantial contribution of electrolytic uses during this 
period, which exhibit lower efficiencies compared to mechanical drive, the dominant 

Figure 4. 
Total useful exergy.
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factor in the preceding period. Below are the total efficiencies of useful exergy catego-
rized by sectors: Industrial, commercial, and services sectors 2:

2 In Mozambique, the industrial sector is predominantly composed of micro- and small-sized enterprises, 
representing 90% of the sector. Micro-industries make up 63% of the sector, small ones account for 31%, 
medium-sized enterprises constitute 3%, and large industrial companies, with the potential for higher 
electricity consumption, represent only 3%. However, despite being few in number, large industrial 
companies are the major employers, employing 71% of the workforce [17]. Regarding the industrial sector’s 
contribution, the metallurgical sector contributes 35% to industrial production, the food sector contributes 
25%, beverages contribute 13%, nonmetallic minerals contribute 10%, tobacco contributes 8%, and the 
remaining sectors contribute 9% to the total industrial production [17]. The other sector is commercial and 
services, with less electricity consumption patterns, compared to the industrial sector.

Figure 5. 
Useful exergy of commercial and services sector.

Figure 6. 
Total efficiency of useful exergy.
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Figure 7, depicting the total efficiency of useful exergy by sectors, reveals a 
notably high efficiency for the industrial sector. This is attributed to the substantial 
utilization of both FEC and useful exergy within that sector, as compared to the com-
mercial and service sector. The disparities in energy demand between the two sectors 
also contribute to this variation.

5. Conclusions

The total amount of useful exergy remained nearly constant from 1971 until 1990, 
experiencing moderate growth between 1991 and 1999. Subsequently, an explosive 
growth phase occurred between 2000 and 2004, maintaining an upward trajectory 
until 2013. A brief stagnation in 2001 and 2002 is attributed to the 2000 floods, 
impacting the productive sector and the economy at large.

The total useful exergy is strongly influenced by the industrial sector. Although 
the useful exergy of the commerce and services sector has shown modest growth, the 
total useful exergy had a significant growth induced by the growth of the useful 
exergy of the industrial sector.

However, a closer examination of the commerce and services sector reveals 
a change in dynamic trends over time. From 1971 to 1978, there was an  increasing 
trend, followed by a decline from 1979 to 1985, coinciding with a period of 
 economic crisis and the introduction of the Economic Structural Adjustment 
Plan in 1987. From 1986 to 1999, the useful exergy of the commerce and services 
 sector grew rapidly. Despite a notable drop in 2000 due to severe floods, there 
was a recovery in 2001. However, a substantial decline occurred between 2012 
and 2013.

Figure 7. 
Total efficiency of useful exergy by sectors.
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Regarding end uses, the industry sector’s mechanical work made the greatest 
contribution to total useful exergy. Post-2000, the total efficiency of useful exergy 
was lower than in the preceding period.

Several limitations affect this analysis, including a lack of detailed data on vari-
ous economic sectors, especially the absence of data on FEC uses and the agriculture 
sector for Mozambique. Additionally, detailed efficiencies associated with different 
end uses suitable for the technological stage of underdeveloped countries are unavail-
able. Despite these constraints, this study serves as a foundational point for future 
research, incorporating diverse energy sources for determining the country’s total 
useful exergy.

In conclusion, useful exergy, as an indicator of the outcome of energy use, holds 
significance for analyzing the nexus between energy consumption and economic 
growth. Policymakers must prioritize providing records of energy end uses and 
exergy efficiencies sensitive to the technological stage of underdeveloped countries, 
such as Mozambique. This is crucial for conducting more precise and accurate analy-
ses of the dynamic relationship between energy and economic factors.
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See Table A1.
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Year Electrolysis 
(%)

Mechanical 
drive (%)

Cooling 
(%)

Light 
(%)

Heat 
(%)

HTH 
(aluminum) (%)

1970 32.41 83.45 11.31 0.90 32.37 62.51

1971 32.66 83.67 11.29 1.14 32.67 62.58

1972 32.91 83.88 11.28 2.74 32.96 62.64

1973 33.16 84.10 11.26 2.74 33.08 62.52

1974 33.41 84.28 11.28 2.75 33.31 62.54

1975 33.66 84.46 11.30 2.73 33.52 62.54

1976 33.91 84.65 11.33 2.72 33.71 62.52

1977 34.17 84.83 11.35 2.71 33.90 62.52

1978 34.42 85.01 11.37 2.71 34.05 62.48

1979 34.67 85.19 11.39 2.70 34.27 62.52

1980 34.92 85.38 11.42 2.69 34.40 62.48

1981 35.17 85.56 11.44 2.68 34.49 62.41

1982 35.42 85.74 11.46 2.68 34.71 62.47

1983 35.68 85.92 11.48 2.67 34.87 62.47

1984 35.93 86.11 11.51 2.66 35.05 62.51

1985 36.18 86.29 11.53 2.66 35.14 62.46

1986 36.43 86.47 11.55 2.65 35.30 62.48

1987 36.70 86.72 11.58 2.69 35.34 62.39

1988 36.96 86.97 11.61 2.72 35.54 62.47

1989 37.23 87.23 11.64 2.76 35.55 62.37

1990 37.50 87.48 11.67 2.80 35.70 62.4

1991 37.77 87.73 11.70 2.83 35.86 62.46

1992 38.03 87.98 11.74 2.87 35.98 62.47

1993 38.30 88.24 11.77 2.91 36.15 62.55

1994 38.57 88.49 11.80 2.95 36.14 62.45

1995 38.83 88.74 11.83 2.98 36.09 62.30

1996 39.10 88.99 11.86 3.02 36.31 62.43

1997 39.37 89.25 11.89 3.06 36.27 62.32

1998 39.64 89.50 11.92 3.10 36.44 62.41

1999 39.90 89.75 11.95 3.13 36.55 62.45

2000 40.17 90.00 11.98 3.17 36.58 62.41

2001 40.44 90.25 12.01 3.21 36.62 62.45

2002 40.70 90.51 12.04 3.24 36.60 62.42

2003 40.97 90.76 12.07 3.28 36.56 62.38

2004 41.24 91.01 12.10 3.32 36.58 62.41

2005 41.51 91.26 12.13 3.36 36.58 62.41

2006 41.74 91.52 12.14 3.41 36.52 62.34

2007 41.98 91.77 12.16 3.47 36.61 62.43
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Appendix B

See Table A2.

Year Electrolysis 
(%)

Mechanical 
drive (%)

Cooling 
(%)

Light 
(%)

Heat 
(%)

HTH 
(aluminum) (%)

2008 42.22 92.02 12.17 3.52 36.61 62.43

2009 42.46 92.28 12.18 3.58 36.50 62.33

2010 42.69 92.53 12.19 3.63 36.56 62.38

2011 42.93 92.79 12.20 3.69 36.49 62.32

2012 43.17 93.04 12.21 3.75 36.58 62.41

2013 43.41 93.29 12.22 3.80 36.61 62.43

2014 43.64 93.55 12.23 3.86 36.57 62.39

Source: Felício et al. [15].

Table A1. 
Industry exergy efficiencies by type of uses.

Year LTH2 
(%)

Light 
(%)

Mechanical 
drive (%)

Cooling 
(refrig) (%)

Cooling 
(AC) (%)

Electronics 
(%)

1970 20.18 0.90 76.33 14.70 4.17 0.04

1971 20.32 1.14 76.41 14.68 4.17 0.04

1972 20.46 2.74 76.50 14.66 4.17 0.04

1973 20.21 2.74 76.59 14.64 4.17 0.04

1974 20.24 2.75 76.72 14.67 4.17 0.05

1975 20.24 2.73 76.84 14.69 4.17 0.06

1976 20.21 2.72 76.97 14.72 4.17 0.08

1977 20.21 2.71 77.09 14.75 4.17 0.09

1978 20.13 2.71 77.22 14.77 4.17 0.10

1979 20.21 2.70 77.34 14.80 4.17 0.11

1980 20.13 2.69 77.47 14.82 4.17 0.13

1981 19.9 2.68 77.59 14.85 4.17 0.14

1982 20.1 2.68 77.72 14.88 4.17 0.15

1983 20.10 2.67 77.84 14.90 4.17 0.16

1984 20.18 2.66 77.97 14.93 4.17 0.18

1985 20.07 2.66 78.09 14.96 4.17 0.19

1986 20.13 2.65 78.22 14.98 4.17 0.20

1987 19.94 2.69 78.31 15.02 4.24 0.27

1988 20.10 2.72 78.40 15.06 4.31 0.34

1989 19.88 2.76 78.49 15.09 4.38 0.41

1990 19.96 2.80 78.59 15.13 4.45 0.49

1991 20.07 2.83 78.68 15.16 4.52 0.56
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Year LTH2 
(%)

Light 
(%)

Mechanical 
drive (%)

Cooling 
(refrig) (%)

Cooling 
(AC) (%)

Electronics 
(%)

1992 20.10 2.87 78.77 15.20 4.59 0.63

1993 20.27 2.91 78.87 15.24 4.66 0.70

1994 20.05 2.95 78.96 15.27 4.73 0.77

1995 19.74 2.98 79.05 15.31 4.80 0.84

1996 20.02 3.02 79.14 15.34 4.87 0.92

1997 19.77 3.06 79.24 15.38 4.94 0.99

1998 19.96 3.10 79.33 15.42 5.01 1.06

1999 20.05 3.13 79.42 15.45 5.08 1.13

2000 19.96 3.17 79.52 15.49 5.15 1.20

2001 20.05 3.21 79.61 15.53 5.22 1.27

2002 19.99 3.24 79.70 15.56 5.29 1.34

2003 19.91 3.28 79.80 15.60 5.36 1.42

2004 19.96 3.32 79.89 15.63 5.43 1.49

2005 19.96 3.36 79.98 15.67 5.50 1.56

2006 19.83 3.41 80.09 15.68 5.16 1.60

2007 20.02 3.47 80.21 15.70 4.83 1.64

2008 20.02 3.52 80.32 15.71 4.50 1.69

2009 19.80 3.58 80.43 15.72 4.16 1.73

2010 19.91 3.63 80.54 15.73 3.83 1.77

2011 19.77 3.69 80.66 15.75 3.49 1.81

2012 19.96 3.75 80.77 15.76 3.16 1.86

2013 20.02 3.80 80.88 15.77 2.82 1.90

2014 19.94 3.86 80.99 15.78 2.49 1.94

Source: Felício et al. [15].

Table A2. 
Commerce and services exergy efficiencies by type of uses.
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Chapter 2

Perspective Chapter: The Exergetic
Friction Fluctuations at the
Boundary Lubrication
Rodrigo Bulnes A.

Abstract

Since friction represents the core of the historical analysis of the industrialization
process of the economy, it emerges as pertinent to analyze the conservation of energy,
its entropic dissipation through friction in particular and the correlation of physical
forces, which play a crucial role in the analysis “Lubricated Machinery-Industry on a
large scale.” In this sense, the scattered pseudo-lubricated boundary friction experi-
mental results (typical lubrication regime of the large mining machinery) are
reordered with exergetically dissipated friction theory to demonstrate that mechano-
chemical reaction kinetics between surfaces emerge as an innovative third relative
(t/τ)-time coordinate that helps to eliminate this characteristic scatter of such
experimental data. These findings suggest furthering the concept of Friction-e
(Economy, Energy, and Emissions).

Keywords: friction, fluctuations, dissipated, time, exergy and environment

1. Introduction

Historically, friction represents the nucleus of the analysis of industrial develop-
ment, an aspect thus considered in various studies that show the important economic
losses due to friction and wear, especially in the world mining [1].

The important total energy consumption of mining is mainly used to overcome
friction and combat wear, which in turn generate CO2 emissions; that is to say, it is
possible to propose a concept of Friction-e (Economy, Energy, and Emissions) to refer
to the interface of friction in the ecology of mining metabolisms and their derivatives:
heat and wear.

From the Tribology, the circular economy exceeds the life cycle, the maintenance,
the physical asset management and the supply chain. Additionally, it incorporates the
socio-ecological dimension defined in the “Eco-Tribology,” meaning that it is neces-
sary to “reduce the complexity” of mechanical-chemical reactions at the level of the
friction interfaces. In this sense, the Eco-Tribology is a nucleus of innovations and
technological changes that allow to impact on the economy of friction and wear,
pollution control, reduction of emissions and increased conservation and efficiency
of energy. In South America (Chile, “mining” country), the mining requires better

21



socioecological standards. The policies of sustainability, circular economy, greenhouse
gas emissions and climate change that arise, find in the Friction-e a possibility to
inform and act on the socioeconomic metabolism for sustainable mining.

2. Friction at the interface of the economy, energy and emissions
metabolisms of industrial mining

2.1 On friction during the exergetic exhaustion of minerals in mining

Satisfying the global demand for mineral resources for the renewable energy and
electromobility industries represents a complex environmental challenge where the
demand for the “new oil” (Copper) directly pressures the socioenvironmental stan-
dards and regulations required in the South American Andean region.

In this way, the Chilean mining strategy has defined a “road map” focused on
promoting the digitization of its processes, the use of renewable energies, the devel-
opment of “green hydrogen,” and energy efficiency as guiding principles of a national
policy of decarbonization (it is what could be called “Copper to produce still more
Copper”).

However, environmentally speaking, Copper is increasingly difficult to obtain: as
mining progresses, ore grades tend to drop, the material becomes harder to grind, more
waste is generated, more water and energy are consumed per pound produced, the
mines are getting deeper and, in ecologically sensitive areas—decades after the closure
of the mines—the tailings still represent a serious environmental problem, etc. In simple
terms, deposits are ecologically complex to sustain, with the mining industry opting to
replace direct labor by digitizing it most of the time. Thus, and as a more or less (in)
direct recognition that the environmental-mining dilemma has a genuinely scientific
basis, instead of “green Copper” it is preferred to migrate toward “traceable Copper.”

Summarizing, the regulations imply the socially symbolic, the politically
accepted in this context of “eco-sustainable” production of minerals, with the material
and energetic shielding being the hardest and most factual part that provides said
eco-production as tribological metabolisms of dissipative structures that create
or destroy the exergetic reserve of minerals during their transformation
(exploitation) [2].

On the one hand, before it can be used, the exergy must be transformed into a
quantifiable process called useful work. On the other hand, and unlike energy, exergy
is not conserved, it is “used up” and partially degraded as the appearance of dissipa-
tive structures during the friction that implies the production of minerals [3]. That is,
the dissipated useful work is exergetically exhausted until the disappearance of said
structures or, in other words, a system dissipates useful work that would be
tribologically less with respect to the available exergy input to it.

During the transformation of exergy into useful work, it will be the thermody-
namic losses and, therefore, the dissipative structures that will succumb as a conse-
quence of the Second Law of Thermodynamics; that is, the fraction wasted during
production will be dissipated in the generation of irreversible entropy, where the
fraction of exergy that is lost depends on the efficiency of the transformation process,
and on the technology and science used in it. Hence the importance of incorporating
“Tribological Science” into the socioeconomic metabolism of mining, since it acts
informing from “friction” as a historically fundamental factor for large-scale
industries [4].
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The following Figure 1 represents the difference between energy and friction
exergy in the “depletion” process of the structures of a generic tribo-interface
between bodies.

Summarizing, the artificial is deterministic and reversible (digital technology),
while the natural contains essential elements of chance and irreversibility; for this
reason, “Non-Equilibrium Irreversible Thermodynamics” calls for a new vision of
matter in which matter is no longer passive (a purely mechanical concept), but rather
an associated spontaneous activity (dissipative structures) emerges. This change is so
profound that for almost four decades, there has been talk of a new dialog between
man and nature [5].

2.1.1 The exergetic dissipation of friction in the metabolism of mining

As a factor of metabolism that creates/destroys the exergy reserve of minerals,
friction represents a fissure between matter and energy dissipated by friction of a
mechanochemical nature (abbreviated Friction-MQf) [6]. In this way, reducing
that crack to the complexity of the mechano-chemical reactions at the Friction-MQf
interface level encourages us to understand what is a friction interface?, a pertinent
question since the effort made by Tribology consists in the development of
wear-resistant materials that help reduce socioeconomic losses by 40% over the next
10 to 15 years [7].

2.2 What is a friction interface? (contribution of non-equilibrium irreversible
thermodynamics: Friction-MQf)

Simultaneously dissipating heat from purely mechanical friction and exergy of a
mechanochemical nature, the friction interface is a third tribological body where one
of the surfaces corresponds to a first body, the same as the other to a second body [8].
So, the third tribological body has its own composition materially dissipated in an
exergetic potential that is more or less responsible for the heat of friction and wear. In
simple terms, during the transmission of mechanical power, the generation of

Figure 1.
Appealing to an idealized stationary friction condition at the Hydrodynamic Lubrication-HL (a), obviously does
not explain the appearance of wear, etc. In operational practice (b), it is known that friction (μ) becomes unstable
(transient); in fact, the Lubricant-EHL film collapses 75% of the time, which would imply that the tribo-interface
dissipates a Friction-MQf of exergetic origin as responsible for wear. F: force and V: velocity.
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frictional heat and wear are affected by the times of kinetics of physicochemical
reactions coming from the third friction interface body that dispels them.

The following simple expression summarizes these concepts:

μ
• þϕ t=τð Þμ� βμ2 � 0 (1)

where μ is Friction-MQf, β a stationary thermomechanical factor of the materials,
and φ(t/τ) a propagator-operator linked to the in situ kinetics (t/τ) as referring to the
dissipated exergy (literally speaking, Eq. (1) considers the tribo-contact between
bodies as an intense physical-chemical reactor capable of dissipating a relative time
coming from an intense mechanochemical reaction until today misnamed “coeffi-
cient” of purely mechanical friction).

The deduction of this Eq. (1) develops as follows:
Is well known that in pure exothermic adsorption states φ Δgads

� �� �
, the friction

coefficient monotonically decreases along with the sliding speed at the boundary
lubrication EP condition [8]. For instance, this results in the well-known increase of
the load-carrying capacity as a consequence of the adsorption of the molecules of
additive on the rubbing surfaces (see [9, 10]). In this case, the monotonous decrease
vs. velocity of μ, “attract” the instabilities that would cause the emergence of an
alternative and spontaneous nonequilibrium thermodynamic regime into the fric-
tional process, in a way that would look as the thermodynamic fluctuations of the
quantities du, dv, ds,… do not perform any role in the dynamics of μ. Let us agree on,
then, that our tribo-system shows a homogeneous exothermic adsorption state, so that
queue this purely adsorptive phenomenon can be expressed—with no effective influ-
ence from fluctuations—as a regressive relationship between the friction coefficient
and the sliding speed:

μ � 1=V: (2)

By developing this expression with μ ffi dμ
d 1

Vð Þ � 1=V, where dμ=d 1
V

� �
: gradient, Eq. (2)

corresponds to:

dμ ffi d 1=Vð Þ � V � μ = ∗ dtð Þ�1

μ
•ffi �V�2 � dV

dt

� �
� V � μ

μ
•ffi � a

V

� �
� μ

(3)

with a: acceleration (see “A commentary,”more below). A very particular result for
the equation above is (see [11]):

μ
•ffi �ωV � μ ) μ

•

μ
ffi �ωV , pure ads: ¼ ϕ Δgads

� �� �
(4)

with ωV [Hz]: denoting contact vibrations or “exciting mechanical macro-force” on
the friction process (but we do not forget that the μ-process is intimately related to the
Gibbs’ free energy).

If one still considers an increase of the load capacity but this time as a degressive
relationship between the friction coefficient and the sliding speed, one would consider
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that the pure adsorption state is subject to a competitive environment; in other words,
it is affected by a perturbation toward the state of desorption (of course this repre-
sents a fluctuation of the initial activity regime from φ Δgads

� �
to states

φ Δgads � Δgdes
� �

). In mathematical terms, the degressive—and must be appointed—
quasi-expontaneous with velocity effect can be degressively expressed as:

μ � μeq: � bV
� �

(5)

where μeq. indicates, now, the unstable adsorptive equilibrium condition, and b is a
number. By calculating the derivative of the equation above: _μ � �a � log eb

� � � bV ¼
a � log eb
� � � Δμ, with Δμ � μ� μeq:

� �
6¼ 0, Eq. (5) result can be expressed in terms of a

series of powers around Δμ:

μ
•� C1 � a � δμþ 1=2ð Þ � δ2μþ :…

� �
, (6)

where C1 indicates a constant.
Evidently, the first-order δμ fluctuation refers to Eq. (4). On the other hand, and to

give physical sense to the second-order δ2μ fluctuation, we began to accept that the
problematic of the friction refers to the own considerations of a dissipated and
irreversible process. That is to say, it is valid that the “entropic evolution (S)” of
frictional heat can acquire the following formulism:
Q μð Þ=θ ¼ S ) Δμ � S� Seq:

� � ¼ δSþ 1
2 � δ2Sþ … , where Q indicates frictional heat a

θ temperature. But our interest is focused on a situation at irreversible nonequilibrium
where the entropy is not necessarily at the maximum (the friction system is dissipa-
tive or not a closed system). That is to say [12], the imposition of a gradient on μ (e.g.
temperature, velocity, etc.) dissipates Q(μ)-energy associated with qualitative
changes in the entropy rate in the friction system. These qualitative changes are
directly influenced (affected) by, at least, second-order terms δ2 of the entropy
([13], pp. 301–308). Thus, we accept second-order terms for the change in the
dynamics of μ because now the frictional system—which is sufficiently unstable,
etc.—is not at total adsorptive equilibrium (as aforementioned, there is desorptive
competition from ϕ Δgads

� �
to ϕ Δgads � Δgdes

� �
into the friction system). From the

Eq. (6):

μ
•ffi C2 � a � μ2 (7)

where μ � δμ ) δμ2 � μ2, C2 � a ffi a
γ�θ hz2
� �

and γ [m/m0K]: coefficient of thermal
expansion of the material (the thermodynamic nature of γ allows the association, via
θ, with a nonequilibrium situation. This choice negatively affects the use of a length
unit [m] obtained traditionally from Hertz’s static homogeneous deformation at equi-
librium.

Joining together Eqs. (4) and (7) in one single expression (plus additives constant),
we have the initial Eq. (1):

μ
• þωVμ� βμ2 ¼ 0 (8)

where β ¼ a
γ�θ :
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The solution to nonlinear Eq. (8) can be formulated with two methods. The first
method provides a “closed” solution with β as a parametric coefficient. The second
method is iterative and is more “realistic” physically, since it lets one consider the
fluctuations of a thermo-mechanical quantity of the material, that is to say, β:

μ
• þωVμ� βμ2 ¼ 0

μ t=τð Þ ¼ μ0
eωVt þ ζ � μ0 � 1� eωVtð Þ

μtþ1 ¼ �ωV � μt � 1� ζ � μtð Þ

8><
>:

, (9)

with ζ ¼ β
ωV

� �
: a damping factor of thermo-mechanical nature. But:

β
ωV

¼ a
γ�θ � 1

ωV
ffi V

γ�θ ) ζ ffi Pe
γ�θ, where Pe V, l, ρ,CP, λð Þ is Peclet’s number which contains,

obviously, material parameters.
Both solutions above give the indication that the irregular trajectory of the friction

coefficient in time is the result of the fluctuations of the thermo-mechanical quantities
of the material bodies (δγ, δλ, δρ, δCP, δλ). On the one hand, the first closed solution
immediately indicates that the tribological failures (scuffing, pitting, micro-pitting,
etc.) may be interpreted—in coherence with ωV—as “thermo-mechanical resonance”
phenomena (see Figures 2–4).

The second iterative solution in Eq. (9) indicates that the origin of the trajectory of
the friction coefficient in time is explicitly chaotic (logic map).

With these preliminary results in mind, one may suggest that the present theory
manages to physically explain—under minimum and plausible hypotheses—concepts
ranging from the fluctuation of the friction coefficient to the in situ load carrying capacity
at the scuffing, pitting, micro-pitting, etc., limits. Simply, the practical application of this
new thermodynamic definition for friction suggest that modern Nonlinear Thermody-
namics is the correct method to approach, in a simple and direct way, some tribological

Figure 2.
Load carrying capacity (lubricant-related failures in gears, oil film collapse, additive depletion, and use of
improper lubricant for the application).
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problems of the metal-mechanical industry, that is, the nonequilibrium thermodynamic
definition from the friction coefficient makes unnecessary the use of any Norme to
calculate in situ the load-carrying capacity of a friction couple.

Figure 3.
Load carrying capacity (lubricant-related failures in gears, oil film collapse, additive depletion, and use of
improper lubricant for the application), according to friction-MQf.

Figure 4.
The exergetic friction-MQf (competition between purely mechanical vibrations vs. those dissipated by the tribo-
chemical interface).
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2.3 A commentary

It is evident that a rapid identification of “a” equal to dV/dt (see Eq. (3)), forces us
to make equal the micro-dynamic aspects a from “mechanical friction movement,”
with the purely macro kinetics V (a = dV/dt it is a fundamentally mechanical per-
spective that do not explore the reasons why the forces that accelerate the “move-
ment” of the interface process). From this perspective, extremely purist and probably
inadequate for tribological problems, the ωV mechanical contact vibration would be
the cause and the origin of all the phenomena observed in relation to the friction
problematic. Nevertheless, the fact that appears a kind of acceleration forces us to
wonder if the act of deriving the dV sliding velocity in relation to the time dt (what
time?), is it not equivalent to being involved with the time scales from the frictional
phenomenon itself? because it is an empirical fact that despite of the V = cte. (a = 0),
the process μ fluctuates at nonequilibrium. In fact, the act of involving with the dt
represents the delicate action of “scaling the friction phenomenon” throughout of its
own time scale, due to the necessary appearance of an internal time τ. Thus, the forces
that accelerate the “relative movement” of the interfacial process are not in the plane
dt � ωV from the contact vibrations, in which you could say, in general terms, that the
a-acceleration must be identified with something more fundamental like the stimula-
tion of the interfacial chemical reactions -or mechanochemistry activation—due to the
friction, but a scale d(t/τ) � (ωq/ωV) (this topic is handled precisely by the
Tribochemistry [14]).

Then, we agree on the fact that last Eqs. (3) suggests a mixture between the
Tribochemistry (represented by a = a(t,τ)) and the kinetics from the sliding move-
ment (represented by the contact vibrations ωV provided by V=V(t)). As in both
aspects we do not have, necessarily, to share identical scale probabilistic of time; thus,
it is understandable that a (or the Tribochemistry) and V (or the contact vibrations)
convolution with each other, via delay τ-time like denoting the rigorous character
probabilistic of all experimental or theoretical measurement. In other words, exists an
intrinsic stochastic aspect in the combined variable a/V � φ(t/τ), in a way that Eq. (9)
must be correct by the most general expression:

μ
• þ ωq

ωV

� �
� ϕ t=τð Þμ� βμ2 ¼ 0, (10)

where ωq is a natural frequency with a mechanochemistry origin, and φ denotes a
stochastic propagator or a function of probabilities. Eq. (10) justifies again the
assumption about the underlying dynamic that provokes the frictional phenomenon
fluctuations of μ (the so called frictional dynamic does not have to be take it for
granted that always as reducible a white noise (or φ = normal distribution), which is
undoubted, reversible or with no memory).

The denomination of “coefficient” of friction (Classical Laws of Tribology) is
inadequate due to the mere presence of this dissipated physical-chemical
relativistic time (t/τ). This implies that the “wear” effect is not proportional to the
cause “heat”; that is, and from the theoretical and idealized purely mechanical
friction of heat, the transmission of work and energy via (t/τ), suggests that the
tribo-interface “accommodates” in speed (the friction interface would possess its
own relativistic mechanics, its own relativistic (t/τ)-time dissipating it to its
immediate surroundings during the process of accommodation of tribo-mutations
between surfaces).
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Summarizing, the friction heat is associated with a nominally calculated friction
from the idealized purely mechanical friction force (heat), but the wear would
rather be related to the simultaneous dissipation of a useful energy, an exergetic
deviation hitherto “hidden” in that thermodynamic nonpotential that is the heat of
friction: the friction interface dissipates matter, energy, relativistic time and exergy
simultaneously.

For example, according to the Classical Laws of Tribology, friction is independent
of speed, something that a Friction-MQf with (t/τ) refutes mathematically, chemi-
cally, and physically: during thermodynamic dissipation, which supposes the ideal
transmission of “tribological power” (velocity-independent friction), curiously
implies that, on the contrary, the friction exergy refers to the practical reality of a loss
of useful work of the friction power in terms of eventual wear… , not only being the
heat of friction responsible for it (the responsible potential would be the exergy of
friction that provides a measure of the effort that nature makes to replace and/or
return to it the substances that make up the material of the bodies, wearing them
down or not).1

Being this exergetic dissipation a measure of the deviation of the state of a ther-
modynamically real system with respect to the immediate ideal environment
(mechanical notion of the force of friction), the exergetic dissipation of the friction
interface results in an attribute of the “tribological system” and their environment
together. We call this program “Mechanochemical Friction-MQf,” and we identify in
the Gibbs Free Energy the thermodynamic potential dissipated by the friction exergy
that wears the materials (Friction-MQf has units W/kg°K2). Said program points out
that together with the generation of friction heat, simultaneously in situ an exergetic
potential is dissipated that may or may not wear out the surfaces. If the potential does
not wear, then it is similar to STP (zero-wear), but if it does wear, then the “sensitive
friction” (mechanics) is influenced by a relative time trajectory that can be calculated.
Consequently, said (t/τ)-time can inform about its effects on the Mining-Industrial
eco-sustainability in terms of exergetic depletion of mineral resources (Friction-e).

Figure 5 explains the value contribution of the exergy dissipating in friction-MQf
interface:

Coming from the interface-MQf, the relative time (t/τ) is born, which surprisingly
manages to “order” the messy measurements of tribological tests that usually
consider friction vs. speed, vs. contact force, vs. temperature or another measurement
of the “conventional mechanistic tribology.” To deepen this concept of Friction-MQf,
Figure 5 shows the tabulation “disorderly of purely mechanical friction” vs. speed at
different temperatures obtained for 02 types of nonlubricated ceramic materials,
comparing it with the “correction” suggested by the relative time dissipation (t/τ)
proposed by Friction-MQf.2

1

In Tribology there is the phenomenon of “zero-wear” as dissipation that arises from the “selective transfer

phenomenon-STP”, that is, it is a type of “circular wear” where matter and energy circulate between

surfaces, without leaving them (wear tends to zero). The “thermodynamic engine” of the STP implies an
exergy potential, and not frictional heat (which is not a thermodynamic potential).
2
R. Bulnes, TU-Dresden 2001 (this conventional tribological data was extracted from more or less

confidential measurements published during the year 2000, “Studie zur Untersuchung von

Minimalmengenschmierung und Trockenlauf für Getriebe,” Forschungsvorhaben Nr. 366 I + II + III, Vol.

613 de Forschungsheft: Forschungsvereinigung Antriebstechnik).
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Figure 5.
The scattered friction experimental results (left), are reordered with exergetically dissipated Friction-MQf theory
(right). That is to say, the mechanochemical reaction kinetics between surfaces emerge as an innovative third
relative (t/τ)-time coordinate that helps to eliminate the characteristic scatter of the conventional tribological
experiments.
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3. Conclusions

Highly coherent with the Godet’s third body notion, the present theory about the
Friction-MQf coefficient μ, allows to access—in simply and direct form, and with a
minimal hypotheses—to the in situ calculation of the load carrying capacity at the
enigmatic scuffing, pitting, micro-pitting and tooth-fracture limit damages (the
Physics of the load carrying capacity is an issue of dissipated exergy and does not
require any Norm in order to assess it). The theoretical results like this obtained are
especially susceptible to be considered when lubrication failures appear.

On the other hand, the idea of linking the friction process with the principles of
the Nonlinear Thermodynamics allows to overcome the theoretical contradiction,
which means to simulate the irreversible friction process via the reversible second
Newton’s Law, i.e., via the standard concept of friction force. Summarizing, the
entropy rate of the friction process identifies to μ as a thermodynamic reaction sensi-
tive to Gibbs’ Free Energy activity regime of the friction process. From this point of
view, the frictional temperature only “triggers” levels of Free Energy which the
friction coefficient uses to modify its trajectory in the relive (t/τ)-time, that is, the
irreversible δ2, δ 3, fluctuations of μ would be a measure of the physical and chemical
activity ensemble taking place on the actual contact area. This situation matches the
idea that there is no direct and defined relationship between the friction temperature
and the friction coefficient. On this matter, although the friction coefficient varies
whith the sliding velocity, normal load, composition of the surfaces, etc., such a
variation would be just a functional of the Free Energy developed by the exergetical
friction-MQf.

To sum up, the variations of the friction coefficient are due to the internal dissipa-
tion of the physical-chemical regime, and not due to the external dissipation of
frictional heat μ�FNVð Þ. Therefore, that thing which takes over the path of μ in (t/τ)-
time is the Gibbs’ Free Potential and is not the dissipated energy in way that some-
thing which is not a thermodynamic potential, that is, in a way of frictional heating.
This simple conclusion could take to very important consequences in the form to
approach the Physics of the tribo-contact, because the frictional heating has been,
from always, the axiomatic final results of all tribo-energetical balance which is
“supposedly correlated” with μ. This assumption—which is explicit here questioned—
is something that the tribologist, in general, has trivially accepted until today.

Nomenclature

CP specific heat [J/kgK];
g Gibbs’ free potential (energy) [J/kg];
l length of static deformation from Hertz [m];
FN load-carrying capacity [N]
V speed [m/s];
θ stationary temperature [K]
μ (t/τ) exergetical friction-MQf coefficient (Dissipation)
μ0 referential friction (mechanical) coefficient (state)
t time [s]
τ delay time [s]
t/τ: normalized time [�]
φ denotes function;
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γ coefficient of thermal expansion [m/m0K]
ρ density [kg/m3]
λ thermal conductivity [W/mK]
ωV contact mechanical vibrations [hz]
ωq natural frequency of mechanochemistry origin [rate]
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Section 2

Exergy Applied to Energy
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Chapter 3

Comparative Exergy Analysis of
Thermal Power Plant Systems
Pasupuleti Ravindra Kumar and Naradasu Ravi Kumar

Abstract

The concept of exergy, derived from the second law of thermodynamics, becomes a
valuable source tool in analyzing thermal systems’ performance. Several terms encoun-
tered in the literature are synonymous or closely related to exergy, which are available
energy, essergy, utilizable energy, and availability. The thermal efficiency of the power
plants can be increased by adopting supercritical and ultra-supercritical conditions. Pres-
sures exceeding 221.2 bar and steam temperatures exceeding 374.5°C are being used for
supercritical thermal power plants, whereas the corresponding values for ultra-supercrit-
ical conditions are greater than or equal to 250 bar and 600°C. So, there is ample scope to
enhance the steam conditions and optimize power plant configurations further to
improve the plant efficiency. The power plant cycle is simulated by using Cycle Tempo
version 5.0 software. It is used for advanced thermal energy system optimization. In the
present work, for the thermodynamic analysis of supercritical—660 MW, and ultra-
supercritical—800 MW power plant, cycle capacities are carried out and compared with
subcritical power plant capacity of 500 MW. The important conclusions drawn from the
current research work are the improvement in feed water temperature, optimum steam
extraction pressures, and comparison of exergy efficiency of various thermal systems.

Keywords: exergy, subcritical (sub), supercritical (SupC), ultra supercritical (USc),
exergy loss and exergy efficiency

1. Introduction

Exergy was introduced by Z. Rant in 1956 [1]. It is preferred over energy analysis,
because it cannot detect most thermodynamic imperfections, mainly irreversible heat
transfer in system components. Exergy offers engineers a refined perspective on energy
utilization. In the grand tapestry of engineering principles, the concept of exergy is
grounded in understanding that not all energy is created equal [2]. Energy can exist in
various forms—thermal, mechanical, chemical—but exergy takes a discerning
approach, focusing on the energy that possesses the potential to perform work [3, 4].

2. Energy vs exergy

Energy is a broad measure of the capacity to do work, while exergy narrows the
focus to the portion of energy that can be converted into useful work. In simpler

37



terms, energy is like a raw resource, and exergy is the refined, usable portion
extracted for practical applications [5].

Exergy is a measure of the quality or usefulness of energy. It is only conserved
when there are no irreversible processes in a system and its surroundings, which is
never the case [6]. Exergy is always destroyed when irreversibility happens. By doing
an exergy analysis on a plant like a power station, a chemical plant, nuclear or a
cooling system, we can quantify the thermodynamic inefficiencies as exergy destruc-
tions and/or exergy losses, which indicate how much exergy is consumed (or
depleted) in the system [7–9]. Exergy analysis considers the different thermodynamic
values of different types of energy and amounts, such as work and heat. The exergy
transfer with shaft work is the same as the shaft work. The exergy transfer with heat
transfer, however, depends on how the temperature of the heat transfer compares to
the temperature of the environment [10].

3. The need for exergy analysis

Traditional energy analyses, while informative, may fall short in pinpointing inef-
ficiencies within a system. Exergy analysis, on the other hand, provides a more
granular understanding of energy transformations, revealing the areas where exergy
losses occur. Considering a steam power plant. Traditional energy analysis would
highlight the overall energy input and output, offering insights into the plant’s effi-
ciency. However, exergy analysis dives deeper, scrutinizing each component of the
system. It identifies inefficiencies in the steam generator, turbine, and condenser,
shedding light on specific areas where exergy losses occur [11]. Armed with this
knowledge, engineers can implement targeted improvements, such as better insula-
tion or more efficient turbines, to enhance the overall system efficiency. Some of the
applications of exergy include:

1.Exergy analysis: This is a method of thermodynamic analysis that uses exergy
as a basis for evaluating the performance and improvement potential of energy
systems. Exergy analysis can identify the sources and causes of exergy
destruction and loss and provide insights for enhancing the system design and
operation [12–16].

2.Exergy optimization: This is a method of optimizing the design and operation of
energy systems by minimizing the exergy destruction and loss or maximizing the
exergy output or efficiency [17, 18]. Exergy optimization can be performed using
mathematical models, numerical methods, or heuristic algorithms.

3.Exergy economics: This is a branch of thermoeconomics [19, 20] that uses
exergy as a common currency for evaluating the cost and benefit of
energy systems. Exergy economics can account for the quality and
availability of energy resources, as well as the environmental impact of energy use.

4.Exergy sustainability: This is a concept that relates exergy to the sustainability
of energy systems and human activities. Exergy sustainability can be defined as the
ratio of exergy input to exergy output, or the ratio of exergy consumption to exergy
production. Exergy sustainability can be used to measure the degree
of compatibility between energy use and environmental preservation [21–24].
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The thermal power is the largest source of India. Coal and lignite [25] have
accounted as 60% of India’s total installed capacity. India’s electricity sector con-
sumption about 72% of the coal produced. In India, the total installation capacity of
thermal power production has 207.77 GW. The coal-based power plants are based on
the Rankine cycle. The main components of a cycle consist of steam generator, steam
turbines, condenser, feed water heaters and several pumps. Power plant optimization
can be done by any of the methods below.

1.Steam generator Optimization.

2.Condenser Pressure Reduction.

3.Reduction of steam generator pressure losses and leakages.

4.Minimization of combustion air excess.

5.Thermal losses minimization.

6.Improvement of steam generator efficiency & steam turbine components.

7.Main Steam Parameters Optimization.

8.Proper reheat pressure Optimization.

9.Feed water heater pressure optimization.

10.Steam turbine blade optimization.

3.1 Classification of power plant cycles

The power plants are classified into subcritical, supercritical, and ultra-
supercritical, based on operating conditions and plant capacity. The classification of
the coal fired power plants, and their steam parameters are summarized [26] shown in
Table 1. The temperature-entropy plot presentation for subcritical, supercritical, and
ultra supercritical cycle is mentioned in Figure 1.

3.2 Efficiency of the power plants

Thermal efficiency is very important to economic gain and it’s an important engi-
neering effort over 250 years by applying various techniques and technologies
implemented in thermal sector [27]. American Electric Power’s (AEP), Philo Plant Unit
6, steam generator is the first commercial supercritical unit, in service early in 1957.
Philo 6th unit, a double reheat design, delivered 120MW, operating at a steam flow rate
of 85 kg/s, main steam pressure (MSP) 310 bar, MST/SRH/DRH 621/565°C and 538°C.
The technology was supplied by the Babcock &Wilcox Company (B&W). In 1959,
Philadelphia Electric Company’s Eddy stone, steam generator with a double reheat
supplied by Combustion Engineering, Inc., delivered the net power output of 325 MW
and the net plant thermal efficiency has 39.99% based on the higher heating value
(HHV), at a flow rate of 252 kg/s under the main steam pressure of 345 bar, MST/SRH/
DRH of 649/565°C and 565°C [28–32]. To investigate the efficiency of power plants by
varying the steam parameters, authors have used various modern tools for simulation of
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power plant configurations are discussed in literature reviews are 1. Ebsilon, 2. Cycle
Tempo, 3. IAPWS-Microsoft Excel 4. Gate Cycle, 5. Steam Pro, 6. Reference Prop 8.0 7.
Engineering Equation Solver (EES), 8. MATLAB, 9. IPSE-PRO.

4. Mathematical modeling equations

Mathematical formulations, pertaining to thermal power plant cycles are presented
in terms of exergy analysis. The formulation of power plant processes is inherently
non-convex, nonlinear by nature, which means that a good initial starting point and
feasible bounds, for variables, must be provided to guarantee a good solution. To
explore the benefits of steam parameters and structural changes in the process, it may
be possible to build a general layout, containing all the possible process options and
subjecting them to optimization. Therefore, it is essential to find a systematic way of
building a general layout, which includes all the promising alternatives without being
too large. The traditional way of designing power plants is to maximize the thermal
efficiency of the plant [33].

4.1 Exergy analysis

Exergy is a property and is associated with the state of the system and the
environment. It is not conserved. Once it is wasted, it can never be recovered. The
useful work potential of a system is the amount of energy extracted as useful work. The
useful work potential of a system at a specified state is called exergy. Exergy destruction
or loss is proportional to the increase in entropy of the system together with its

Power plant
cycle

Unit size
(MW)

Main steam
pressure (bar)

Main steam
temperature (°C)

Reheat steam
temperature (°C)

Subcritical 500 166 538 538

Supercritical 660 247 538 565

Ultra-
supercritical

800 270 565 593

Table 1.
Classification of the coal fired power plants.

Figure 1.
Temperature – Entropy plane of three different power plant cycles [26].
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surroundings. The loss of exergy or irreversibility provides a quantitative measure of
process inefficiency. Exergy efficiency does provide a measure of approach to ideality
and exergy loss does provide measures of the deviation from ideality.

Exergy analysis [34–39] is a powerful tool for evaluating the performance of
energy conversion processes. It is based on the concept of exergy, which is the
maximum amount of work that can be obtained from a system or a flow of matter and
energy when it is brought into equilibrium with a reference environment. Exergy
analysis allows us to identify the sources and causes of irreversibilities, losses, and
inefficiencies in any process, and to quantify them in terms of exergy destruction.
Exergy analysis can also help us to design more efficient and sustainable systems, and
to optimize the use of available resources.

The exergy rate entering the system is equal to the sum of the exergy rate leaving
the system plus the amount of exergy destruction rate during the process.

ΣExin ¼ ΣExout þ ΣExdestroyed (1)

The calculation of exergy for different primary energy sources depends on the
definition of the reference environment and the thermodynamic properties of the
substances involved. For fossil fuels, such as coal, oil, and natural gas, the exergy is
equal to their lower heating value, which is the amount of heat released when they are
completely burned.

Exergy efficiency is a measure of how effectively a process converts exergy
input into exergy output. It is defined as the ratio of exergy output to exergy
input, multiplied by 100. Exergy efficiency can be used to compare different processes
or systems that have different types and qualities of energy inputs and outputs. Exergy
efficiency can also be used to assess the improvement potential of a process or system,
by comparing it with an ideal or reversible process that has the same input and output
conditions. Exergy efficiency is an important indicator of thermodynamic performance,
environmental impact, and economic viability in various fields of industry. The differ-
ent components of a power plant cycle and its exergy efficiency terms are mentioned
below with mathematical equations.

4.1.1 Steam generator

Steam generator is a closed vessel converts water into steam based on the pressure
and temperature maintained in the generator by absorbing heat from the burnt coal
[38]. The schematic diagram of steam generator shown in Figure 2.

Exergy flow of streams for a steam generator can be calculated as.

_ψ ¼ _m x h‐h0ð Þ‐T0 x s‐s0ð Þ½ � (2)

Where, h and s represent the specific enthalpy and entropy of steam respectively,
0: dead state condition (atmospheric pressure and temperature).

In the exergetic performance analysis, exergy efficiency gives a measure of the
performance of a system or a component.

Exergy absorbed in steam generator.

_ψSG ¼ _m x ho‐hið Þ‐T0 x so‐sið Þ½ �
ηSG

(3)

Exergy destruction or loss in steam generator can be calculated by
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_ψdestr,SG ¼ _ψf ‐ _ψp, _ψf ¼ _ψ1 þ _ψ2 þ _ψ3 þ _ψ5, _ψp ¼ _ψ4‐ _ψ6 (4)

Where _ψdestr,SG is the exergy destruction or loss in steam generator, _ψf is called
exergy of fuel and it is always destroyed or consumed, whereas _ψp is called exergy of
product and it is the amount of exergy which are produced.

Exergy efficiency φSG ¼ _ψ4‐ _ψ3ð Þ þ _ψ6‐ _ψ5ð Þð Þ= _ψ1 þ _ψ2ð Þ (5)

Where φSG: exergy efficiency in steam generator, _ψ1: Exergy of coal, _ψ2: Exergy of
air, _ψ3: feed water in, _ψ5: Cold reheat or steam entering in to the reheater, _ψ4: Main
steam, _ψ6: Hot reheat or superheated steam outlet from reheater.

4.1.2 Steam turbine

Steam turbine is driven with high pressure steam produced by a steam generator. It
is a heat engine which converts the thermal energy of steam into mechanical work
[40]. It is used to generate electricity by harnessing the power of steam in a power
plant. The schematic diagram of steam turbine is shown in Figure 3.

Exergy destruction or loss in steam turbines shown in Figure 3 can be
calculated by.

_ψdestr,T ¼ _ψ1‐ _ψ2‐ _ψ3‐ _W (6)

Where _ψ1: Exergy of main steam flow in to steam turbine,
_ψ2, _ψ3: Steam extractions for feed water heating,
_W:Work output from steam turbine.
Exergy efficiency of the steam turbine can be calculated by.

φT ¼
_W

_ψ1‐ _ψ2‐ _ψ3ð Þ (7)

4.1.3 Steam condenser

A steam condenser is a heat exchanger applied to convert low pressure exhaust
steam from the steam turbine to water. The schematic diagram of steam condenser is
shown in Figure 4.

Figure 2.
Schematic diagram of steam generator.
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Exergy destruction or loss in steam condenser shown in Figure 4 can be calculated
as.

_ψdestr,COND ¼ _ψ1 þ _ψ3‐ _ψ2‐ _ψ4 (8)

Exergy efficiency in steam condenser can be calculated by Eq. (9)

φCOND ¼ _ψ4‐ _ψ3ð Þ
_ψ1‐ _ψ2ð Þ (9)

4.1.4 Feed water heater

A feedwater heater is a power plant component used to preheat water delivered to
a steam generator. This process helps to improve the steam generator efficiency and
reduces the fuel costs. The schematic diagram of feedwater is shown in Figure 5.

Exergy destruction or loss in feed water heater shown in Figure 5 calculated as.

_ψdestr,FWH ¼ _ψ1 þ _ψ3‐ _ψ2‐ _ψ4 (10)

Figure 3.
Schematic diagram of steam turbine.

Figure 4.
Schematic diagram of steam condenser.
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_m1 þ
X18
x¼11

_mx ¼ _m10 þ _m26 (11)

_m1h1 þ
X18
x¼11

_mxhx‐ _m10h10‐ _m26h26 ¼ _QFWH (12)

_m1ψ1 þ
X18
x¼11

_mxψx‐ _m10ψ10‐ _m26ψ26‐ _ψ _QFWH
¼ _ψdest,FWH (13)

A power plant cycle consists of open feed water heaters (OFWH) called direct
contact heat exchanger and closed feed water heaters called indirect contact heat
exchanger. The closed feed water heaters are classified as low pressure closed
feed water heaters (LPFWHs) and high-pressure feed water heaters (HPFWHs).
The layout of different feed water heaters is shown in Figure 6. Part of steam is
extracted from various steam turbines called low pressure, intermediate and
high-pressure steam turbine to raise the condensed water temperature from steam
condenser.

Exergy efficiency for high pressure feed water heaters φFWH calculated as

_ψ10 � _ψ9

_ψ18 � _ψ19
(14)

HPFWH2 ¼ _ψ9 � _ψ8

_ψ17 þ _ψ19 � _ψ20
(15)

Figure 5.
Schematic diagram of one feed water heater.

Figure 6.
Schematic layout of eight feed water heaters (LPFWHs and HPFWHs).
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HPFWH1 ¼ _ψ8 � _ψ7

_ψ16 þ _ψ20 � _ψ21
(16)

For Open feed water heaters DEAð Þ ¼ _ψ6

_ψ15 þ _ψ5 þ _ψ21
(17)

Exergy efficiency φFWH for low pressure feed water heaters calculated as

LPFWH 4 ¼ _ψ5 � _ψ4

_ψ14 � _ψ22
(18)

LPFWH 3 ¼ _ψ4 � _ψ3

_ψ13 þ _ψ22 � _ψ23
(19)

LPFWH 2 ¼ _ψ3 � _ψ2

_ψ12 þ _ψ23 � _ψ26
(20)

LPFWH 1 ¼ _ψ24 � _ψ1

_ψ11 þ _ψ26 � _ψ28
(21)

4.1.5 Feed water pump

Feed water pump is a power plant component used to pump the feed water coming
from various feed water heaters into the steam generator and its schematic diagram is
shown in Figure 7.

Exergy destruction or loss in pump _ψdestr,P ¼ _ψ1‐ _ψ2 þ _Wp (22)

Exergy efficiency in pump φP ¼ _ψ2‐ _ψ1ð Þ
_Wp

(23)

Total exergy destruction or loss in the plant can be determined as sum of exergy
destruction rates of components:

_ψdestr,total ¼
X

_ψdestr,i ¼ _ψdestr,SG þ _ψdestr,T þ _ψdestr,C þ _ψdestr,P þ _ψdestr,FWH (24)

For the whole thermal power plant, the exergy efficiency can be given.

Figure 7.
Schematic diagram of feed water pump.
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φ ¼
_Wnet

_mcoalxψcoal
(25)

Where ψcoal: specific exergy of coal, _mcoal: Mass of the coal.
_Wnet: Network output from turbines.

4.2 Quasi-Newton optimization

The process to get maximum thermal efficiency of a cycle describes the optimiza-
tion steps in Cycle Tempo. Quasi-Newton optimization technique in Cycle Tempo 5.0
is recognized today as one of the most powerful tools for feeding steam extraction
pressures optimization from steam turbines. It usually converges fast, and sometimes
converges even without step length control. In the initial step, give the input values to
the components presented in the cycle diagram. In the second step, start with initial
guess values by giving starting steam extraction pressures from turbines Xi, Let i = 1.
In the third step, it calculates the mass & energy balance equations. In the fourth step,
it computes the objective function f(Xi) as η of thermal power plant cycle. In the fifth
step, it generates a new solution Xi + 1 as steam extraction pressures from the turbines.
In the sixth step, it computes the objective function f (Xi + 1) as thermal efficiency (η)
of power plant. In the seventh step, it checks for convergence on efficiency of plant. In
the eighth step, it will check for maximum efficiency of a plant. In the ninth step, if it
is ok that gives the message as success and updates the geometry as an optimal
solution.

5. Result and discussions – Case study

The simulation and optimization of three different thermal power plant
cycles are carried out, with Cycle Tempo 5.0 simulation software tool for energy
systems. The following parameters have been studied for 500, 660 and 800 MW
power plant cycles. The performance of the power plant cycle configuration is
mentioned in Tables 2-6 and shown in Figures 8-12. In the current study exergy
analysis was used as a tool to identify the thermodynamic losses and exergy
efficiencies in various components of the power plant cycle with the help of Cycle
Tempo 5.0. [41].

The key output parameters which can be observed to see for changed input
parameters are exergy absorbed in steam generator and reheater, Exergy loss/Total
exergy input in steam generator, reheater and steam turbines, Exergy loss in different
components, Exergy loss and rate of heat transfer in closed regenerative feed water
heaters, Thermal and exergy efficiency, Impact of condenser pressure variation on
exergy efficiency, Auxiliary power consumption and pipe exergy losses, Coal, and
steam consumption. All these parameters are based on steam extraction pressure
optimization from feed water heaters to get maximum plant cycle efficiency.

Efficiency of the Rankine cycle can be improved by increasing the average
temperature of heat addition or by decreasing the average temperature of heat
rejection [42].

In thermal power plants, the average heat addition is increased, by setting number
of feed water heaters. The feed water enters the steam generator (Evaporator),
through economizer. The performance of a power plant is characterized by its power
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MSP (bar) Net thermal and exergy efficiency (%)

500°C 600°C 700°C

200 41.33 38.96 42.30 39.88 43.59 41.09

220 41.49 39.11 42.85 40.39 44.09 41.56

240 41.60 39.21 43.03 40.56 44.29 41.75

260 41.67 39.28 43.16 40.69 44.47 41.92

280 41.71 39.32 43.27 40.79 44.62 42.06

300 41.70 39.31 43.33 40.86 44.79 42.13

Table 2.
Net thermal and exergy efficiency of plant (%) at different main steam temperatures and pressures.

Main steam pressure (bar) Main steam temperature

500°C 600°C 700°C

200 752.54 677.73 603.51

250 810.35 696.86 614.06

300 847.91 718.93 631.77

Table 3.
Variation of steam consumption (kg/s) at different main steam pressures and temperatures.

Main steam pressure (bar) Main steam temperature

500°C 600°C 700°C

200 453 443 430

250 452 438 422

300 450 433 418

Table 4.
Variation of coal consumption in tonnes per hour at different main steam pressures and temperatures.

MST Subcritical Supercritical Ultra-supercritical

Auxiliary power consumption (MW)

500°C 6.65 8.77 10.64

600°C 6.17 8.12 9.54

700°C 5.75 7.84 8.75

Table 5.
Comparative auxiliary power consumption in three different power plant cycles.

Feed water heaters Subcritical Supercritical Ultra-supercritical

Steam extraction pressures (bar)

LPFHW1 0.32 0.34 0.36

LPFWH2 0.87 0.96 0.98
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Feed water heaters Subcritical Supercritical Ultra-supercritical

Steam extraction pressures (bar)

LPFWH3 1.96 2.26 2.50

LPFWH4 4.04 4.78 5.78

DEA(OFWH) 7.96 9.59 12.01

HPFWH1 14.62 18.35 23.34

HPFWH2 31.21 39.80 48.94

HPFWH3 75.61 92.31 107.58

Feed Water temperature (°C) 290.65 304.40 315.34

Table 6.
Comparison of steam extraction pressure (bar) optimization in three different power plant cycles.

Figure 8.
Exergy absorbed in steam generator for three power plant cycles.

Figure 9.
Exergy loss of different components in three different power plants.
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Figure 10.
Exergy loss in closed feed water heaters of three different power plant cycles.

Figure 11.
Exergetic loss variations of different components of three different power plant cycles.

Figure 12.
Variation of exergy efficiency of power plant components in three different power plant cycles.
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output, efficiency, heat rate, steam rate, fuel rate, etc., In the present work, the
efficiency of thermal power plant cycles (subcritical, supercritical and ultra-
supercritical) is analyzed by considering, the key input parameters of, main steam
pressure (MSP), main steam temperature (MST), reheat temperature and condenser
pressure, etc., Figure 13 shows, the schematic layout of thermal power plant, contains
combustor (air + coal) releases the flue gases and passes through the various heat
exchangers like (evaporator, superheaters), where feed water gets converted to steam
according to the steam parameters maintained in a power plant cycle called as steam
generator (SG). The steam and then passes into the high-pressure turbine (HPT),
reheater to low pressure turbine (LPT), condenser (COND), four closed feed water
heaters (four low pressure feed water heaters (LPFWHs) and three high pressure feed
water heaters (HPFWHs)), one open feed water heater (OFWH) called as deaerator
(DEA) called feed water heater section and various pumps (Boiler feed pump, water
pumps). The feed water from feed water heater section into the economizer and
then passes into the evaporator, where it gets converted into steam based on steam
parameters.

The assumptions considered for the thermal power plant cycle shown in Figure 13
are available in Table 7. Before the analysis, any power plant components should be
given some assumptions to evaluate the performance of the system.

Table 2 shows the effect of main steam pressure on thermal and exergy efficiency
of a plant cycle. It shows that the exergy efficiency of a cycle is less than thermal
efficiency of cycle and this is due to chemical exergy of coal is greater than the
calorific value of coal. As the main steam pressure is raised, the thermal efficiency
increases up to a pressure of 280 bar for subcritical power plant cycle and there after it
decreases. This shows that the optimum limit of efficiency increases. After 280 bar,
the efficiency decreases due to less work output from the turbines and increase of
pump work.

Variation of steam consumption (kg/s) at different main steam pressures and
temperatures are shown in Table 3. It shows the steam consumption increases when
the main steam pressure is raised due to reduced enthalpy of steam. Steam consump-
tion decreases when the main steam temperature is raised at a particular pressure of
200 bar due to high enthalpy of steam. To meet the required power plant capacity of
500MW with high enthalpy steam content can reduce steam consumption.

The coal consumption in tonnes per hour (TPH) for a power plant operating at
different steam conditions is shown in Table 4. It shows that coal consumption
decreases, both with the increase of main steam pressures and temperatures. But the
decrease of coal consumption is little bit less when main steam pressure is raised as
compared to the different main steam temperatures.

The comparison of auxiliary power consumption results is shown in Table 5. The
auxiliary power consumption decreases, as the main steam temperatures have
increased from 500–700°C. The auxiliary power consumption decreases to all the
power plant cycles, because it depends on the specific volume of steam and quality
of steam entering pumps when the main steam temperature is raised. The cooling
water required by the condenser also decreases when main steam temperatures are
raised. Auxiliary power consumption increases, with the increase of the power plant
capacity.

The percentage of auxiliary power consumption has increased 24%, compared to
subcritical plant, whereas the same value is increased to 14.8%, compared to super-
critical power plant cycle. But overall, 35% auxiliary power consumption is increased
compared to subcritical power plant cycle.
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Figure 13.
Process flow sheet layout of thermal power plant cycle [41].

S. no Component Value

1 Pressure drops in steam generator 3%

2 Efficiency of steam generator 92%

3 Pressure drops in reheater 1%

4 Pressure drops of main steam 4%
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The comparison of steam extraction pressure optimization of 8 regenerative feed
water heater stages and feed water temperatures, in the power plant cycles are shown
in Table 6. It shows that the optimum steam extraction pressures and feed water
temperatures are increased. This is due to the increase in steam flow rate. The feed
water temperature improvement is 4.51%, compared to subcritical steam power plant
cycle, 3.47% compared to supercritical power plant cycle and overall, 7.82% compared
to subcritical power plant cycle.

The variation of exergy absorbed in steam generator is shown in Figure 8. It shows
the exergy absorbed in steam generator increases gradually, as the main steam tem-
perature is raised. This is due to the increase in entropy of steam.

Exergy is how much work output is possible to convert on using heat content of
steam. But overall, the exergy absorbed both in steam generator and reheater
decreases due to constant reheat temperature. The exergy absorbed in steam generator
is 21.47% compared to subcritical power plant, 15.46% compared to supercritical, and
overall, the exergy absorbed in steam generator is 33.62% between ultra-supercritical
to subcritical cycle at a main steam temperature of 600°C.

The exergy loss, measured in megawatt (MW) of different plant cycle components,
for three different power plants capacity are shown in Figure 9. It shows the exergy loss
increases to all components. The major exergy loss found in steam generator but in
reheater, steam turbine and in condenser it decreases. When the power plant capacity
rises the difference in exergy loss increases. The difference in exergy loss in terms of
percentage increases in steam generator between subcritical and supercritical up to
19.87%. Whereas the same value in between the supercritical and ultra-supercritical is
41.10%. The overall difference in exergy loss is 31.17% between the subcritical and ultra-
supercritical. The difference in exergy loss in percentage is increased in reheater
between subcritical and supercritical is 27.10% whereas the same value in between the
supercritical and ultra-supercritical is 21.67%. The overall difference in percentage
exergy loss between the subcritical and ultra-supercritical is 42.90%.

The difference in exergy loss in percentage is increased in feed pump turbine
between subcritical and supercritical is 40.70% whereas the same value in between the

S. no Component Value

5 Isentropic efficiency of high-pressure turbine 90%

6 Isentropic efficiency of a low-pressure turbine 90%

7 Mechanical efficiency of a feed pump turbine 98%

8 Isentropic efficiency of a feed pump 78%

9 Isentropic efficiency of a main condensate pump 78/75%

10 Generator efficiency 98%

11 Atmospheric temperature/pressure 30°C/1.01 bar

12 TTD on high side/low side for LPFWHs 3/5 K

13 TTD on high side/low side for HPFWHs 0/7 K

14 Condenser pressure 0.09 bar

15 Calorific value of coal 34,000 kJ/kg

Table 7.
Assumptions of a power plant components [41].
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supercritical and ultra-supercritical is 33.36%. The overall difference in percentage
exergy loss between the subcritical and ultra-supercritical is 60.48%. The difference in
exergy loss in terms of percentage found less in feed water heater and then in condenser.

The exergy loss in feed water heaters is up to 8 regenerative stages which are
shown in Figure 10. As the number of feed water heaters increases the exergy loss
decreases. The difference in exergy loss percentage is increased in regenerative feed
water heaters between subcritical and supercritical is 22.92%. The same value between
the supercritical and ultra-supercritical is 4.47%. The overall difference in exergy loss
(%) between the sub and ultra-supercritical is 26.37%.

The percentage exergetic loss in steam generator, steam turbines and condenser
decrease from subcritical to ultra-supercritical power plant cycles shown in Figure 11.
The major percentage exergetic loss occurs in steam generator and its value in sub-
critical state is 50.79% and the same value in supercritical state is 49.99%. It shows the
percentage of exergetic loss decreases in between subcritical to supercritical is 1.60%
and the same in between supercritical and ultra-supercritical is only 1.52%.

The overall percentage difference between ultra-supercritical and subcritical is
3.14%. The exergetic loss also decreases in steam turbines and in condenser. But the
overall reduction in percentage is very small.

The exergy efficiency of individual components like steam generator, reheater,
different turbines, feed water heaters and pumps are shown in Figure 12. It shows the
exergy efficiency increases in all the components except feed pump. The energy
efficiency of steam generator and reheater lie in the range of 48 to 51%. HPT and
HPFWHs show the high exergy efficiency in the range of 90 to 95%. LPT and
LPFWHs show the exergy efficiency in the range of 80 to 90% and feed pump shows
the exergy efficiency in the range of 65 to 70%. Only the feed pump turbine has
constant exergy efficiency in all power plant cycles. The power producing device
shows more exergy efficiency. The feed water heaters have more exergy efficiency
because of the heat transfer between steam and feed water. In deaerators the exergy
efficiency decreases as the main steam temperature have raised. But when main steam
pressure is raised, the exergy efficiency of deaerator increases.

6. Conclusions

From the aforementioned information in tables and figures, the following conclu-
sions may be drawn as

1.As the main steam temperature is raised by keeping reheat temperature as constant
the optimum steam extraction pressure values for 8 regenerative stages decreases.

2.Auxiliary power consumption decreases as the main steam temperature is raised
for a main steam pressure to all power plant capacities.

3.The energy and exergy absorbed in steam generator increases to three power
plant capacities.

4.Exergy loss in steam generator decreases from subcritical power plant cycle to
ultra-supercritical power plant cycle.

5.Comparing the rates of heat transfer in feed water heaters from subcritical to
ultra-supercritical power plant cycle, more heat transfer is possible between
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subcritical to supercritical compared to supercritical and ultra-supercritical
steam conditions.

6.The exergy efficiency of a steam generator increases as the main steam input
parameters are raised.

7.The feed water temperature of a plant can be improved by raising the steam
input pressures.

8.The exergy analysis reveals that the subcritical units are less efficient to utilize the
available exergy of coal compared with supercritical and ultra-supercritical units.

9.Specific steam and coal consumption decreases when higher steam input
parameters are used.

10.Simulation and exergy analysis are useful in system optimization. They not only
indicate the direction of system optimization, but also provide a theoretical basis
for the system optimization.

11.The average cooling water requirement in condenser/MW for subcritical plant
capacity of 500 MW is 40 kg/s, for supercritical 660 MW, it is 38 kg/s and for
ultra-supercritical 800 MW capacity, it is 37 kg/s.
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Nomenclature

_ψ exergy flow rate (MW)
_Q heat flow rate (MW)
_W work (MW)
ψ specific exergy (kJ/kg)
h enthalpy (kJ/kg)
LHV lower heating value (kJ/kg)
HHV higher heating value (kJ/kg)
_m mass flow rate (kg/s)
_ms mass flow rate of steam (kg/s)
s entropy (kJ/kg K)
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T temperature (K or °C)
ηth thermal efficiency (%)
φ exergy efficiency (%)
_ψf exergy of the fuel (MW)
_ψp exergy of the product (MW)

Subscripts

a air
aux, ele auxiliary electrical equipment
ext extraction
destr destruction or loss
f fuel
fw feed water
FWH feed water heater
gross gross
loss loss in components
ms main steam
net net
pump pump
rs reheated steam
SG steam generator
COND condenser
i inlet
o outlet
p product
rh reheat
S steam
T turbine
total total
th thermal

Abbreviations

APC auxiliary power consumption
BFP boiler feed pump
BFPT boiler feed pump turbine
CEP condensate extraction pump
COND condenser
CT cooling tower
CWP cooling water pump
DEA deaerator
FPT feed pump turbine
FWH feed water heater
FWT feed water temperature
GW Gigawatt
HHV higher heating value
HPFWH high pressure feed water heaters
HPT high pressure turbine
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LHV lower heating value
LPFWH low pressure feed water heater
LPT low pressure turbine
MW Megawatt
MSP main steam pressure
MST main steam temperature
OFWH open feed water heater (DEA)
SG steam generator
SRH single reheater
TBFP turbine driven boiler feed pump
TPH tonnes per hour
TTD terminal temperature difference
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Chapter 4

Exergy and Quantum Batteries
Farzaneh Hatami Kamin and Shahriar Salimi

Abstract

The study of quantum thermodynamics has led to the development of quantum
batteries. These devices use quantum advantages to store and extract useful energy
from physical systems. Ergotropy is the maximum work that can be extracted from a
quantum system by cyclic unitary operations. When external thermal baths couple
with the quantum battery, there is energy loss due to thermal effects on the system.
In some cases, a part of the total energy available in the system cannot be stored
as ergotropy. Therefore, it is important to consider the amount of residual energy
that cannot be extracted as useful work from quantum batteries by unitary
processes. To better understand the amount of energy lost during work extraction, it
is necessary to examine the constraint of unitary processes. The system exergy
represents the maximum amount of work that can be extracted from the system while
bringing it into equilibrium with a thermal bath. It can be separated into two parts:
ergotropy and residual energy. Thus, the present chapter describes the relationship
between exergy and its potential benefits and effects on the performance of quantum
batteries.

Keywords: quantum batteries, ergotropy, unitary process, exergy, quantum
thermodynamics

1. Introduction

From the late eighteenth century until today, scientists have been experimenting
with electrochemical reactions, which allow us to convert chemical energy into elec-
tricity. Despite centuries of innovation, the fundamental way that batteries generate
energy has remained constant. This process involves an electrochemical reaction that
takes place within a closed cell. Over 200 years ago, an Italian scientist, named
Alessandro Volta, discovered a reliable electrochemical system. However, Volta’s
materials and arrangement were inefficient and resulted in a tiny output. Despite this,
his work was crucial in laying the foundation for electrochemical advancements. In
1859, Gaston Plante made a significant advancement when he invented a rechargeable
battery. Typically, batteries lose their power when their electrodes run out of ions or
space to receive them. However, rechargeable batteries are designed so that by apply-
ing a charge, the electrodes are either rebuilt or deionized, reversing the primary
reaction. In 1859, Gaston Plante made a significant advancement when he invented a
rechargeable battery. In 1866, George-Lionel advanced the battery’s evolution by
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creating a closed, portable, and powerful battery based on Volta’s original concept.
This marked the beginning of the consumer battery era, with Leclanche’s invention
becoming the first of its kind in the 1890s. His design eventually led to the develop-
ment of the Duracell alkaline battery in the 1950s. In 1899, Waldemar Jungner made a
significant advancement in rechargeable battery technology by combining Leclanche’s
concept with new developments in materials science. His battery was smaller in size,
more durable, and had a higher output than Plante’s battery, but had less charge
capacity. However, due to its high cost, it did not become commercially viable until
the 1930s. Throughout most of the twentieth, it served as a battery technology model,
with each type fulfilling its own purpose and meeting technology demands. Battery
technology underwent gradual development and finally, in 1985, Akira Yoshino cre-
ated the first commercially viable rechargeable lithium-ion battery. The introduction
of lithium-ion batteries in 1992 revolutionized technology. It meant that complex,
energy-intensive gadgets like computers and phones could go mobile, and the tech-
nology could be upgraded to energy-consuming levels previously impossible. Fur-
thermore, it largely eliminated the problems associated with the unpredictability of
renewable energy production by allowing for industrial-scale energy storage.

Batteries can be defined as devices that store energy from external resources
through electrochemical processes and provide that energy to other machines,
enabling them to operate remotely without requiring a power resource. In recent
years, batteries have become increasingly crucial in terms of size and storage capac-
ity [1]. As devices continue to become smaller, batteries are also shrinking in size. As a
result, when their unit cells approach molecules and atoms, quantum mechanical
effects must be taken into consideration when describing them [2–4]. Recent
theoretical investigations in the field of quantum thermodynamics have demonstrated
that entanglement generation is connected to faster work extraction when energy is
stored in many-body quantum systems [5]. These findings have prompted research on
the use of quantum systems as heat engines and energy storage devices [6]. As a
result, there has been a growing interest in the study of quantum batteries, which
were first introduced in the influential work by Alicki and Fannes [7]. Scientists are
now exploring quantum effects that could potentially enhance the performance of
these devices [8–11]. Quantum batteries are theoretical d-dimensional energy
storage quantum systems. They are quantum systems with non-degenerate energy
levels that use quantum mechanics principles to store energy [7]. Quantum
coherence and entanglement are used in the design of these batteries. Quantum
batteries have the potential to be more efficient, have a higher energy density, and be
smaller and lighter than classical batteries. The most important feature of a good
quantum battery is its ability to store as much energy as possible in the shortest
time and discharge it optimally. To determine the quality of a quantum battery,
one can examine its internal energy and the amount of work that can be extracted
from it [12]. Overall, quantum batteries hold great potential for advancing energy
storage technology. Furthermore, progress has been made toward implementing
experiments [13–17].

In the study of quantum batteries, ergotropy is a critical measure that indicates the
amount of energy that can be extracted from a given quantum battery state through
the cyclic unitary evolutions [12]. The ergotropy of a battery can change from zero,
which represents the passive state [18], to a maximum value calculated from the
energy levels of the Hamiltonian and the eigenvalues of the battery’s density matrix,
as the battery stores or releases energy. Traditionally, quantum mechanics deals with
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isolated systems that are completely detached from their surrounding environment.
The idea of open quantum systems stems from the way physical systems interact
with their surroundings. These interactions can cause the transfer of energy, infor-
mation, or particles between the system and its environment. A major obstacle in
studying open quantum systems is decoherence. In quantum physics, decoherence
refers to the loss of quantum coherence that arises from the interaction of the
quantum system with its environment. Studying quantum batteries from an open
quantum systems perspective is crucial as environmental effects on quantum
systems are inevitable. There has been extensive research on the impact of
environmental parameters on the charging and discharging processes of quantum
batteries [19–24]. When external thermal baths couple with the quantum battery,
non-unitary effects may occur, causing energy loss due to thermal effects on the
system. In some cases, ergotropy can be stored, but a part of the total energy available
in the system cannot be stored as ergotropy. Consequently, part of the total energy
cannot be extracted from cyclic unitary evolutions. Therefore, it is important to
consider the amount of residual energy that cannot be extracted as useful work from
open quantum batteries by unitary processes. To better understand the amount of
energy lost during work extraction, it is necessary to examine the constraint of
unitary processes. The system exergy represents the maximum amount of work that
can be extracted from the system while bringing it into equilibrium with a thermal
bath. It can be separated into two parts: ergotropy and residual energy [25]. The
residual energy cannot be extracted through a unitary process, and it refers to the
non-optimal performance of a cyclic thermodynamics process used to extract
work from quantum batteries. Thus, the present chapter describes the relationship
between exergy and its potential benefits and effects on the performance of quantum
batteries.

2. Energy storage and unitary work extraction

A quantum battery is a type of energy storage device that can be represented by a
d-dimensional system with a corresponding Hamiltonian as follows

Ĥ0 ¼
X
n
εn∣εnihεn∣ (1)

with non-degenerate energy levels such that εn < εnþ1. In quantum realm, energy
can be stored in both the energy levels and coherence of a state. Therefore, any
quantum system with distinct and practically accessible energy eigenstates can be
considered as a quantum battery. Charging a quantum battery involves transitioning it
from a low- ρ to a high-energy state ρ0. Conversely, utilizing the battery will result in a
reduction of its stored energy (see Figure 1). In order to understand the charging and
extraction of work, a time-dependent control parameter is used to regulate the inter-
action that occurs during the process. This creates a time-dependent Hamiltonian,
Ĥ tð Þ ¼ Ĥ0 þ V tð Þ, which describes the process. To determine the maximum amount
of energy that can be extracted from a given system, one must assess a discharging
process that begins at t ¼ 0 and concludes at t ¼ τ when the battery is completely
drained. It is possible to limit both the charging and discharging processes to be cyclic
and unitary. In a unitary process, the energy change must always be considered as a
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work. The terms “work storing” and “battery charging” are used interchangeably,
as are “work extraction” and “battery discharging” when using the battery. The
average extracted work is given by the system’s unitary operator generated by the
full Hamiltonian as follows

W ¼ tr Ĥ0ρ0
� �� tr Ĥ0Ûρ0Û

†
h i

(2)

where ρ0 refers to the initial state of the system. The maximum amount of work
that can, on average, be extracted from the system is given by:

E ¼ tr Ĥ0ρ0
� �� min

Û ∈ SU dð Þ
tr Ĥ0Ûρ0Û

†
h i

(3)

Then, the energy stored in a quantum battery when it’s in state ρ0 can be calculated
by finding the difference between the system’s internal energy tr Ĥ0ρ0

� �
and the

energy tr Ĥ0ϱρ
� �

of the lowest accessible state ϱρ of system, which is passive by
definition [18]. Accordingly, a state ϱ is passive if tr H0ϱ½ �≤ tr H0UϱU†

� �
for all

unitaries U, or, equivalently, if and only if ϱ ¼Pd
n¼1rn∣εnihεn∣ for rn ≥ rnþ1, i.e., it

commutes with the internal Hamiltonian H0 and has non-increasing eigenvalues. This
difference is known as ergotropy [12].

E ¼ tr Ĥ0ρ0
� �� tr Ĥ0ϱρ

� �
(4)

A practical and intuitive method for constraining the extractable work of Eq. (4) is
to examine a thermal state with equivalent entropy to passive state ϱρ, while also
minimizing the energy in respect to H0. It has been demonstrated that the lower
bound of ergotropy for an arbitrary state ρ is expressed as:

Emax ≤ tr Ĥ0ρ
� �� tr Ĥ0ρβ

h i
(5)

Figure 1.
The time-dependent (a) charging and (b) discharging protocols facilitate the charging and discharging of the
battery system through the operation of the Hamiltonian H, which is activated for the duration of the time
interval 0, τð Þ.
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where the canonical Gibbs state denoted by ρβ ¼ exp �βĤ0
� �

=tr exp �βĤ0
� �� �

,
with an inverse temperature β, and β is selected to ensure that the von Neumann
entropy S ρð Þ ¼ �tr ρ ln ρ½ � of state ρ is equal to that of state ρβ [7]. All thermal states
exhibit passivity, and in the context of two-level systems, every passive state can be
characterized as thermal, as it is always possible to define a (positive or negative)
temperature.

The usual scenarios involve the interaction of the quantum system with the exter-
nal environment, resulting in decoherence and the depletion of quantum resources,
thus defining it as an open quantum system. An open quantum battery refers to an
open quantum system capable of interacting with the external environment, whether
with or without a mediator. As explained earlier, if the battery system is kept isolated,
closed, or protected from any external influences, it will always evolve in a unitary
manner as described. However, in the case of an open quantum battery, its dynamics
are determined by the global Hamiltonian as follows:

H ¼ H0 þHC þHE þHint (6)

where Hint represents the interaction between the battery and/or charger and the
environment. The dynamics of an open battery, described by the Hamiltonian of
Eq. (6), can be expressed using quantum master equations [26]. This dynamic has
been extensively studied under the Markovian regime, employing the quantum mas-
ter equation in Lindblad form as follows [26]

_ρ0 tð Þ ¼ �i Ĥ0, ρ tð Þ� �þD ρ tð Þ½ � (7)

The super-operator D ρ tð Þ½ � ¼Pkγk L̂kρL̂
†

k � 1
2 L̂

†

kL̂k, ρ
n o� �

models the battery’s

interaction with the universe via operators L̂k that cause incoherent transitions at rates
γk. Some research have also explored open quantum batteries beyond the Markovian
approximation [19, 20]. In non-Markovian regime, the inclusion of memory effects
arising from the interaction with the environment and the charger is crucial for a
comprehensive depiction of the battery’s temporal evolution.

The implementation of a quantum battery in practice must address the challenge of
environmental interactions. As a result, safeguarding against energy leakages and
decoherence is crucial for the successful realization of such devices. As a result of these
interactions, the entropy level of the battery increases, making unitary evolution insuf-
ficient to rectify entropy production and stabilize the system. Notably, the presence of
decoherence effects during the charging process negatively impacts the performance of
operational quantum batteries, leading to the self-discharge phenomenon [27]. Efforts
have been made to mitigate the quantum battery’s interactions with the environment to
prevent eventual deactivation, yet certain approaches aim to transform the environ-
ment’s role from detrimental to beneficial. Where non-unitary discharging provides
more charge due to availability or exergy compared to a cyclic unitary process [25].

3. Exergy in a quantum battery

When the system’s temperature deviates from that of the surrounding environ-
ment, it fails to achieve mutual stable equilibrium. Consequently, the requisite
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conditions for mutual thermal equilibrium are not fulfilled. Any absence of mutual
stable equilibrium between a system and its environment can be leveraged to generate
work.

In this section, consider work extraction from a quantum system with Hamiltonian
H in an arbitrary non-equilibrium state ρ. In the most straightforward scenario, solely
unitary operations are permitted, wherein the Hamiltonian undergoes change follow-
ing a certain cyclic protocol, such that H retains its initial value both before and after
the operation. The framework’s natural extension could involve the incorporation of
non-unitary transformations to enhance performance. Specifically, if non-unitary
transformations are added alongside unitary cyclic driving and contact with a thermal
reservoir, the extracted work may increase as a result of both the system entropy
changing during the protocol and the reservoir supplying additional energy. In such a
scenario, the maximum amount of extractable work is determined by the disparity in
non-equilibrium free energy between the state ρ and the thermal equilibrium state at
the reservoir inverse temperature β kB ¼ 1ð Þ as follows

Wext ¼ F ρð Þ � F ρβ
� � ¼ β�1S ρ∥ρβ

� �
(8)

where S ρ∥σð Þ ¼ tr ρ ln ρ� ln σð Þ½ � stands for the quantum relative entropy [28].
Implementing an operationally reversible isothermal process enables the attainment of
this outcome [29, 30]. The non-equilibrium free energy for a system in state ρ, with
HamiltonianH, and with respect to a thermal bath at reverse temperature β is defined as

F ρð Þ ¼ tr Hρ½ � � β�1S ρð Þ (9)

The quantity Wext represents the extractable work from a system as it reaches
equilibrium with a thermal reservoir, which can be referred to as exergy Σρ!ρβ in
analogy with the classical definition of exergy in thermodynamics by Zoran Rant [31],
originating from the Greek term “ex” [εξ] and “ergon” [εργoν]. Evidently, given that
Eq. (8) exergy is the information gain, up to a factor β and it is considered a funda-
mental quantity both in statistics and physics. In fact, the exergy of a system is
characterized as the utmost work achievable by the combination of the system and a
defined thermal bath. The bath is presumed to be infinite, in equilibrium, and
encompassing all other systems. Generally, the bath is determined by specifying its
temperature, pressure, and chemical composition. Exergy is not solely a thermody-
namic property, but rather a property of both a system and the bath.

In other instances, it should be noted that the system may be considered to be in
contact with a reservoir that adheres to fermionic (or bosonic) statistics with a
chemical potential of μ and a temperature of T. Within this context, the system also
has the ability to exchange particles with the reservoir. Where the reservoir is in own
local thermal equilibrium state ρβ ¼ Z�1 exp �β Ĥ � μN̂

� �� �
with partition function

Z ¼ tr exp �β Ĥ � μN̂
� �� �� �

and particle number operator N̂. In this way, the
maximum available work or exergy is delineated as follows [32].

Σρ!ρβ ¼ Λ ρð Þ � Λ ρβ
� � ¼ β�1S ρ∥ρβ

� �
(10)

where Λ ρ̂ð Þ ¼ E� μN � TS ρð Þ is the non-equilibrium grand potential with
E ¼ tr ρ Ĥ

� �
, and N ¼ tr ρ N̂

� �
being the energy, and particle number of the system,

respectively.
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3.1 Balance equation

After the extraction of ergotropy, it is established that the internal energy of the
system does not diminish to zero [12, 33], thereby leaving a residual amount of energy
still accessible within the system. To measure the amount of energy that can be
extracted following ergotropy’s extraction, one can analyze the system’s dynamics, as
illustrated in Figure 2 [25]. The available work in the initial state ρ0 can be extracted
in two distinct manners: (1) through a unitary process that transitions the system into
a passive state ερ0 , thereby quantifying the extractable work as ergotropy, and (2) via
a non-unitary process that guides the system to the thermal equilibrium state ρβ,
quantifying the extractable work as the variation in free energy. As depicted in
Figure 2, it becomes feasible to identify a specific amount of energy denoted as
Σ ερ0 ! ρβ
� �

, such that the exergy Σ ρ0 ! ρβ
� �

is extracted in process ρ0 ! ρβ, and the
extractable ergotropy E in process ρ0 ! ερ0 adheres to the balance equation [25]

Σρ0!ρβ ¼ E ρ0ð Þ þ Σϱρ0!ρβ (11)

where Σϱρ0!ρβ ¼ F ϱρ0
� �

� F ρβ
� �h i

is the exergy of passive state ϱρ0 and repre-

sents an available work which unitary processes are unable to extract. In view of these
factors, it can be demonstrated that the reduction in free energy exceeds the
ergotropy, i.e., Σρ0!ρβ ≥ E ρ0ð Þ, where equality is attained only when passive state
exergy vanishes. It is important to observe that the existence of the environment
serves a beneficial purpose, providing an additional energy source and enhancing our
capacity to harness work.

This outcome has dual interpretations. The initial interpretation concerns the
distinctive nature of an energetically efficient starting point for storing ergotropy.
When a system interacts with a reservoir, the initial ergotropy is stored in a non-pure
state ρ0. Then, through an optimal unitary operation U⋆, the system can be driven for
a brief period to extract ergotropy. By appropriately selecting the initial state so that
U⋆ρ0U

⋆† ! ρβ, it becomes apparent that Σϱρ0!ρβ ¼ 0, resulting in Σρ0!ρβ ¼ E ρ0ð Þ. In
summary, all the available energy of the system can be harnessed as ergotropy.
Consequently, given the uniqueness of the thermal state ρβ, the optimal unitary
operation U⋆ leads to the uniqueness of ρ0. The second scenario involves the efficient
extraction of energy. Moreover, since the quantity Σϱρ0!ρβ cannot be negative, the
energy lost during ergotropy extraction is an anticipated natural outcome owing to
entropy production. The second scenario can be seen as a direct application of the
second law of thermodynamics to quantum batteries. Given that Σϱρ0!ρβ >0, one can
write

Figure 2.
A visual illustration of the three states under discussion is depicted in the schematic. The extraction of ergotropy,
which leaves the system entropy unchanged, is succeeded by the thermalization process, leading the system to reach
equilibrium with a thermal reservoir at reverse temperature β [25].
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ΔS> β tr Hρβ
� �� tr Hϱρ0

n o� �
(12)

Here, ΔS ¼ SðρβÞ � Sðϱρ0Þ represents the amount of entropy production necessary
to extract the stored exergy within the system. Considering that the heat exchanged
during thermalization between the system and reservoir is determined by the internal
energy variation of the system [34], it can be inferred that ΔS> βQ .

4. Conclusions

This chapter addresses the dissipation of energy during cyclic unitary work
extraction from a quantum system, with a focus on the identification of this energy
loss as the exergy of the quantum passive state. It was demonstrated that, in a real-
world scenario, the ergotropy results in energy loss due to the constraints of the
unitary process. Additionally, the presence and uniqueness of an optimal passive state
for ergotropy and exergy extraction is examined by taking into account the system-
bath interaction that leads to thermalization. With respect to the second law of
thermodynamics, our key finding was explained as a natural outcome of the entropy
production during the thermalization process for exergy extraction. Our results also
led to the identification of a range of ergotropy and exergy extraction processes where
the total quantum correlations of the system (measured through quantum discord) are
conserved. This implies that the exergy of a quantum passive state can be preserved as
quantum correlations. As exergy represents the amount of energy recoverable through
a thermalization process, our findings open up new possibilities for developing oper-
ational protocols for open quantum batteries.
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Chapter 5

Heat Transfer Fluids and External
Convection Effects on Transient
Thermodynamic Behavior of a
Parabolic Trough Solar Collector
in Sahelian Climate
Steven Audrey Heugang Ndjanda and Etienne Tchoffo Houdji

Abstract

This chapter deals with the comparison of four heat transfer fluids (HTFs) for
enhanced performance in heat transfer rates on the Sandia experimental LS-2 collector
in Sahelian climate. The tested HTFs are dry air, liquid water, Therminol VP-1™, and
Syltherm 800. In the literature, the thermal modeling of the parabolic trough solar
collectors (PTSCs) is done by assuming: the steady-state or quasi-steady-state regime,
the constant properties of HTFs, and others. These assumptions underestimate the
transient heat transfer through the HTF flow. Moreover, the best theoretical perfor-
mance of PTSCs evaluated in terms of idealized processes has not been developed
satisfactorily yet. Subsequently, none effective assessment method of the PTSC has
been experienced to investigate its transient thermal and thermodynamic sensitivity
to (1) the collector, (2) operational, and (3) meteorological parameters. The
implemented numerical approach here follows the transient analysis on the first and
second laws of thermodynamics published recently. The physical model of a tubular
receiver comprised an outer glass envelop, absorber pipe, and heat transfer fluid.
Their respective heat rate balance equations were reliably established, discretized by
the finite volume method, and efficiently computed. Then, a transient exergy-
degradation analysis is conducted and validated using the available experimental
results.

Keywords: parabolic trough solar collector, heat transfer fluids, specific mass flow
rate, wind flow, numerical simulations, Sahelian climate

1. Introduction

Solar concentration technologies have gained considerable attention on design,
theoretical and practical views and can be applied to generate cost-effective electric-
ity. Thermal solar electricity is generated by concentrating solar energy using a con-
centrating solar power (CSP), by heating fluid and producing steam, which is then
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used to power an electrical generator. The parabolic trough solar collectors (PTSC) are
the most proven widespread and commercially tested solar energy technologies avail-
able for harnessing solar resources [1–6].

PTSC is essentially composed by the highly reflective mirrors and a receiver tube—
also called the heat collection element (HCE) placed at the focal line of the cylindrical
concentrator. The receiver tube consists of an absorber pipe enclosed in a glass
envelop. The absorber transfers the incident solar concentrated radiation reflected by
the mirrors to a heat transfer fluid (HTF) circulating through the absorber. At normal
operating conditions, HTF departs from a collector with a certain outlet temperature.
The main task of the HTF is to accumulate the thermal energy from the solar field and
to transport it into the storage or power block. In many studies, gases (e.g. dry air,
steam), liquid water, thermal oils (e.g. Therminol VP-1™, Dowtherm A), nanofluids
(e.g. CuO-Syltherm 800, Ag–MgO with water), molten salts (e.g. Hitec, Hitec XL),
liquid metals (e.g. sodium-potassium alloys: NaK, pure Lead-Bismuth Eutectic: LBE)
and vegetable oils (e.g. Rapeseed, Jatropha) are various types of HTFs currently used.
Heat exchangers are employed to transfer energy to steam in a power plant. A steam
turbine is used as the prime mover for power generation.

It is well-known that the type of HTF can enhance the PTSC’s performance by
significantly affecting the power cycle efficiency and the system cost. There are some
expected properties from HTFs. Also, according to Montes et al. [7], the evaluation of
HTFs considered in PTSCs, must include the following parameters: corrosion and
durability, control strategies during daily operation with startup, shutdown, and sud-
den changes in weather conditions, among others. Let consider particularly the han-
dling conditions that constantly act on the collectors from startup to shutdown of a
daily operation. Thus, PTSCs always have to operate under transient considerations,
especially with HTFs involving thermophysical properties that are strongly responsive
to working temperature changes.

Furthermore, analyzing HTFs effects on PTSC implies the consideration of (a) the
type of the flow, (b) the inlet temperature of fluid, (c) the mass flow rate [8], and (d)
the type of HTF, as the sensitive parameters [9].

The reviewed literature shows that a lot of studies have been carried out to model
the performance of parabolic trough collectors. In this regard, Montes et al. [7]
compared the performance of the parabolic trough collectors using oil, water/steam,
or molten salt as heat transfer fluids. Ouagued et al. [10] developed a one-dimensional
model dividing the HCE into several segments for PTCs. The numerical results
showed that most of the heat gained was collected in the south of Algeria, and the best
thermal oil is Syltherm 800. Sa et al. [11] have proposed a transient modeling of PTSC;
they used molten salt as an HTF, which replaces the conventional thermal oil. The
maximum temperature achieved was 520°C, and the average minimum temperature
was 352°C. Marif et al. [12] presented the optical and thermal performance of a PTSC
under the climatic conditions of the Algerian Sahara. Two fluids were considered,
liquid water and TherminolVP-1™ synthetic oil. Hussein et al. [13] have compiled a
detailed study of recent advances with the application of nanotechnology in different
kinds of solar collectors. Ghoneim et al. [14] proposed a numerical model to study the
effect of different collector parameters and operating conditions on the parabolic
trough solar collector performance in the Kuwait climate. Najjar and Sadeq [15], with
parabolic trough collector’s system, have presented the performance of a supercritical
organic Rankine cycle in a typical environment of Abu Dhabi, United Arab Emirates.
They used R500 as an organic working fluid, and the heat transfer fluid used was the
Therminol VP-1. Wang et al. [16] designed, fabricated, and tested on a pony parabolic
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concentrator, a cost-effective single-pass all-glass PTR, consisting of double glass
tubes with different diameters, bellows, and stainless steel connecting tubes on both
ends. Kessel et al. [17] have proposed an evaluation of the thermal performances of a
PTSC under the climatic conditions of the Cameroon Sahelian zones using dry air,
liquid water, and TherminolVP-1™ as HTFs. However, no information concerning the
transient thermodynamic behavior of PTSC is provided; also, the effects of mass flow
rate and wind flow are not studied. Yılmaz and Mwesigye [18] have proposed a
reviewed study to improve the thermal performance of PTSCs by modifying and
improving the thermophysical properties of the conventional HTF used. Okonkwo
et al. [19] carried out a sensitivity analysis to understand the heat transfer parameters
that could enhance the thermal performance of the LS-2 collector. Six working fluids
were investigated: pressurized water, supercritical carbon dioxide (CO2), Therminol
VP-1™, and the addition of copper oxide (CuO), iron (II, III) oxide or magnetite
(Fe3O4), and aluminum oxide (Al2O3) nanoparticles to TherminolVP-1™, and the
Al2O3-Oil nanofluid provides the best improvement of 0.22% to thermal efficiency.
Bellos et al. [20] investigated six different nanoparticles dissolved in hot oil. Effect of
varying concentration ratio, solar intensity, and flow rate were calculated using Engi-
neering Equation Solver. Bhargav et al. [8] presented a detailed review of work done
optimizing of geometrical components for various applications of parabolic trough
collector. Evangelisti et al. [21] investigated a review of the latest advances on solar
thermal collectors. They have presented six heat transfer mediums: water, glycol
water, molten salts, hydrocarbon oils, phase change material, and nanofluids.
Okonkwo et al. [22] proposed a validated model using the Sandia National Laboratory,
AZTRAK, platform results. The absorber tube is modeled for five different geometry
configurations: a plain tube (smooth tube), a longitudinal finned tube, a tube with a
porous insert, a tube with a twisted tape insert, and a wavy (converging-diverging)
tube. Al-Oran et al. [23] conducted a study aiming to improve LS-2 parabolic trough
model and compare the enhancement effect using different mono and hybrid
nanofluids. Inserting mono nanoparticles of aluminum oxide (Al2O3), cerium oxide
(CeO2), copper oxide (CuO), and hybrid combinations of Al2O3 with CeO2 or CuO
nanoparticles in a Syltherm 800 was investigated by five different cases. Abed et al.
[24] conducted a parametric comparison between pure fluids, considering the effect
of various inlet fluid temperatures and different Reynolds (Re) numbers on thermal
performance. They assessed three main types of pure fluids: water, Therminol VP-1™,
and molten salt. Zaharil et al. [25] in their research aimed to evaluate and compare the
performances of six different HTFs (Pressurized water, Syltherm 800, Therminol VP-
1™, Solar salt, Hitec XL, Liquid sodium) under a wide range of climatic conditions by
using the Malaysian climatic condition as reference. Mwesigye and Yilmaz [26] inves-
tigated numerically the thermal and thermodynamic performance of a PTSC system
with a geometrical concentration ratio valuing 113. More recently, El Kouche et al.
[27] modeled the thermal behavior of a parabolic trough collector where the heat
transfer fluid has temperature-dependent physical properties.

To summarize, it can be noted that a realistic unsteady state heat exchange model
of the PTSC, accounting the variable thermophysical properties of the HTF with the
temperature has never been completely proposed in the literature. To account the
temperature-dependent variable thermophysical properties of the considered HTFs
and all thermal mechanisms, which have been neglected in existing models, a more
reliably heat-transfer analysis is carried out in the present research. Also, the second
law of the thermodynamic unsteady analysis or the transient exergy-destruction anal-
ysis has not extensively been applied on the PTSC according to available literature.
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Furthermore, three main groups of critical parameters were investigated in the anal-
ysis of the thermal and thermodynamic behavior of the parabolic trough solar collec-
tor:

a. The first group of parameters (also called the collector parameters) is composed
by the type of the HTF, the solar tracking system, type of reflectors, the
concentration ratio of the collector, cross section of the glass envelop and
absorber pipe, their length and respectively constitutive material, and the
presence or not of the annulus flow.

b. The second group of parameters (also called the operational parameters) is
composed by the inlet temperature, the mass rate flow of the fluid, and the type
regime of the flow (either hydrodynamic or thermal).

c. The third group of parameters (also called the meteorological parameters) is
composed by the ambient temperature, solar irradiance, and wind flow around
the tubular receiver.

None effective assessment approach of the PTSC has been at present experienced,
to investigate his transient thermal and thermodynamic sensitivity to the collector,
operational and meteorological parameters. The present work follows the transient
both energy and exergy analysis of a parabolic trough solar collector using
temperature-dependent thermophysical properties of the HTFs previously developed,
tested, and validated with available experimental data in [9]. Now, a comparative
numerical analysis of the thermal and exergy transfers into the Sandia experimental
LS-2 type collector in Sahelian climate for three types of HTFs is proposed: gas (dry
air), liquid water, and thermal oils (Therminol VP-1™ and Syltherm 800). Appendix
A shows the correlation of the thermophysical properties of the HTFs used.

On the other hand, the PTSCs are usually located in an open land where strong
winds may occur and affect the heat exchange between the solar receiver tube and
the ambient air. Thus, concerning the wind velocity influence on PTSC, many
researchers have tried different shapes of torque tube, such as cylindrical hollow tube
box-type structures. They have investigated the thermal effect of wind velocity on the
receiver tube of PTSCs. Hachicha [28] investigated the wind speed effect on the flow
field and heat transfer around a parabolic trough solar collector. In another work,
Paetzold et al. [29] investigated the airflow in a parametric study reduction of wind
load and thermal sand losses in the receiver tubes using the commercial CFD program
ANSYS CFX 14.5. Fu et al. [30] simulated the wind structure interaction and opti-
mized their new model. They reduced the collector weight about 5.8% in comparison
with the previous model. Hassane et al. [31] investigated the effect of wind speed on
the thermal performance of the parabolic trough solar collector in quasi-steady regime
operation in the climatic conditions of the city of N’Djamena located in a Sahelian
region of the Chad Republic.

We also aim to investigate the transient thermal sensitivity of the LS-2 with the
following parameters: specific mass flow rate of an HTF and the wind velocity around
the tubular receiver of PTSC.

This chapter is organized as follows: Model of PTSC and thermodynamic imple-
mentation devoted to a brief presentation of our model of PTSC considered, the
development of transient thermodynamic implementation, and the numeric analyses,
and results and discussion, here are highlighted the effects of the following sensitive
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parameters considered on the Sandia experimental LS-2 type, under the Sahel climate:
type of the HTFs, the specific mass flow rate, and wind speed around the receiver.

2. Model of PTSC and thermodynamic implementation

2.1 Thermal model of PTSC

A schematic of the parabolic trough solar collector system under consideration is
shown in Figure 1 in which the HCE is a layered system of the glass envelop, the
absorber pipe, and HTF. The main energy fluxes appearing in the transient heat
transfer equations of the different components of the layered system are known.
Mathematically, the system can be described by the transient heat transfer equation
for: the glass envelop, the absorber pipe, and HTF. The derivation of these equations is
obtained by applying the energy balance principle within each layer element. In other
words, the heat transfer model is an energy balance between the heat transfer fluid
and its surroundings.

Figure 2 shows the thermal network model in a cross section of the HCE. Readers
are encouraged to consult the details, modeling of direct solar radiation and solar

Figure 1.
Heat collection element, adapted from [17]. Useful absorptivity (95%) and useful emissivity (14%) with about
350°C and 400°C supported.

Figure 2.
The proposed thermal network model of parabolic trough solar collector.
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radiation availability, assumptions of the heat transfer model, heat transfer balance
equations of the heat collector element, and the numerical strategies developed in [9].
It is, therefore, considered that the equations of the mathematical model of the
transient heat transfer of glass envelop, absorber pipe, and heat transfer fluid are
solved in the cases of the problems considered below, and thus temperatures of these
subsystems are simulated. The heat transfer model was compared with other solar
receiver models [32]. The obtained temperatures of glass envelop absorber pipe and
HTF are then used to build the following energy and exergy analysis.

2.2 Unsteady state energetic analysis

By definition, the transient collector thermal efficiency is the ratio of the useful
flux delivered to the incident solar irradiance on the concentrator aperture

ηth tð Þ ¼
_Quf

A� Id
(1)

where the useful flux is given as _Quf defined by Eq. (1), by unit of length. Net
useful flux or heat gained can be calculated as the total convection heat transfers from
the inner surface of the absorber tube to the HTF. The term A� Id is the input
irradiance energy, while the quantity A ¼ a is the aperture area of the collector by unit
of length. The overall daily average of this efficiency is given as presented in [9, 33] as
follows:

ηth,d ¼
ðtsunset

tsunrise

_Quf dt
� ðtsunset

tsunrise

A� Idð Þ dt (2)

where tsunrise and tsunset are respectively the computed sunrise and sunset times of
the considered day.

2.3 Transient exergetic analysis

Padilla et al. [34] and Heugang et al. [9] give the exergy gained by the HTF due to
the incident irradiance on the solar collector as below:

_Eexgain,f ¼ _mf

ðTout

Tin

CP,f Tð ÞdT � Tamb

ðTout

Tin

CP,f Tð Þ dT
T

� ΔP
ρf

þ ΔV2
f

2

( )
(3)

In order to be able to compare present results with results obtained in the
literature, for installations of different sizes, specific mass flow rates (mass flow rate
per the inner absorber pipe cross-sectional area: _mf ) are expressed in kg/s.m.2

The first two terms of the Eq. (3) above represent respectively the exergy gained due
to an increase in the HTF temperature due to the solar insolation and the flow friction.
The last terms represented in this equation correspond to a reduction of the mechanical
energy due to flow friction and the increase of exergy due to kinetic energy, respec-
tively. Considering the Carnot efficiency expression between the local fluid temperature
T and the ambient temperature Tamb as formulated by Moran et al. [35]:
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ηCarnot ¼ 1� Tamb=Tð Þ (4)

Thus, as the authors suggested in a previous published work, Eq. (3) can be
rewritten in terms of Carnot efficiency, as follows [9]:

_Eexgain,f ¼ _mf

ðTout

Tin

1� Tamb=Tð ÞCP,f Tð ÞdT � ΔP
ρf

þ ΔV2
f

2

( )
(5)

Fujiwara [36] proposed the expression of the pressure drop appearing in Eq. (5)
between the inlet and outlet points of the tubular receiver (ΔP) as:

ΔP ¼ Pin � Poutð Þ ¼ ρf � ξ� Δx
V2

f

2�Dabs intð Þ
(6)

The quantity ξ, is the friction coefficient of the inner surface of the receiver tube.
The exergy lost owing to the heat transfer from absorber to the ambient can be

expressed as in Ref. [9]:

_Eexloss,th ¼
X
j

ðTabs,j

Tamb

_Q loss,j
Tamb

T2 dT ¼
X
j

_Q loss,j 1� Tamb=Tabs,j
� �

(7)

where, _Q loss,j are the total heat losses on the discretized element j.
Exergy destruction caused by irreversibilities in the solar collector systems

is generally due to: (1) friction of viscous fluid and (2) identified heat transfer
processes. Therefore, the exergy destruction can numerically be expressed as
follows [9]:

X
_Eexdes ¼

X
_Eexdes,ΔP þ

X
_Eexdes,th (8)

Exergy destructed due to pressure drop on the discretized element j (ΔPj)
during the heat transfer process occurring in the tubular receiver is expressed as in
Ref. [34]:

_Eexdes,ΔP ¼ Tamb _mf

X
j

ΔPj ln Tout,j=Tin,j
� �

ρj Tout,j � Tin,j
� � (9)

It is well-known that exergy is also destroyed while heat is transferred from hot to
cold medium. There are two identified heat transfer processes in the absorber that
cause exergy rate destruction: (a) heat transfer of the solar energy absorbed by the
surface of the absorber and (b) heat transfer conduction from outer absorber surface
to fluid flow due to the temperature difference between the absorber surface and the
HTF. Thus, we have the following relation [9]:

X
_Eexdes,th ¼

X
_Eexdes,abs þ

X
_Eexdes,cond (10)

The first term corresponds to the process occurring when the heat transfer takes
place from the sun to the absorber surface, in this case, the entropy generation
( _Eexdes,abs) is defined as in [34]:
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_Eexdes,abs ¼ ηopt _Eexin,r 1þ 1
ψ

Δx
L

X
j

Tamb

Tabs,j
� 1

 !" #
(11)

In this equation, ηopt is the transient optical efficiency of the collector, ψ is the
conversion efficiency of a radiation energy, it was derived independently by Petela in
1964 and later at the same year (1976) by Landsberg and Mallinson and Press; thus
also call the PLP efficiency and given by [36, 37]:

ψ ¼ 1� 4
3

Tamb

Ts

� �
þ 1
3

Tamb

Ts

� �4

(12)

As a parabolic trough solar collector can only concentrate direct normal radiation,
PLP efficiency must take the directional character of this radiation into account. The
effect of the sun’s cone angle on the exergy content into the solar radiation was
determined by Parrott and expressed as follows:

ψ ¼ 1� 4
3

Tamb

Ts

� �
1� cos δsð Þ1=4 þ 1

3
Tamb

Ts

� �4

(13)

Tamb is the ambient temperature, Ts≈5800K is the equivalent temperature of the
sun as a black body [37], and δs is the half angle of the cone subtended by the sun’s disk
δs � 0:005 radð Þ on a clear day [38]. The above PLP and Parrott expressions of the
conversion efficiency apply just in the case of entirely concentrated solar radiation
(concentration ratio about 46,200) and blackbody absorbers.

However, the experimental Sandia LS-2 collector considered in the present analysis
has a small concentration ratio C ¼ 22:42ð Þ, and his absorber is not blackbody but
selective, characterized by an absorbance (αabs ¼ 0:96) and an emittance (εabs ¼ 0:14)
as in Appendix B. Therefore other, more appropriate, exergy factors can be used as
suggested by Badescu [38]. Then, the proposed correlation for the conversion
efficiency of a radiation energy converter (operating between a high-temperature
radiation reservoir of diluted radiation and a low-temperature heat reservoir) can be
given as [38]:

ψ ¼ αabs 1� 4
3

b
l

� �
þ 1
3

b
l

� �4
( )

(14)

where b ¼ Tamb
Ts

and l the interaction factor is defined by the following

expression [38]: l ¼ f s
f a

� �
� εs

εabs

� �
� αabs

n o1=4
.

f s is the flux density of the radiation energy incident on the absorber,
f a is the geometric factor, εs is the dilution factor from the radiation reservoir, and

εabs is the emittance of the absorber.
The quantity _Eexin,r is defined as exergy related to the theoretical maximum

useful work obtainable from solar energy with this device by the following equa-
tion [9, 34]:

_Eexin,r ¼ a� L� Id � ψ (15)
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The second heat transfer process is between the absorber and the HTF. The
expression of exergy destruction by heat transfer from the absorber to the fluid was
proposed by Heugang et al. [9] as follows:

_Eexdes,cond ¼ Tamb _mfAf

X
j

ðTout,j

Tin,j

CP,f Tð Þ 1
T
� 1
Tabs,j

� �
dT

" #( )
(16)

The exergy analysis is concluded by the definition of the transient exergy
efficiency, which is the ratio of gain exergy to solar irradiance exergy or the ratio
of fluid exergy increment to exergy of solar irradiance normal to the collector
aperture [9]:

ηex tð Þ ¼
_Eexgain,f

_Eexin,r

(17)

The overall daily average exergetic efficiency of the PTSC is expressed
by [9, 33]:

ηex,d ¼
ðtsunset

tsunrise

_Eexgain,f dt
� ðtsunset

tsunrise

_Eexin,rdt (18)

2.4 Numerical methodology

The Gauss quadrature scheme is used to discretize the thermal and the exergy
fluxes, which are deduced from energy and exergy analysis subsections and is also
used to numerically evaluate integrals related to all the average quantities considered
in the present study. The computational code is written in FORTRAN language
compiler.

3. Results and discussion

The Sahelian region of Cameroon is the sample studied location (geographical
coordinates: Latitude 5.15°, Longitude 13.58°, and Altitude 718 m). However, it is
important to note while this research is using climatic conditions of Sahel, the value of
this research extends beyond a Sahel African’s zone itself as it enables the researchers
to understand the comparative performances and behaviors of PTSCs under a real
world and various climatic conditions. Therefore, the present numerical analysis by
providing benchmark numerical results is a considerable theoretical support for fur-
ther researches and engineering projects.

The Sahelian region of Cameroon is known as a Sudano-Sahelian tropical climate
characterized by an irregular rainfall, a low cloudiness of the atmosphere, a hot and
dry air, and the permanent aerosols, almost 10 sunniest months of dry seasons and
two least sunny months of wet seasons. Then, two seasons are considered: 10 months
of hot and dry season with the sunniest months and 2 months of wet season charac-
terized by least sunny months with less sunny days.
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3.1 The type of the heat transfer fluids

The HTFs considered in the present work are at temperatures that do not reach the
phase change temperature, so that all the time, it is a question of sensible heat instead
of latent heat. Any possibility of considering an eventual two-phase flow is excluded
from this assumption. It is well-known that the liquid water has high density, high
thermal conductivity, and low dynamic viscosity but its specific heat is higher com-
pared to the same respective ones of the Syltherm 800 and the Therminol VP-1™
synthetic oils. Also, as the dry air is a perfect gas, the density, and the dynamic
viscosity are almost null. The dry air has poor thermal conductivity, which means that
the dry air behaves as a thermal insulator.

The problem treated in the present subsection is the effect of the HTF’s type on the
collector’s behavior to determine the best fluids in the context of Sahelian climatic
conditions. The simulation parameters are given as follows: the wind velocity around
the collector is 2 m=s, the rate flow is 2:7 � 10�4kg=s:m2, the fluid inlet temperature is
20°C, and the tracking mode considered is the East-West polar. First of all, let con-
sidered Figure 3, which shows the incident direct solar irradiance in the sunny day of
the sunniest month at the location where the study was carried. Also, Figure 4 dis-
plays the transient temperatures of the ambient and sky at the two typical days
considered. Let now consider Figure 5, displaying the transient outlet temperatures of
HTFs, absorber pipe, and glass envelop for typical days of the Sahelian climatic
conditions (16 and 21 March and 25 August). It is noted that during these two indi-
cated typical days, the exit temperatures of the HTFs, absorber pipe, and glass
envelop, all have the same pace in the shape of a bell. This observation is similar to the
incident direct solar irradiance depicted in Figure 4a and the transient temperatures
of ambient and sky at the considered typical days depicted in Figure 5. It shows the
strong influence of the source term linked to direct solar irradiance in the transient
thermal response of the glass envelop, the absorber pipe, and the HTFs according to
their respective transient heat transfer equations. It also shows that these different
subsystems (glass envelop, absorber pipe, and HTFs) are highly interdependent with
their thermal behavior closely related. A comparison between the temperature profiles
of different fluids used as HTFs is carried out. Figures 5 and 6 show that synthetic oils
have the highest temperatures, then follows dry air and finally liquid water; this
classification can be observed at the outlet of the collector (temperature variation as a

Figure 3.
Direct solar radiation on a typical sunny day of a sunniest month.
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function of time as presented in Figure 5) and along the tubular receiver
(see Figure 6).

In an attempt to explain the temperature difference between the HTFs and the
temperature differences between the glass envelop and the absorber pipe when the
HTFs flow, two reasons seem plausible: the thermal stability of the physical phases of
the HTFs and the effects of their thermophysical properties (see Figure 4b). The
synthetic oils and water are in liquid phase; they have different phase change temper-
atures, which predispose them to operate in very different ways, even under the same
conditions of thermal stress. The phase changing point of synthetic oils is about 400°C
for Syltherm 800 and Therminol VP-1™, while that of water is 100°C. Thus, it is clear
that the temperature of water in the physical liquid phase, without the appearance of

Figure 4.
(a) Transient temperatures of ambient and sky on two typical days of the Sahelian climatic conditions and (b)
Thermophysical properties variation of HTFs with temperature.
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Figure 5.
Transient temperatures (at outlet of the collector): Fluid, absorber pipe, and glass envelop on two typical days of
the Sahelian climatic conditions.
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steam, cannot rise above 100°C. Therefore, its temperature profile is the lowest of all
liquids on any given day.

On the other hand, the thermal agitation of the atoms and molecules of dry air,
which increases under climatic conditions of the Sahel during the two typical days,
explains why, when the entropy production increases the temperature of dry air is
both above that of liquid water and below that of synthetic oils. Table 1, reporting the
annual thermodynamic performances of PTSC using the different HTFs, summarizes
all the quantitative details to better highlight the comparison. It is found that dry air
produces the most significant internal heat loss and exergy loss by leakage heat
transfer, 16,146.27 and 583,275.21 MWh per year, respectively, expressing too poor
thermodynamic behavior of the PTSC, although the exergy destroyed by absorption
or conduction is relatively moderate, compared to other HTFs. The argument on the
thermophysical properties of fluids can be introduced to explain the higher or lower
temperatures of the absorber pipe and of the glass envelop depending on the fluid,
which flows in the absorber pipe. It is important to recall that this argument is based
on the theory of the heat transfer into the pipe fluid flow. Indeed, the observation
made is: the highest temperatures of the glass envelop and absorber pipe occur when

Annual values Dry air Liquid
water

Therminol
VP-1™

Syltherm
800

Exergy efficiency (%) 03.18 18.59 26.54 27.83

Thermal efficiency (%) 18.12 67.97 60.73 60.15

Internal geat loss (MWh) 16,146.27 1057.99 3311.62 3515.16

Exergy destructed by absorption (MWh) 443.29 6371.24 2960.36 2882.55

Exergy destructed by conduction
(MWh)

4652.02 20,885.09 9068.09 10867.41

Exergy loss by heat leakage loss (MWh) 583,275.21 30,331.51 106,987.04 114246.28

Table 1.
Annual thermodynamic performances of PTSC with different working conditions using dry air, liquid water,
Therminol VP-1™, and Syltherm 800 as heat transfer fluids.

Figure 6.
Temperature distribution of the HTFs along the receiver tube at 13 h.
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the dry air circulates through the absorber pipe, secondly when it comes to synthetic
oils, and finally when the liquid water is considered.

These high values of the temperatures of the glass envelop and absorber pipe are
undesirable because they clearly express heat losses. While increasing the temperature
of the glass envelop produces a high external heat loss, increasing the absorber tube
temperature produces an internal heat loss. The temperatures of the glass envelope
and the absorber pipe are all high as the fluid in question generates heat loss. The
particular case of dry air can illustrate this. On sunny days, the maximum values of the
temperatures of the glass envelop and the absorber pipe are of the order of 400 and
450°C, respectively. On less sunny days, these temperatures are about 200 and 260°C,
respectively. It can be concluded that under the same thermal stress conditions, dry
air being a gaseous fluid, and therefore atomically less thermally stable than liquids,
heats up sufficiently for its temperature to exceed that of the phase change of water
(boiling point). But the poor thermophysical properties of dry air, particularly its
great inability to store thermal energy (illustrated by a poor specific heat capacity,
accentuated with its increasing temperature as depicted by Figure 4b), lead to a
considerably heat dissipation through the absorber pipe and the glass envelop. Thus,
despite the thermal activities of its atoms and molecules, which are always more
important, the temperature of dry air does not exceed those of synthetic oils (exam-
ples: absolute errors between the temperatures of dry air and those of Syltherm 800
and Therminol VP-1™ respectively, are for sunny day 62.5 and 58.93% and less sunny
day 37.14 and 35.28%). Based on their more excellent thermal stability, synthetic oils

Figure 7.
Transient thermal and exergetic efficiencies of the collector for different HTFs on two typical days of the Sahelian
climatic conditions.
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can operate at temperatures around 450°C. To show the power of this conclusion, let
an analysis based on efficiencies be introduced. For this reason, consider the unsteady
thermal and exergy efficiencies at the two typical days (see Figure 7), and the
monthly mean thermal and exergetic fluxes and efficiencies under conditions in
Sahelian climate over an entire year (see Figure 7). The heat losses, with regard to
Figures 7 and 8 and Table 1, are more accentuated in the case of dry air, which has the
lowest thermal and exergetic efficiencies during the two typical days and even during
all the year. The thermal agitation activities of the excited atoms and molecules of dry
air produce a generation of entropy or a destruction of exergy in addition to thermal
losses (as described above). In February, for example, the exergy is theoretically
wholly destructed. The dry air does not produce any useful work in this month.

Regarding fluids in liquid phase, synthetic oils, and water, it is noted that water with
better thermophysical properties achieves the best thermal efficiency during the two
typical days and throughout the year with a monthly mean reaching up to 71.23% in
September, and finally liquid water achieves the highest annual thermal efficiency, at
about 67.97% (as shown in Table 1), under the numerical experimentation conditions
specified at the beginning of this subsection. These results match with those established
by Montes et al. [7] and Marif et al. [12], comparing thermal performances of PTSC in
the presence of liquid water and Therminol VP-1™. The monthly mean exergy effi-
ciency of water, which is about 26.52% in July, worse than those of synthetic oils, is
explained more by a significant accumulation of destruction exergy flows. The first
component is the exergy destruction due to the heat transfer from the absorber to the
liquid water, caused by the temperature difference between the absorber surface and
the agent fluid (with the highest annual value at about 20,885.09 MWh).

Figure 8.
Monthly mean daily thermal and exergetic (fluxes and efficiencies) for different HTFs in the Sahelian climatic
conditions.
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The other one is the exergy destruction due to the heat transfer of the solar energy
absorbed by the surface of the absorber in the presence of liquid water (with also the
highest annual value at about 6371.24 MWh). However, synthetic oils with their
temperatures, the highest at the outlet of the collector, achieve the best exergy effi-
ciency during the two typical days and throughout the year, with a maximummonthly
mean value during the year equal to 32.3 and 30.87%, in September, respectively for
Syltherm 800 and Therminol VP-1™.

Their low monthly mean thermal efficiency of about 63.66% for Syltherm 800 in
November and 63.51% for Therminol VP-1™ in September, which are worse than
water, is due to the heat losses and the exergy loss by heat leakage loss as reported in
Table 1. These heat losses are external (at the level of glass envelop) and internal (at
the level of absorber pipe). From these results, liquid water with its high thermal
efficiency seems to be a good HTF. However, under the climatic conditions of the
Sahel, its precarious thermal stability does not durably guarantee a single-phase flow
necessary for the optimal functioning of the PTSC. The risk of the appearance of water
vapor mixing with liquid water is almost permanent and can lead to the development
of two-phases flows. Synthetic oils, on the other hand, which are much more ther-
mally stable under harsh conditions of the Sahel, are more apt to work at very high
temperatures and achieve attractive exergy efficiency. These results confirmed those
published previously by Ouagued et al. [10] and Marif et al. [12] in the context of
Sahara (Algeria), Kessel et al. [17] in the context of Cameroon Sahelian zones, and
Zaharil et al. [25] in the Malaysian climatic condition under the steady-state regime.
Ouagued et al. [10] compared various synthetic oils using as HTFs. They concluded
that the best thermal oil is Syltherm 800; the Syltherm 800 can reach a temperature
between 700 K and 800 K. Marif et al. [12] considered two fluids, liquid water, and
TherminolVP-1™ synthetic oil. In the case of synthetic oil, they found that high
absorber pipe, glass envelop and output fluid temperatures compared with liquid
water case. Nevertheless, the thermal efficiency of the PTSC with water was enhanced
by 2% in all seasons to reach a maximum of 72.24% in summer. Kessel et al. [17] came
to the conclusion that the maximum of outlet temperature of heat transfer fluid
obtained at the right end of the absorber tube is about 140, 138, and 80°C during a
typical day of the least sunny months and 180, 180, and 90°C during a typical day of
the sunniest month respectively for water, air, and TherminolVP-1™ synthetic oil
used as heat transfer fluid.

However, all these researchers have closely restricted their analyses to thermal
modeling, and no information in relation to the thermodynamic behavior (or
unsteady state exergetic modeling) of PTSC is provided.

On the contrary, Montes et al. [7] pointed out that direct steam generation
using water is more efficient than oil and molten salt systems. They conclude that
the annual performance seems to be also better for the case of direct steam
generation technology as it has a slightly higher nominal overall efficiency than oil or
salts. Zaharil et al. [25], proposing a steady-state energetic and exergetic analysis of
Pressurized water, Therminol VP-1, Syltherm 800, Solar salt, Hitec XL, and liquid
sodium under the Malaysian climate conditions found that liquid sodium
outperformed all other HTFs considered at all temperature levels, except for the
temperature level of 300 K with a maximum energetic and exergetic efficiency,
respectively of 80 and 45.52%. They concluded that liquid sodium outperformed other
HTFs between the range of 0.036–0.99% in energetic efficiency and 0.438–0.85% in
exergetic efficiency.
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3.2 The specific mass flow rate of the heat transfer fluid

The problem considered in this subsection is to examine how the specific mass
flow rate of the HTF affects the thermodynamic behavior of the concentrator. The
simulation parameters are: the wind velocity around the collector is 2 m=s, the inlet
temperature of the HTF is 20°C, the tracking mode considered is the East-West polar,
and the HTF considered is the Syltherm 800. The numerical experimentations were
made at the two typical days of the Sahelian climatic conditions: the sunny day, 16
March and the less sunny day, 25 August. Figure 8 demonstrates that the transient
exergy efficiency decreases with the increase of the specific mass flow rate at the two
typical days, but the values of the transient exergy efficiency are lower on the sunny
day than its values on the less sunny day. It is also noticed that on the sunny day for
_mf kg=s:m2ð Þ ¼ 6:8� 10�4, the transient exergy efficiency runs to midday. After this
time, everything else is canceled. So, it seems that for _mf kg=s:m2ð Þ> 6:8� 10�4, at the
same date, the transient exergy efficiency will progressively but completely be can-
celed or will lead to a negative exergetic efficiency.

The meaning of this effect can be explained by the fact that exergy efficiency
measures the exergy destruction and/or the exergy loss of the system due to irrevers-
ibilities. Yet, the second term of Eq. (5) of the exergy gained, which is negative,
represents the decrease of mechanical energy due to flow friction (an irreversible
process). This term increases in time with the specific mass flow rate and becomes

Figure 9.
Transient thermal and exergetic efficiencies of the collector for different mass flow rates on two typical days of the
Sahelian climatic conditions.
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considerably important, particularly on the sunny day, compared to the increase of
other terms, with the increase of specific mass flow rate. To illustrate the dominant
influence of mass flow rates on the exergy efficiency, it is considered the daily average
based on the same implementation to obtain Figure 8 of the exergy efficiency com-
puted for some indicated values of the specific mass flow rate on these 2 days. For
_mf kg=s:m2ð Þ ¼ 1:7, 2:7 and 6:8f g � 10�4, for example, on the sunny day the exergy
efficiencies are respectively 25:13, 20:26, and �0:81% and on the less sunny day the
exergy efficiencies are respectively 30:30, 27:57, and 14:43%. On the contrary,
Figure 9 shows that the transient thermal efficiency increases, while the specific mass
flow rate increases these 2 days. In this case, the PTSC achieves its best performance
on the sunny day with higher thermal efficiency than the one performed on the less
sunny day. Indeed, it is established that the tube flow with a high specific mass flow
rate induces moderated temperature of both absorber pipe and fluid, resulting in low
heat losses. Let note the daily average of transient thermal efficiency, for the same
range of the specific mass flow rate on these two typical days,
_mf kg=s:m2ð Þ ¼ 1:7, 2:7 and 6:8f g � 10�4: on the sunny day the thermal efficiencies
are respectively 59:31, 64:80, and 69:88% and on the less sunny day they are respec-
tively 56:65, 61:13, and 65:31%. The effects of specific mass flow rates on the main
thermodynamic performances parameters, such as thermal and exergy outputs
(fluxes) and thermal and exergetic efficiencies throughout the year are reported in the
Table 2. The decrease of the internal heat loss and exergy loss can be observed and the
increase of the exergy destructed as a function of the specific masse flow rate too.

On one side, the internal heat loss and exergy loss vary respectively from 1,949:45
MW and 62,025:51 MWh for 2:7 � 10�4kg=s:m2 to 167:59 MWh and 3,624:77 MWh for
6:8� 10�3kg=s:m2 by year. On the other side, the exergy destructed increases from
1,0019:98 MWh for 1:7 � 10�4kg=s:m2 to 54,566:68 MWh for 6:8� 10�3kg=s:m2 by
year. It can also be experienced that the observations made on the two typical days
above remain the same concerning the opposite transient evolution of the thermal and
exergetic efficiencies in relation to the specific mass flow rate. While the thermal
efficiency increases from 32:60% for 1:7 � 10�4kg=s:m2 to 37:34% for
6:8� 10�3kg=s:m2, the exergetic efficiency decreases from 12:89% for 1:7 �
10�4kg=s:m2 to a negative value �35:41% for 6:8� 10�3kg=s:m2. At this stage, it is not
superfluous to precise that for 1:71� 10�3kg=s:m2 the annual average of thermal and
exergetic efficiencies are respectively 37:7% and �16:9%. Thus, with the specific mass
flow rates such as 1:71� 10�3kg=s:m2 and 6:8� 10�3kg=s:m2, verifying the condition

specific mass flow rate
10�5 _mf kg=s:m2

� �� � Annual values

Fluxes (MWh) Efficiency (%)

Internal Heat loss Exergy loss Exergy destructed Thermal Exergetic

17 1,949:45 62,025:51 10,019:98 32:60 12:89

27 1,104:61 33,085:99 13,956:52 35:08 09:59

68 834:47 24,104:99 16,122:14 35:86 07:32

17:1 113:25 2,539:32 36,368:29 37:70 —

680 167:59 3,624:77 54,566:68 37:34 —

Table 2.
Annual thermodynamic performances with different specific mass flow rates.
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_mf kg=s:m2ð Þ> 6:8� 10�4, the explanations proposed in the second paragraph of this
subsection in the case of exergy efficiency are valid here in the case of exergy
destructed; it is convenient to underline the similitude of the respective expressions.
Moreover, the other irreversible processes in the system responsible of exergy
destruction are (a) the heat transfer from the absorber pipe to the HTF at finite
temperature difference noted _Eexdes,th ; (b) the viscous friction fluid between the
collector fluid and the pipe due to pressure drop during this process (Eq. (9)).
This last flux is often null in situations involving very low mass flow rate
( _mf kg=s:m2ð Þ � 2:7 � 10�4). But for high value of specific mass flow rate, this flux
becomes considerable. Computations have shown that the annual values of exergy
destructed due to friction between the collector fluid and the pipe is important,
especially 4:9� 10�3 MWh for 1:71� 10�3kg=s:m2 and 35:87 � 10�2MWh for 6:8�
10�2kg=s:m2 under the conditions used in the above numerical simulations. These
results are in accordance with those outlined previously by two other research groups:
Padilla et al. [34] and Kumar and Kumar [39]. The first, that is to say, Padilla et al.
[34] investigated the steady-state energy and exergy performance analysis using
Syltherm 800 of the SEGS LS-2 parabolic trough solar collector. They concluded that
the optimal performance of PTSC is independent of the specific mass flow rate, since
the exergy destruction is due to: (1) friction of the heat transfer fluid, and (2) heat
transfer between the absorber and the HTF. However, their contribution to the total
exergy wasted is less than 0.5%. The group from Kumar and Kumar [39] investigated
the steady-state thermal behavior of a PTSC using rather water. They found that
collectors’ performance chiefly depends upon the specific mass flow rate, and no
considerable change is found when the specific mass flow rate of water is more than
8:21� 10�5kg=s:m2. In the present study, Syltherm 800 is considered; the limit of the
specific mass flow rate reached in our case is 6:8� 10�4kg=s:m2, below which the
exergy efficiency cancels and thermal efficiency changes very slowly. Also, Marefati
et al. [40] concluded (as in the present study) their thermal analysis of the PTSC for
four cities of Iran with different weather conditions (Shiraz, Yazd, Tehran and
Tabriz) in different months, by stating that efficiency and output useful energy of the
collector increase by specific mass flow rate from 3�10�2kg/s.m2 to 5�10�2kg/s.m2.
However, the collector outlet temperature decreases by specific mass flow rate.
By contrast, by decreasing the specific mass flow rate from 3�10�2 kg/s.m2 to
1�10�2kg/s.m2, the collector’s efficiency, and useful energy output decrease, but col-
lector output temperature increases.

3.3 Wind velocity effect on the heat transfer around a tubular receiver

This section investigates the problem of convection heat losses to the ambient as an
effect of wind flow on the heat transfer around the PTSC structure. So, the results of
numerical simulations of wind velocity effects on the heat transfer close to the HCE
are presented and discussed. Since the absorber is enclosed in a glass envelop, the glass
cover insulates the absorber surface from convective heat loss due to wind. Therefore,
effectiveness of the glass cover can be tested by varying the wind velocity and com-
puting specific parameters of the PTSC for changes. The transient key parameters
displayed in this study are the external heat losses, the exergy loss due to heat transfer
from absorber to the ambient, the heat loss coefficient, and the thermal and exergy
efficiencies. This problem has received the great attention of researchers, such as
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Hachicha [28]. The simulation parameters are: the specific mass flow rate of
3� 10�3kg=s:m2, the inlet temperature of the HTF at 20°C, the tracking mode consid-
ered at the East-West polar, and the HTF considered is the Syltherm 800. A uniform
wind velocity in the inlet velocity profile is assumed, and the different used values of
the wind velocity are Vwind m=sð Þ ¼ 0, 1, 4, 7 and 12f g. The numerical simulations are
made on the two typical days of the Sahelian climatic conditions: the sunny day, 16
March and the less sunny day, 25 August; then depending on these days and meteo-
rological conditions, convection around the HCE might be free or forced. Figure 10
shows the transient variation of the heat transfer from a PTSC in crossflow to analyze
the influence of wind velocity. It can be noticed that the transient external heat loss
increases with the wind velocity on the two typical days. However, the transient
thermal and exergetic efficiencies, which have the same time variation, decrease with

Figure 10.
Transient external heat loss and exergetic and thermal efficiencies of the collector for different wind velocities on
two typical days of the Sahelian climatic conditions.
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the increase of the wind velocity. Consider now the overall daily values of these
efficiencies the 16 March and the 25 August, the two named typical days, reported in
Table 3. It can be seen that for Vwind m=sð Þ ¼ 0, 1, 4, 7 and 12f g, the thermal efficiency
values are respectively 66:81, 66:20, 65:40, 65:11, and 64:88% on the sunny day and
62:85, 62:28, 61:63, 61:42, and 61:24% on the less sunny day; the exergy efficiency
values are respectively 18:99, 18:61, 18:08, 17:88, and 17:71% on the sunny day and
27:07, 26:66, 26:13, 25:94, and 25:78% on the less sunny day. Table 3 also shows that
the variations remain the same by considering the annual average values of the
parameters to the variation of wind velocity.

Let illustrate these observations by presenting the increase of the annual values
of the external heat loss in the same range of the wind velocity. The annual values of
the external heat loss are: 3,004:07, 3,304:60, 3,710:31, 3,856:33, and 3,977:56 MWh
by year, respectively for Vwind m=sð Þ ¼ 0, 1, 4, 7 and 12f g; thus, it can be concluded
that the variation described above, that is. external heat loss vs. wind velocity,
leads to an increment of 24:47%. In the cases of thermal and exergetic efficiencies,
the decrement, following the same rhythm for the given wind velocity:
Vwind m=sð Þ ¼ 0, 1, 4, 7 and 12f g, are respectively 0:22 and 5:44%. It can be concluded
that the annual values of the efficiencies do not vary significantly in the range of the
wind velocity considered.

For Figure 9, the specific mass flow rate considered is 1.03�10�1 kg=s:m2 on the
least sunny month. The considered values of the wind velocity for this numerical
experimentations, in these cases, are Vwind m=sð Þ ¼ 0,0:5, 1, 2, 4, 7, 10 and 12f g. It can
be seen from Figure 10 that the transient thermal efficiency globally decreases with
the increase of the ambient wind speed, while the transient heat loss coefficient
increases with ambient wind speed. However, beyond Vwind m=sð Þ≥ 2, the variation of
the exergy loss is slow and tends to be insignificant with the increase of the ambient
wind velocity. This observation confirms the other one made before, concerning the
slow evolution of the overall daily and annual average values of the thermal and
exergetic efficiencies reported in Table 3. This result obtained in the case of vacuum
in the annulus receiver tube is in agreement with those published by Padilla et al. [34]
and Zaharil et al. [25]. Padilla et al. [34] found that vacuum in annulus mitigates the
effect of wind speed. However, its absence increases the thermal losses to the

wind
velocity
m=sð Þ

Annual values Overall daily average values of
Efficiencies (%)

External Heat
loss (MWh)

Thermal
Efficiency (%)

Exergy
Efficiency

(%)

Thermal Exergy

Sunny
day

Less
sunny
day

Sunny
day

Less
sunny
day

0 3,004:07 71:24 25:17 66:81 62:85 18:99 27:07

1 3,304:60 71:19 24:60 66:20 62:28 18:61 26:66

4 3,710:31 71:12 24:18 65:40 61:63 18:08 26:13

7 3,856:33 71:10 23:97 65:11 61:42 17:88 25:94

12 3,977:56 71:08 23:80 64:88 61:24 17:71 25:78

Table 3.
Wind velocity effects on the heat transfer around a PTSC in Sahelian climatic conditions.
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surroundings, which reduces both thermal and exergy efficiencies, and they con-
cluded that the effect of wind speed is negligible. Zaharil et al. [25] concluded that
wind speed increment has a negligible impact on PTSC’s performance for all HTFs,
with liquid sodium being the most resistant to any wind increment with reduction of
only 0.0482 and 0.0482276% for energetic and exergetic efficiency, respectively,
when wind velocity increases from 2 m/s to 18 m/s.

4. Conclusion

In the present study, the effective approach recently developed in [9],
based on transient both thermal and exergetic performances of the Sandia
National Laboratory, is applied with the view to examine the sensitivity of the
thermal behavior of a PTSC to the following parameters in the Sahelian climatic
conditions: the collector parameters, including the type of the HTF, the
operational parameters, related to specific mass flow rate of the HTF, and the wind
velocity around the collector. The energetic and exergetic analysis provided the
following results:

• Concerning the working fluids selection, the Syltherm 800, which is more
thermally stable, among Therminol VP-1™, liquid water, and dry air, is more apt
to work at very high temperature at about 450°C and achieves overall annual
daily average of thermal and exergy efficiencies, respectively 60:15 and 27:83%.
However, it must be taken into account that these values have been calculated
according to very specific assumptions, such as the solar-only plant without
power cycle and thermal storage.

• Concerning the effects of specific mass flow rate, the exergy destructed increases
from 10,019:98 MWh for 1:7 � 10�4kg=s:m2 to 54,566:68 MWh for 6:8�
10�3kg=s:m2 by year; the internal heat loss and the exergy loss vary respectively from
1,949:45 and 62,025:51 MWh for 1:7 � 10�4kg=s:m2 to 167:59 and 3,624:77 MWh
for 6:8� 10�3kg=s:m2 per year. Exergy and thermal efficiency have an opposite
transient evolution. In addition, for specific mass flow rate _m kg=s:m2ð Þ> 6:8� 10�4,
the exergy efficiency decreases progressively, and completely cancels or leads to
negative value. However, these values have been calculated according to a specific
assumption: the solar-only plant without power cycle and thermal storage, is
considered. Thus, other engineering issues such as control, materials, and the
economic analysis must account in the HTF technology evaluation.

• About the impacts of the wind velocity on the collector heat transfer, the annual
values of the external heat loss are: 3,004:07, 3,304:60, 3,710:31, 3,856:33, and
3,977:56 MWh per year, respectively for Vwind m=sð Þ ¼ 0, 1, 4, 7 and 12f g; thus,
the variation described above i.e., external heat loss vs. wind velocity, leads to an
increment of 24:47%. In the cases of thermal and exergetic efficiencies, and
following the same rhythm for the given wind velocity:
Vwind m=sð Þ ¼ 0, 1, 4, 7 and 12f g, the decrement is respectively 0:22 and 5:44%. It
can be concluded that the annual values of the efficiencies do not vary
significantly in the range of the wind velocity considered.
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Abbreviations

CFD Computational Fluid Dynamics
CSP Concentrating solar power
EES Engineering equation solver
HCE Heat collector element
HTF Heat transfer fluid
LBE Lead-Bismuth Eutectic
MWh Megawatt hour
PLP Petela Landsberg Press
PTSC Parabolic trough solar collector
SEGS Solar Energy Generation System
vs. Versus

Nomenclature

a Aperture, m
A Area, m2

C Solar concentration ratio, �ð Þ
Cpf Specific heat at constant pressure of fluid, kJ= kg Kð Þ
_E Exergy flux, W
Id Direct solar irradiance, W=m2

j Surface, Element, �ð Þ
L Length of the parabolic trough solar collector, m
_m Specific mass flow rate, kg=s:m2

_Q Heat flux, W
T Temperature, °C
Vf Fluid velocity, m=s

Greek symbols

Δx One-dimensional control volume, m
η Efficiency, %ð Þ
μ Dynamic viscosity, Pa∙s or kg=m∙s
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Subscripts

abs Absorber
Amb Ambient
Carnot Carnot
Cond Conduction
D Direct; the overall daily value of optical, thermal, and exergetic efficiency
Dest Destructed
Ex Exergy
F Fluid or Heat transfer fluid (HTF)
G Glass
In Inlet, input
L Loss
Opt Optical
Out Outlet, output
P Pressure
R Irradiance
Th Thermal
wind Wind

Superscripts

T Previous time step
t+Δt Present time step

Appendixes

Appendix A

See Table 4.

Water [12]

ρwater ¼ �495,626� 10�9T2 � 23,291� 10�5T þ 1,001:83T

Kwater ¼ �596,341� 10�11T2 þ 1:68� 10�3T þ 56,821� 10�5

Cpwater ¼ 1,378� 10�4T2 � 142,026� 10�5T þ 4128:23

μwater ¼ �4,282:65� 10�13T3 þ 1,889:79� 10�10T2 � 277:74� 10�7T þ 15:6� 10�4

Dry air [12]

ρair ¼ 353= T þ 237:15ð Þ

Kair ¼ 7:57 � 10�5T2 þ 242� 10�4

Cpair ¼ 1,008

μair ¼ 10�9 46T þ 17,176ð Þ
Therminol VP-1™ [12]

ρoil ¼ 850
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Appendix B

See Table 5.

Designation of the parameter (symbol) Value, unity

Receiver length (L) 7:8m

Collector width or aperture (a) 5m

Focal distance (F) 1:84m

Reflector surface reflectivity Shape (ρ0) 0:93� 10�1

Shape factor fð Þ 0:92� 10�1

Solar concentration ratio (C) 22:42

Absorber pipe material Cermet selective surface

Absorber pipe external diameter (Dabs extð Þ) 7 � 10�2m

Absorber pipe internal diameter (Dabs intð Þ) 6:6� 10�2m

Absorber pipe thermal conductivity (Kabs) 54W=mK

Absorbed pipe emittance (εabs) 1:4� 10�1

Absorber pipe thermal absorbance (αabs) 9:6� 10�1

Absorber pipe specific heat (Cpabs) 500J=kg:K

Absorber pipe density (ρabs) 8,020kg=m3

Transmittance-absorbance (α0) 8:64� 10�1

Glass envelop material Pyrex

Glass envelop external diameter (Dg extð Þ) 1:15� 10�1m

Glass envelop internal diameter (Dg intð Þ) 1:09� 10�1m

Glass envelop thermal conductivity (Kg) 1:2W=mK

Glass envelop emittance (εg) 8:6� 10�1

Koil ¼ �1,729� 10�10T2 � 870:8� 10�7T þ 1,381� 10�4

Cpoil ¼ 788:8� 10�6T2 þ 2,496� 10�3T þ 1,509

μoil ¼ 103 100:8703 � T 0:2877þLog T�0:3618ð Þð Þ� �

Syltherm 800 [9, 41]

ρoil ¼ 12,690,306� 1010 � 152,080,898� 10�8 T þ 273ð Þ þ 179,056,367 � 10�11 T þ 273ð Þ2 �
167,068,252� 10�14 T þ 273ð Þ3

Koil ¼ 19,011,994 � 10�8 � 188,022,387 � 10�12 T þ 273ð Þ
Cpoil ¼ 11,078,577 � 1010 þ 170,742,274� 10�8 T þ 273ð Þ

μoil ¼ 8,486,612 � 10�8 � 5,541,277 � 10�10 T þ 273ð Þ þ 1,388,285� 10�12 T þ 273ð Þ2 � 1,566,003�
10�15 T þ 273ð Þ3 þ 6,672,331� 10�18 T þ 273ð Þ4

Table 4.
Temperature (°C)-dependent thermophysical properties of used heat transfer fluids.
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Designation of the parameter (symbol) Value, unity

Glass envelop thermal absorbance (αgÞ 2� 10�2

Glass envelop specific heat (CPg) 1,090J=kg:K

Glass envelop density (ρg) 2,230kg=m3

Glass envelop transmittance (τg) 9:5� 10�1

Receiver Evacuated tube, metal bellows at each end

Table 5.
Geometrical, optical, and thermophysical data for the LS-2 parabolic trough solar collector [9].
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Abstract

This research provides a comprehensive exploration of the potential of NH3 as a 
transformative element in the pursuit of clean and sustainable energy solutions. With 
a growing global emphasis on decarbonization, the study delves into the unique attri-
butes of NH3 as a zero-carbon alternative fuel. The work examines NH3’s applications 
across various sectors, including transportation, industry, and power generation, 
both as a direct fuel and as a hydrogen precursor. Addressing the challenges associated 
with NH3 production, the study highlights the ongoing research efforts to develop 
carbon-free production methods and ensure safe handling, providing a current 
snapshot of the field. By presenting a comprehensive analysis of the perspectives sur-
rounding NH3 as a clean energy alternative, this research contributes to the discourse 
on transitioning to a sustainable, low-carbon energy future. Amidst the pressing issue 
of climate change and the urgent need to transition to sustainable energy sources, 
NH3 has emerged as a promising contender. This chapter thoroughly examines the 
multifaceted perspective of NH3 as a clean energy, zero-carbon alternative fuel. 
It provides insights into its properties, production methods, current applications, 
 challenges, and the transformative potential it holds for a greener future.

Keywords: fuels, NH3, zero-carbon, renewable energy, diesel

1.  Introduction

It has been crystal clear to everyone that energy is the most significant require-
ment for people and their existence. Energy consumption has constantly been 
increasing due to rising energy demands. New energy-intensive technologies, vehi-
cles, systems, and applications are entering our daily routines every day, drastically 
increasing the fuel and power requirements for economic activities and societal devel-
opments. Such needs have impacted the energy equation with various environmental, 
health, and sustainable development constraints. It is now severely necessary to set up 
the energy equation without hydrocarbon fuels, and it is therefore fully recognized 
by many researchers, scientists, organizations, companies, etc. that it is time to move 
to renewables and clean fuels (particularly with hydrogen and NH3) which have been 
advocated by Dincer [1] for many years. In a recent perspective article, [1] he declared 
that the COVID-19 coronavirus is closing the carbon age but opening the hydrogen 
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age, and he considered the year 2020 a turning point that is even more necessary for 
human health and human welfare. In conjunction with this, there is a strong need 
to develop the technologies and economies to make a smooth transition as quickly 
as possible. That is why this perspective article takes NH3 into consideration for a 
fair evaluation and suggestions for better combustion practices. The global energy 
landscape is transforming profoundly as societies grapple with the dual challenges of 
meeting rising energy demand and combating climate change. While abundant and 
affordable, traditional fossil fuels are also the primary drivers of greenhouse gas emis-
sions, leading to detrimental environmental impacts. The search for clean, renewable, 
and sustainable energy alternatives has become imperative in this context [2–6].

One such alternative that has garnered significant attention in recent years is 
NH3. While traditionally known as a critical component in fertilizers, NH3 possesses 
attributes that make it an attractive candidate for clean energy applications. This paper 
explores the perspective of NH3 as a zero-carbon alternative fuel, examining its poten-
tial to revolutionize various sectors and contribute to a low-carbon future. It is a well-
known fact that almost one-third of the total consumed energy in the world is used 
in the transportation sector, where fossil fuels are primarily used to produce standard 
transportation fuels such as diesel, gasoline, and jet fuel. Their extensive use has been 
causing very high levels of greenhouse gases, ranging from 20% to 30%, depending 
on the Nation’s development. Although manufacturers and governments have made 
significant attempts to transition to electric and hybrid vehicles, it seems that it is not 
possible to complete this transition in a short time due to infrastructure, economic, 
and raw material issues. However, the current environmental indicators indicate the 
requirement for quick and practical actions. Moreover, the diesel- and gasoline-pow-
ered generators used in residential, commercial, utility sectors, and off-grid applica-
tions contribute to fossil-based fuel consumption and increase CO2 emissions. Using 
NH3 in combustion processes, such as internal combustion engines and gas turbines, 
can be a crucial solution in a faster transition to the hydrogen economy [7, 8].

2.  Understanding NH3

Ammonia, with its chemical formula NH3, is a compound composed of one 
nitrogen atom bonded to three hydrogen atoms. It is colorless, pungent-smelling, and 
highly soluble in water. NH3 is primarily produced through the Haber-Bosch process, 
which involves the reaction of nitrogen and hydrogen under high temperatures 
and pressure. Most NH3 is used in fertilizers, but its applications extend far beyond 
agriculture.

One key attribute that makes NH3 attractive as a clean energy alternative is its 
high energy density by volume. This allows for efficient storage and transportation, 
making it suitable for various energy applications. Additionally, it can be stored as a 
liquid at ambient temperature and moderate pressure, simplifying logistics compared 
to gaseous hydrogen.

3.  Production methods

While the traditional Haber-Bosch process for NH3 production is energy-intensive 
and reliant on fossil fuels, there is growing interest in alternative pathways that utilize 
renewable energy sources. Electrolysis of water to produce hydrogen and nitrogen 
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capture from the air offers a pathway to green NH3 production. Renewable energy 
sources such as solar and wind power can provide the electricity needed for electroly-
sis, resulting in zero-carbon NH3 production.

Other innovative approaches include using green hydrogen derived from biomass 
or wastewater treatment processes. By leveraging organic waste streams, these meth-
ods produce NH3 without carbon emissions and contribute to waste management and 
resource utilization.

Ammonia (NH3) is recognized as a colorless gas with a sharp, pungent odor at 
room temperature, composed of nitrogen and hydrogen. Pure NH3 is hygroscopic, 
meaning it readily absorbs moisture from the air and easily dissolves in water. Despite 
its corrosive nature due to its alkaline properties, NH3 is one of the most widely pro-
duced industrial chemicals globally. Over 75% of the ammonia produced is utilized in 
agriculture as fertilizer. Additionally, NH3 serves as a working fluid in refrigeration 
cycles and is a common ingredient in household cleaning products.

Figure 1 shows the global production levels of ammonia, with data from 1945 
to 2017 depicted by a blue line, sourced from Reference [6]. In 2019, the worldwide 
production of NH3 reached approximately 146 million metric tons. Only a small 
fraction (around 4%) of NH3 is used directly, while the majority is employed as a 
chemical in industrial applications or as fertilizer. With increasing environmental 
concerns and efforts to reduce CO2 emissions, the use of NH3 in the energy sector is 
anticipated to grow. Various initiatives are underway to adopt NH3 as a carbon-free 
fuel, with numerous NH3-related projects announced for power generation, off-grid 
applications, and internal combustion engines.

Moreover, the demand for NH3 is expected to rise with the proliferation of hydro-
gen-powered systems, as NH3 is an effective hydrogen carrier. We project a significant 
increase in the production and consumption of NH3, as illustrated by the red-dotted 
line in Figure 1. By 2050, it is estimated that global production of NH3 will reach 
about 1.2 billion metric tons, an increase of nearly 8.2 times the amount produced in 
2019 (Figure 2) [1, 9].

Figure 1. 
The global production of NH3 [1].
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4.  Current applications and challenges

NH3 has a wide range of applications beyond agriculture, including refrigeration, 
cleaning agents, and the manufacturing of pharmaceuticals and explosives. However, 
its potential as a clean energy fuel is still in the early stages of exploration. One of the 
main challenges facing the widespread adoption of NH3 as a fuel is the lack of infra-
structure for production, distribution, and utilization.

Additionally, safety concerns related to the handling and storage of NH3 must be 
addressed through robust regulations and risk management practices. Furthermore, 
the economic viability of green NH3 production remains a challenge, as it currently 
requires significant investment and may not yet be cost-competitive with conven-
tional NH3 production methods.

5.  The promise of NH3 as a zero-carbon fuel

Despite these challenges, NH3 holds excellent promise as a zero-carbon fuel 
with the potential to decarbonize various sectors of the economy. NH3-powered 
fuel cells offer an alternative to internal combustion engines in transportation, 
providing clean and efficient propulsion for vehicles ranging from cars to ships and 
aircraft.

Moreover, NH3 can be used as a fuel in power generation, either in combined-cycle 
power plants or co-fired with coal in existing facilities. With the option of capturing 
and sequestering CO2 emissions, NH3-based power generation can achieve zero net 
carbon emissions, contributing to climate mitigation efforts [10–12].

Figure 2. 
An economic cycle of NH3 from production to utilization [1].
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6.  Challenges with NH3 combustion

It is essential to point out that NH3, when used for combustion, has some side 
effects, just like all drugs have some side effects. Such side effects (so-called chal-
lenges) may be listed as follows:

• High ignition temperature

• Low flame velocity

• Slow chemical kinetics

Since increasing research efforts are being made to minimize the impacts and 
improve combustion performance, some essential remedies to overcome the issues are 
necessary. These will be discussed in the following subsection.

7.  Challenges and driving innovation

Concerted efforts are needed to overcome technical, economic, and regulatory 
challenges and realize NH3’s promise as a zero-carbon fuel. Research and development 
initiatives focused on improving production efficiency, enhancing safety standards, 
and reducing costs are crucial.

Collaboration between governments, industries, and research institutions is 
essential to accelerate innovation and increase NH3 production and utilization. Policy 
incentives, carbon pricing mechanisms, and international cooperation can further 
incentivize investment in sustainable NH3 technologies.

8.  Conclusion

In conclusion, NH3 represents a compelling opportunity to transition toward a 
sustainable energy future. Its unique properties, coupled with advances in production 
methods and utilization technologies, position it as a versatile and scalable solution 
for decarbonizing various sectors of the economy.

By addressing the challenges and seizing the opportunities presented by NH3, 
we can accelerate the transition to a low-carbon energy landscape and mitigate the 
impacts of climate change. With concerted efforts from stakeholders across the globe, 
NH3 has the potential to play a pivotal role in shaping a cleaner, greener, and more 
resilient future for generations to come.
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Glossary

• NH3: ammonia, a colorless, pungent-smelling compound composed of one nitrogen 
atom bonded to three hydrogen atoms, renowned for its high solubility in water.

• Decarbonization: the gradual reduction of carbon dioxide emissions, especially 
from human activities such as burning fossil fuels.

• Hydrogen economy: an economic system reliant on hydrogen as the primary 
energy carrier, often sourced from renewables to minimize carbon emissions.

• Green hydrogen: when hydrogen is generated via electrolysis using renewable 
energy, it produces energy without any emissions.

• Zero-carbon fuel: a fuel source producing no net carbon dioxide emissions when 
both produced and consumed, aiding in the fight against climate change.

• Haber-Bosch process: a chemical reaction process that produces ammonia from 
nitrogen and hydrogen, typically involving high temperatures and pressure.

• Electrolysis: a chemical process utilizing electricity to split water into hydrogen 
and oxygen gases, commonly employed in green hydrogen production.

• Carbon pricing mechanisms: economic policies imposing a price on carbon dioxide 
emissions to encourage emission reductions.

• Combined-cycle power plants: facilities utilizing gas and steam turbines to gener-
ate electricity, enhancing overall efficiency.

• Fuel cells: electrochemical devices convert fuel chemical energy directly into 
electricity and heat.

• Internal combustion engines: these engines generate mechanical power by burning 
fuel within a combustion chamber. They are widely used in transportation and 
power generation.

• CO2 capture and sequestration: this is the process of capturing carbon dioxide 
emissions from industrial processes or power plants and storing them under-
ground to prevent release into the atmosphere.

• Hygroscopic: a property of substances, like ammonia, that absorb moisture from 
the air.

• Alkaline properties: properties making a substance basic or alkaline, usually 
characterized by a pH greater than 7.

• Fossil-based fuel: fuel derived from fossilized organic materials, emitting carbon 
dioxide when burned.

• Renewable energy sources: naturally replenished energy sources like sunlight, 
wind, and biomass, emit no greenhouse gases during operation.
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• Waste management: processes involving collection, transportation, recycling, and 
disposal of waste to reduce environmental pollution and conserve resources.

• Resource utilization: the efficient use and management of natural resources to 
meet human needs while minimizing environmental impact.

• Risk management practices: strategies for identifying, assessing, and mitigating 
potential risks associated with specific activities or processes.

• Stakeholders: individuals, groups, or organizations with an interest or concern in 
a particular issue, project, or outcome, including government agencies, busi-
nesses, communities, and non-profit organizations [13–15].
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Chapter 7

The Svedberg Number, 1.54, as the
Basis of a State Function Describing
the Evolution of Turbulence and
Dispersion
Alfredo Constaín Aragón

Abstract

For natural flows, a definition equivalent to the Chezy-Manning mechanical
equation is developed, but based on Coulomb interactions, which includes a state
function that describes the evolution of tracer particles in turbulence. This makes it
possible to overcome reductionist approaches (Navier-Stokes), which are limited by
their complexity. This function shows the variation of the degrees of freedom of
dispersion, as well as the statistical coupling of the solute with the flow, allowing to
characterize very large or complex channels in “Dynamic Equilibrium.” An approach
is also developed that links this function to universal constants of fractal motion.

Keywords: turbulence, linear regime, irreversibility, exergy, state functions

1. Introduction

1.1 Definition of the “statistical sufficiency”of molecular phenomena

According to A. Annila et al. [1, 2] molecular systems at the macroscopic level, the
statistical distribution of energy in these systems unfolds around the average molar
thermal energy, R*To, (R as the gas constant, and To as the ambient Kelvin tempera-
ture) as shown in Figure 1.

Figure 1.
Energy distribution on a molecular system.
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In “steady state,” (time invariant) oscillating particles are grouped into
quantized energy zone (h*f) according to their probability. For the low-energy
zone (E < RTo), many oscillators (blue) are grouped together but with low
energy per unit; for the high-energy zone (E > RTo), only a few oscillators (red) will
be able to supply the required high energy. In the central zone (E<RTo), close to the
average value, there are enough oscillators with medium energy (green) in such a way
that the sum of which is greater than in the low and high zones, with the highest
probability.

In an open system, it is said to be “statistically sufficient” when the fluctuations
around the mean (most likely) value are small, such that it does not change signifi-
cantly, which is achieved if the “activation energy” is much lower than the average
energy, W < <RTo.

1.2 Local equilibrium and “statistical sufficiency”: water fluidity and turbulent
phenomena

The concept of local equilibrium in systems in non-thermodynamic equilibrium is
essential for applying the usual thermodynamic equations to these systems, in which,
despite not having “well-defined” variables such as temperature, energy, entropy, etc.
there are well-defined “densities” of these variables, making it possible to analyze
them consistently [3].

The validity of local equilibrium is limited by the ease with which dynamic pro-
cesses restore “well-defined” initial distributions, in presence of fluctuations. In con-
tinuum mechanics, e.g., in hydrodynamics, when fluctuations act and the system tries
to return to its “local” equilibrium, if the system in its dynamics suffers a non-
linearity, e.g., the term v*grad (v) in the CM equation, the return to the previous
point of local equilibrium is not possible because the results of the equation are
not univocal, diversifying the behavior of the system. This effect of positive feedback
is at the root of the problem of the “non-computability” of nonlinear phenomena
(Figure 2) [4].

The range of validity of the local equilibrium in certain phenomena is not generally
known from a microscopic perspective. However, it can be said that for gases, liquids,
and transport phenomena, it exists well enough if the gradients of the intensive state
variables are small and vary very slowly.

According to J. Frenkel in his “Kinetic theory of liquids” [5], due to the high fluidity
properties of water—i.e., the capability of yielding a stress—this liquid allows for
shear movements with almost no resistance. This behavior of water is measured by the
ratio of the time, “τ” required to construct a population of “holes” in the lattice of
liquid, to the basic period of atomic oscillation, τo ≈ 10�13 (sec).

Figure 2.
Local equilibrium and fluctuations.
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τ

τo
≈e

ΔW
RT (1)

This time τ is named the “half-life” of a particle in a “vacancy” position (hole) in
the lattice of the liquid. If the ratio τ/τo is small, the fluidity of the liquid will be high,
and if it is large, it will be low. Here, ΔW is the so-called “activation energy” in fluid,
ΔW≈0.58 KJ/mol, being currently less than the maximum work of “forming a gap” in
the water lattice, so, if the thermal heat is RT≈2.5 KJ/mol (at 300 K), then τ/τo ≈1.26,
i.e., enough close to the ideal value of fluidity [3].

To define its state of “turbulence” in the case of water, the so-called “Reynolds
Number” (Re) is used, which is the ratio between the product of a characteristic
length, L, and the average velocity of the flow, U, and the “kinematic viscosity”, ν,
which are dimensionally equivalent.

Re ¼ U ∗L
ν

(2)

The turbulence begins when U threshold is transposed, called the “critical” Reyn-
olds Number (Rec), when nonlinearity also begins to occur at the microscopic level,
but maintaining approximately the nature of “statistical sufficiency,” in which ther-
modynamic force (gradient of potential energy) quickly generates a flow (mass trans-
port), without giving time for nonlinear phenomena to fully develop, thanks to its
high fluidity.

Then, fluctuations, not so large, do not appreciably modify the energetic charac-
teristic of the system. Water in turbulence, with velocities in a low and medium range,
is “quite statistical,” i.e., the energy changes that occur will not significantly change
the quasi-equilibrium condition, falling into the “Linear” regime of irreversible ther-
modynamics, in which the system evolves “slowly,” and the state remains stable
(Figure 3).

2. Geomorphology and flow: factors that determine the behavior of
natural streams, and the average velocity of the flow determines two
important aspects of natural channels

2.1 Average velocity and geomorphology

The complex behavior of natural channels is marked by the role of flow velocity,
both in the configuration of the geomorphology (profiles, geometry, and nature of the

Figure 3.
Regimes of thermodynamics.
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riverbed) and in the dynamics of the flow itself (distributions and values of the
velocity vectors) [6]. This deep relationship is shown in the law of Conservation of
Flow, in which the flow rate, Q , depends on the mean velocity, U, and the cross-
sectional area of the flow, Ayz (Figure 4).

Q≈
U
Ayz

(3)

2.2 Average velocity and flow behavior

The average velocity not only interacts with the geomorphology but also with the
flow itself. This is observed in the basic differential equation of point velocity, v, of NS
equation [7], which depends on a nonlinear way of pressure, p, temperature,T,
external forces, f, water density, ρ, and time.

ρ
∂v
∂t

þ v ∗∇v
� �

¼ �∇pþ ∇∗T þ f (4)

When the velocity value passes a threshold (Rec), the fluctuations by shear start to
be amplified by nonlinearity and turbulence appears [8]. In this condition, the cross-
sectional distribution of the longitudinal point velocity vectors is configured as a
“Random Variable,” mainly described by the normal distribution, since the viscous
rupture of the flows can be modeled as a bifurcation with two probable, symmetrical
values, which are congruent with the measurement errors of the Gaussian bell [7].

This homogeneity in the results is reflected in the classical (Pr) distribution, which
is essentially “flat” except at the edges due to the progressive effect of the viscosity of
the boundary (Figure 5).

Figure 4.
Interaction of flow and geomorphology.

Figure 5.
Prandtl distribution of velocities.
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2.3 Thermodynamic forces and flows of natural streams in the “linear” regime of
irreversible thermodynamics. Convergence with the CM equation

Turbulent dynamics are composed of heterogeneous movements, usually
rotational in nature, to expend free energy in the fastest way [9]. In the first stage, the
strength of these movements is diminished by the great fluidity of the water, due to its
nature of “statistical sufficiency.”

Then, for certain “normal” low range of velocities, this condition fundamentally
allows turbulent flows to develop in the “linear” region of irreversible
thermodynamics where thermodynamic “forces” (potential gradients) are linearly
related with thermodynamic “flows” (mass or charge transport). This condition is
examined for a natural flow as follows:

From the definitions of thermodynamic forces and flows, the following
expressions can be established for natural flows, with ρ the water density, and U the
mean velocity, obtaining the flow, J:

J≈
Δm
Ayz

Δt
≈

Δm
ΔY ∗ΔZ
Δt

∗
ΔX
ΔX

≈
Δm
ΔV

� �
∗ΔX

Δt
≈ρ ∗U (5)

For the Force, F, it holds, considering the potential energy gradient:

F≈Δm ∗ g ∗Δh≈
Δm ∗ g ∗Δhð Þ ∗ΔX

ΔX
≈Δm ∗ g ∗

Δh
ΔX

∗ΔX≈ρ ∗Ayz ∗ g ∗ S (6)

Considering the basic relation of linear thermodynamics of irreversibility, force as
cause and flow as a consequence:

J≈L ∗ F (7)

Therefore, from (4), (5), and (6), in this case, the mean velocity of flow is propor-
tional to the Slope S., if valid “linear” regime:

U≈L ∗ Ayz ∗ gð Þ ∗ S (8)

It is now necessary to analyze the classical CM equation of flow in order to
compare it with the previous result, in which “R” is the hydraulic radius, “n” is the
opposition to the flow (Roughness), and “S” is the slope of the flow.

U≈
R

2
3

n

ffiffiffi
S

p
(9)

It is obvious that the mean velocity is not linear with the slope, but proportional to
the square root of it. Now, it is interesting to establish the degree of “non-linearity” of
CM Eq. (9) with respect to the thermodynamic Eq. (8) and compare the curves
corresponding to each case (Figure 6).

By separating the range of the slope into segments to compare √S with S, it can be
verified that the blue curve (√S) can be linearized by lines that fit in each range, from
0–10%, with an approximate relative error of 10% in larger segment.

This result is compatible with a McLaurin-Taylor (Tl) series expansion for repre-
sentative values [10]. So, it can be said that the classical equation of hydraulics
corresponds well with a linear approximation on the slope and that therefore in the
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practical range of the slopes, the condition of thermodynamic “linearity” of the flow is
approximately satisfied, compatible with the hypotheses proposed in this article. This
may be called the “linearity approximation.”

2.4 The linear regime of irreversible thermodynamics and minimum entropy
production. Effect of the “linearity approximation”

According to I. Prigogine, when both Forces and thermodynamic flows can be
defined for an open system, their product is equal to the entropy production per unit
volume, ΔiS/(dt*dV). [3], and also that the entropy, S, has a maximum (Figure 7).

Consistent with this situation, the distribution of probabilities in the volumes of the
flow (according to Boltzmann’s concept) ideally tends to be a well-extended “coarse-
grained” volume, [11] in which the microstates are indistinguishable. But actually, it is
not “ideal,” considering that there is a (small) error for the “linearity approximation.”
This special circumstance makes the “coarse-grained” areas have disseminated “gaps”
that are detected as groups of more vigorous or more numerous fluctuations, showing
the “intermittencies” that are observed experimentally in real flows (Figure 8).

So, in the real case of turbulent water flow, it will be shown that the fluidity is low,
but it is not zero, then it is necessary to consider the existence of “intermittences,”
leading the “coarse-grained” regions painted with “patches” that are not representa-
tive of the ensemble, but being concordant statistically with PrN distribution. In this
case, it is necessary to consider the velocity “Variance,” σu, that involves the devia-
tions from the “linearity” of the turbulent phenomenon. An expression of measuring
this parameter is proposed below (Figure 9).

U measuredð Þ≈<U > � σU (10)

Figure 6.
Linear fitting of Chezy-manning equation.

Figure 7.
Behavior of entropy and entropy production.
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This parameter, σU, must be calculated not only in terms of purely hydraulic
magnitudes since the dynamic equilibrium condition depends on a larger set of vari-
ables, which influence variance.

3. “Dynamic equilibrium” in the channels and “linear” region of the
thermodynamics of irreversible processes

The linear region of irreversible thermodynamics is characterized by the fact that
open systems that evolve in this regime ideally present “stable states,” that is, they do
not vary with time, while their entropy production is a minimum, and thermody-
namic flows tend to be constant, as is actually observed in natural waterways.

3.1 Basic characteristics of dynamic equilibrium in natural streams

The processes in natural turbulent streams establish a tendency for the flow to
oscillate around a certain value of the flow state parameters, which is called
“Dynamic equilibrium,” in that locally there are variations, but its state tends to
stabilize (Figure 10).

Figure 8.
Effect of nonlinear fluctuations.

Figure 9.
Variance as effect of non-linearities in flow.

Figure 10.
Dynamic equilibrium tends to steady state in flows.
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Local variations are caused by contrary forces, and the point values are such that
the energy and its distribution in its course take the most probable configurations,
responding in detail to the following general criteria [12].

A. If river systems are in a “steady state” (invariant with time) due to the self-
adjusting action of opposing forces, then the entropy of the open system, S, is the
maximum possible, in congruence with the constraints imposed by the
environment, and therefore the internal production of entropy, ΔiS/(dt), is the
minimum possible.

B. At “dynamic equilibrium,” if the entropy production in the flow is the minimum
possible and almost constant, the probabilities in the flow realm are ideally
equivalent, this implies that the mass transport rates are ideally equivalent to
each other, and concordant with the overall mean transport rate, leading to the
fulfillment of the Prandlt distribution for the longitudinal velocities on the
transverse axis of a river (Figure 11).

uj≈uk∀j and k U≈
P

nu nð Þ
n

(11)

The mean velocity is almost constant in all its course, as found by L. Leopold.
Becoming very similar at birth to your delta, this is:

u1<u2<u3<u4<u5<u6<u7<u8<u9<u10 (Figure 12) [13].

C.Under these conditions, the entropy production is equal to the product of the
thermodynamic force and flow, with constant temperature and pressure, and no
electric or magnetic fields.

Ps≈
ΔiS
Δt

≈L ∗ J ∗ F (12)

Figure 11.
Local and general velocities in steady state.

Figure 12.
Leopold’s longitudinal continuity of velocity.
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In 2.2, F, the “Force,” is a gravitational gradient and J, the “Flow,” is the mass
transport per unit of cross-sectional area and time.

4. Formation of the tracer plume in a turbulent flow, and models that
represent its dynamic

4.1 Thermodynamic foundation of the phenomenon

Tracers are salt inks that solubilize in water, with a very limited environmental
impact, presenting physical or chemical properties that allow their detection by
instruments, such as their fluorescence or conductivity, which enables their wide-
spread use for the scientific characterization of flows [14].

An injection of tracer into the flow configures the creation of a “plume” that
advances as an open, isothermal-isobaric system, which breaks the chemical equilib-
rium in the system, implying in some way the reorganization of the internal molecular
distributions.

When the solute is injected into the flow, two phases take place: A. SOLVATION in
which the dipoles of the water act on the ions of the salt, separating them from the
crystal structure, that is, working against the forces of interaction of the crystal lattice.
B. DILUTION, which happens once the solvation of all the ions has been completed,
and they are incorporated into the flow, moving with their own speed that depends on
the concentration of the salt, which varies over time (Figure 13).

The initial phase of SOLVATION is explained as the creation of hydrated ions
(surrounded by water molecules), which must first be separated from the crystal
lattice of the solid, and then electrically bonded to these molecules. This occurs
because the energy of interaction between ions and dipoles destroys the crystal lattice.

This phase of the process, which is exothermic, decreases the potential energy of
the whole so that the different particles are “ordered” better, which causes the
entropy to decrease, which is expelled as heat to the outside.

This process may be interpreted as the battle and equalization of two opposing
energies: the heat (enthalpy) of formation of crystal, and the heat of Solvation, given
from the surrounding water (H20), whose two hydrogen atoms and one oxygen atom
act as separate electric charges (dipoles), whose specific interactions are responsible
for the destruction of the solid, giving ions.

The enthalpy of formation (positive), +ΔUo, of the crystal structure of the solid,
and the Solvation heat (negative), -ΔHh, which is added to the salt from the water, its

Figure 13.
Dye tracer salt dilution in streams.
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difference is the Dilution heat: T*ΔSd ≈ΔHd, which balance equation is as follow
(Figure 14).

ΔHd≈T ∗ΔiS≈ΔUo� ΔHh (13)

Thus, the joint action of ΔHh and ΔUo is spontaneous “internal” reorganizations in
the system, which does not consume energy other than that shown in Eq. (13).

The next phase, called the DILUTION Phase, occurs when the generation of ions
has ended when the solid structure of the solute is completely destroyed. At this point,
it is necessary to consider the other interaction between the ions themselves, already
in freedom, which are distributed forming an “ion cloud” that is a function of the
Concentration, C(t) (Figure 15).

This phase, like the first one, involves a decrease in the potential energy of the
whole, then it is also exothermic, with the expulsion of a spreading heat, ΔHd, which
is now proportional to the square root of the concentration,√C, which decreases over
time, as established in electrochemical thermodynamics (Figure 16).

Figure 14.
Entropy expulsion in tracer system.

Figure 15.
Ion-ion interaction in tracer spreading [14].

Figure 16.
Thermodynamic process of a tracer in flow.
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The interactions of the ions with each other reduce their mobility, which implies a
“slowing down” effect on their movement. This effect is similar to the increase in
friction by the Stokes mechanism.

Thus, for initial conditions (high concentration), the aggregate ions will have a
small Stokes velocity, u1, for a medium concentration, they will have a higher veloc-
ity, u2, and in their final stage (low concentrations) their eigen velocity, u3, will be
larger, equaling the velocity of the flow (Figure 17).

u1< u2< u3 (14)

And:

u3≈U (15)

This indicates that the transport time, ts, of the solute ions, depending on the
decreasing concentration, will decrease as the effective velocity increases:
ts1 > ts2 > ts3.

4.2 Advection-dispersion transport model

Although the transport of conservative substances in turbulent flows has been
characterized by Fick’s equation, initially developed to represent diffusive motions
associated with Brownian movement, G.I [15, 16]. Taylor postulated in 1954 that the
main mechanism for the mixing of solutes in the flow is the “shear” effect, which can
be represented also by these equations. In other words, this statistical movement is
proportional to the concentration gradient. This effect corresponds to the longitudinal
breakdown of the minimum parcels of the flow by the action of “separation” by the
point velocity vectors, which are a random quantity.

This model is important in that it shows that the mean velocity, U, is composed of
an infinite number of different components, that this velocity value is a statistical
result of all its components, and that the magnitude of the DISPERSION (Longitudinal
Coefficient of Dispersion, E) depends on the magnitude of the velocity.

E≈f U,
∂C
∂X

� �
(16)

While LONGITUDINAL DISPERSION (lengthwise) is essentially determined by
the shear effect of velocity, TRANSVERSE DIFFUSION (across width) is basically

Figure 17.
Concentration affects the tracer velocity.
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determined by turbulent mixing. This and other efforts to characterize the mixture of
solutes in turbulence aim to describe and explain the curve in time of the tracer’s
passage at a fixed point (Eulerian observer). Gathering all the knowledge, the equa-
tion of this curve has been established, according to the advection-dispersion model,
which includes the average velocity and concentration in the cross-section of the flow,
as functions of time and distance,Tl equation:

∂C
∂t

þ U
∂C
∂X

≈E
∂
2C
∂X2 (17)

The solution of which is Fick’s equation, where Xo is the distance from sudden
injection, M is the injected mass, and Ayz is the cross-section area.:

C t,Xð Þ≈ M
Ayz

ffiffiffiffiffiffiffiffi
4Et

p e�
Xo�U ∗ tð Þ2

4Et (18)

Numerous controversies have arisen regarding the shape of the bell-shaped
(Gaussian) curve of the tracer’s response, since although it maintains a bias due to the
Galilean composition of the velocity (Xo-U*t) that exists in the Neperian function,
many times the experimental bias observed is greater than expected (Abnormal bias),
and some discrepancies about the peak concentration (Figure 18).

4.3 Transient storage (TS) and aggregated dead zone (ADZ) model for tracer
evolution in flow

The TS Model has been proposed extending the classical advection-dispersion
model but has been unable to adequately describe the abnormal bias in tracer curves
[17, 18]. It assumes that there are “Storage zones” or areas that retain or trap groups of
tracer particles on the periphery of the channel, which are subsequently released,
affecting the longitudinal dispersion of the stream. The “Storage zones” are charac-
terized by a proper concentration, Cs, where the solute is homogeneously distributed,
and a volume defined by an area AS in the cross-section, while the central channel
shows a concentration, Cb, and a volume defined by an area Ab. Between the two
volumes, perimeter dead zone, and central channel, there is an exchange of particles,
as already stated, defined by “α.” They are not considered chemical reactions or non-
conservative changes in the solute (Figure 19).

The objective of the model is to calculate parameters, such as: As, Ab, α, and the
longitudinal coefficient of dispersion, E, that can reasonably describe the actual tracer
curve evolution, with its abnormal bias and peak concentration value.

Figure 18.
“Abnormal” biased tracer curve.
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An initial difficulty is that the model’s own equations (which add terms to the
classical advection-dispersion equations) must be fitted (“calibrated”) by external
software programs from data obtained from tracer experiments. This type of software
is based on a “trial and error” procedure of the “Monte Carlo” type, which gives
results with different settings, taking away the modeler’s own ability to analyze.

The “Aggregate Dead Zone” ADZ method, unlike the previous method, TS, uses
first-order differential equations that directly link the parameters of interest. Its
transport mechanism is based on conceptually separating advection from dispersion,
assigning each characteristic of these a corresponding volume. The total volume of
flow (V) is assigned to advection, and the fully mixed volume (Vm) is assigned to
dispersion, maintaining the model of net “separation” between different zones of the
channel. This model ADZ also uses computational software resources to fit the results
as the previous model.

4.4 Some dynamic and thermodynamic problems of these models: Maxwell’s
devil and null exergy for the process

In thermodynamics, “Work” is a macroscopic concept associated with the raising
or lowering of a weight, the stretching or shortening of a spring [19], or any other
means of transducing energy on a human scale, what O. Levenspiel [20] has called
“axis work.” Fortunately, when chemical imbalance is studied (which is the case of
dispersion in a flow), it can be considered thermal and mechanical equilibrium since a
fluid medium will have the same temperature and pressures, which greatly simplifies
its analytical treatment. This treatment can focus almost exclusively on the nature of
particle distributions and the conditions that determine mass transport.

As stated, while the longitudinal dispersion is essentially due to the shear rupture
in the fluid, the transverse diffusion (in Y Axis) is almost entirely due to the turbulent
mixing, which, in addition to having a Fickian nature, can be developed analytically
from an initial discontinuity of the “Dirac impulse” type (Figure 20).

Figure 19.
Dead zone storing tracer in borders.

Figure 20.
Abrupt cuts in concentration tend to smooth behavior.
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This development shows that, regardless of whether initial conditions of disconti-
nuity are imposed, as would be the case with the Dead Zones (or Storage Zones) and
the Central Zone), the dynamics should always become a soft Fickian function. Any
arbitrary cut that is made on the distribution always leads to smooth, monotonous
solutions.

A non-natural distribution with abrupt changes, such as those proposed by the TS or
ADZ model in peripheral zones, would be shown as follows (Figure 21).

This unnatural distribution would only be possible if a “Maxwell’s Demon” chooses
only the slow particles, in the discontinuation of concentration, to store them. This, of
course, would violate the 2nd Principle.

In this particular case, the only work that can be identified is that of frictional
forces, so all the energy that goes into the system is spent on heat, and therefore the
“available” energy for this spontaneous process of solvation-dissolution can be
expressed as [20, 21]:

W availableð Þ≈T ∗ΔiS≈0 (19)

So, although the conceptual basis of this method is wrong, the operational time
equations, obtained by software manipulation, are still useful in reactors and water
quality studies.

5. A new vision of advection-diffusion. The state function that describes
its evolution in turbulent flows

5.1 Nonlinear nature of molecular phenomena as a basic problem of physical
models, and a macroscopic way of studying these processes

Nonlinearity, as an inevitable fact in physical reality, has been a permanent obsta-
cle in the configuration of models of physical mechanisms [22], particularly those that
attempt to describe molecular interactions in phase changes, such as those that occur
in the formation of the tracer plume in a turbulent flow. In this process, there is a
change from the solid state of the solute to a liquid state when it mixes with water.

The practical way to handle this problem has been to expand the nonlinear NS
equation by means of numerical methods, whereas there are no general methods to
solve it. This is because in this type of differential equation, main variables cannot be
separated and cannot be identified separately [23]. This situation of “intractability”
can be lessened if the “statistical sufficiency” condition of the system is met, and it is
possible to identify and manipulate variables separately, such as thermodynamic flows
and forces.

Figure 21.
Maxwell‘s devil choosing slow particles.
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The microscopic non-predictability of the processes described by the nonlinear
differential equation (that describes Poincare trajectories that collapse), can be over-
come by a macroscopic thermodynamic analysis if the so-called “State Functions”, or
“point function”, Φ(ε1,ε2) between two concrete states, ε1 and ε2, are used, since, as
is known, despite the fact that the phenomenon is irreversible, nonlinear, (dotted
lines) the evolution of this type of functions can be calculated by reversible (full lines)
trajectories, in which the deviation from equilibrium is considered infinitesimal by
devising ideal “quasi-static” processes as shown in Figure 22 [3, 24].

ðε2
ε1
dϕ ¼ ϕ ε2ð Þ � ϕ ϵ1ð Þ (20)

This implies that, currently, although dynamic processes are “non-computable” at
the differential level, “point functions” can be computed based on their initial and
final macroscopic states. Nowadays [3], it is accepted that if temporal changes are
used for the functions involved in the change from ε1 to ε2, under conditions of local
equilibrium, it is feasible to calculate these functions on a “continuum” of time,
restoring the analytical capacity on this type of events. State function then accom-
plishes the Schwartz condition if the system is on “statistical sufficiency.”

∮dϕ tð Þ≈0 if W≪RT (21)

In this way, each pair of consecutive points of the “trajectories” is considered as the
“beginning” and “end” of the elementary processes that compose it. In this way, a
nonlinear evolution of the phenomenon can be represented by a continuous function
that resolves such evolution.

5.2 Distributions in equilibrium. Svedberg’s constant in experiments
on Brownian motion

In the first “linear” regime described in 2.2 [25, 26], thermodynamic equilibrium is
basically characterized by the “Principle of detailed equilibrium” in which it is stated
that “each identifiable physical process must be counteracted separately by its oppo-
site” and is characterized by the independence (no interaction) of events, as
established by the Poisson distribution. Such a representation is assigned to the initial
observations of Brownian motion, as is analyzed below.

At the beginning of the twentieth century, the Swedish physicist T. Svedberg, in
his investigations on the movement and distribution of colloidal particles seen under a
microscope in an ultracentrifuge machine, verified the “Brownian motion” of such
particles (Figure 23).

Figure 22.
Point function replacing nonlinear functions.
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These experiments, made on the count of colloidal particles on lattices observed
from time to time, yielded very interesting numerical data, which were summarized
statistically, in Table 1.

The observed average value of this distribution, of # particles per unit of grid and
per unit of time, <a>, is calculated as follows:

< a>≈
0 ∗ 112þ 1 ∗ 168þ 2 ∗ 130þ 3 ∗ 69þ 4 ∗ 32þ 5 ∗ 5þ 6 ∗ 1þ 7 ∗ 1

518
≈
801
518

≈1:546

(22)

This is the so-called “Svedberg number” [27], based on the distribution observed in
the first two columns, and with the probabilities of occurrence, both from the combi-
natorial calculus (binomial distribution) and from the Poisson distribution, in accor-
dance with the equilibrium (independence) assumption of the phenomenon.

5.3 Natural growth, geometric progression, and Brownian motion

For the Brownian motion, the total transport time will be described by the sum of a
convergent series determined by the following differential equation, named “logistic
curve, a nonlinear pattern with a development region and a saturation. This dynamic
corresponds to a geometric convergence scaling, as in Figure 24 [22].

Figure 23.
Svedberg in front of his equipment [26].

Number of particles, m Cases of occurrence Relative frequency Poisson’s probability

0 112 0.216 0.214

1 168 0.325 0.330

2 130 0.251 0.254

3 69 0.133 0.131

4 32 0.062 0.050

5 5 0.010 0.016

6 1 0.002 0.004

7 1 0.002 0.001

Table 1.
Experimental and theoretical results of Svedberg observations.
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Focusing only on the “development” part, in which the growth differential is
proportional to the growth itself, you can write:

dr
r
≈
ð
k ∗ f ∗ dt (23)

Where “r” is the ratio between sequential quantities related to this transport, the
solution of which is:

Ln rð Þ≈
ð
k ∗ f ∗ dt (24)

The definition of the type of function “f” that is involved depends on the phenom-
enon that is being studied, for the case of Brownian motion, that function “f” would be
a concentration of a solute, and “k” is the inverse of a remarkable time,T, we have for
this the mean value <C > of Svedberg’s experiment, but in another context.

r tð Þ≈e
1
T

ð
C tð Þ ∗ dt

≈e<C>≈e1:54≈ 1þ <C> þ <C> 2

2!
þ … þ <C> n

n!

� �
(25)

For the integral of (22), the ratio “r” corresponds to the division t/τ, where τ, as we
know, is the basic (microscopic) time of the transport process and t is the total
observation time. This solution is also identified with the “scale invariance,” hallmark
of the Neperian function, implying a geometric growth over the value 1.54.

t≈τ 1þ 1:54þ 1:542

2!
þ ::þ 1:54n

n!

� �
≈τ ∗ 4:665 (26)

The value δ ≈ 4.669 appears as a “Universal Constant” in the work of M.
Feigenbaum in 1975, [28] applying the concepts of “renormalization” that had been
successful in the interpretation of nonlinear phase changes, understood that this
technique, based strongly on the self-similarity of these phenomena, insofar as their
description at different levels is mathematically identical, could be useful to apply to
turbulence, in which there is a cascade of vortices that are included equally, one
within the other. Considering an infinite process of bifurcations (period bending) for
monomodal descriptions, strongly associated with the “logistic curve,” which
describes in a simple way the processes of growth with losses.

Feigenbaum, for this case, found a “bifurcation tree” which, a constant of geo-
metrical progression for the remarkable times, k, was coincident with that of Sved-
berg ratio:

Figure 24.
Physical “law of growth.”

129

The Svedberg Number, 1.54, as the Basis of a State Function Describing the Evolution…
DOI: http://dx.doi.org/10.5772/intechopen.1004448



δ ¼ Lim
kn � kn�1

knþ1 � kn
≈
Δk previousð Þ
Δk posteriorð Þ≈4:6692 (27)

5.4 Molecular basis of turbulence. Einstein’s mechanism and Svedberg’s constant

In his classic work on Brownian motion, A. Einstein [29] defined the sequential
motion of molecular plots that move elementary distances, Δ, in a characteristic time,
τ, in such a way that the mass transport described is in the condition of “statistical
significance,” maintaining the mean thermal energy of dynamics.

Then, a fixed Eulerian observer (blue) on the bank of a river, who measures the
diffusion of a solute, will describe that as time passes, the arrival of sequential groups
of solute molecules, each with a given concentration, n, as a function of time θn
(Figure 25).

When the observer has done all the counting of the tracer particles, and
the relationship (24) is established, it is possible to define a “diffusion velocity” such
that: [30].

vd≈
Δ

τ
(28)

This expression can be extended according to Einstein’s definition, with D as the
diffusion coefficient:

vd≈
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2D ∗ τ

p

τ
≈

ffiffiffiffiffiffi
2D
τ

r
(29)

Note that in this definition we should use not time as the general variable, “t,” but
the “characteristic time,” τ, since we are describing molecular proper motions in the
condition of “statistical significance,” which must, by definition, be shorter than the
independent variable.

5.5 The state function Φ (U,D,t) that describes the evolution of the solute in the
turbulent flow: the modified advection-diffusion equation

Since the phenomenon of dispersion depends to a large extent on the breakdown
effect generated by advection, inversely proportional to the mean velocity, U, an
evolution function, Φ (U,D,t) can be defined as follows:

Φ≈
vd
U

≈
Δ
τ

� �
U

≈

ffiffiffiffiffi
2D
τ

q

U
(30)

Figure 25.
Observer counting time arrivals of groups of tracer particles.
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This function can also be developed as shown, with σt as the temporal variance of
the Tl distribution of the tracer. Here 2.16 ≈ √δ.

Φ≈2:16 ∗
σt
tp

� �
(31)

From Eq. (30), you can find a modified version of Fick’s basic definition,
nonlinearity (16), which fulfills representing the experimental tracer curves, without
using the fallacious arguments of the TS or ADZ method:

C t,Xð Þ≈ M
Q ∗Φ ∗ t ∗ 1:16

e
� tp�tð Þ2

2 ∗0:214 ∗ Φ ∗ tð Þ2 (32)

From this equation, with the solute mass, taking the peak value of the
concentration and time, and the state function for that time, we can calculate the
flow rate, Q:

Q≈
M

Cp ∗Φ ∗ tp ∗ 1:16
(33)

Also, using the modified Fick function, but as a function not of time but of
distance, the cross-sectional area of the flow, Ayz, can be calculated with the plotter,
using a multiplier by 1000 in the denominator to fit the units.

Ayz≈
M

1000 ∗
ðx2
x1
C Xð ÞdX

(34)

That is, it can be applied to describe nonlinear phenomena, such as turbulence,
without having to solve the analytical problems associated with the NS equation. The
curve representing Φ as in Figure 26 is proportional to the curve of the thermody-
namic evolution of solute advance in Figure 16.

In the dispersion stage, both solute ions and solvent (water) molecules are mixed
in flow, and distributed in ever-increasing volumes, until when Φ ≈ 0.38, condition of
“complete mixing” (homogeneous distribution of the tracer in the cross-section of the
flow), when the velocity of the ions is almost that of the flow itself, according to
Figure 17.

This is important because it allows you to have an analytical function that describes
turbulence, without resorting to NS-type functions.

Figure 26.
State function curve as behavior curve.
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A practical definition of the state function, which is useful for calculations in the
turbulence stage is as follows, with “M” the mass of the tracer, “Q” the discharge, “tp” is
the peak time of solute distribution, and “γ” a constant that depends on the type of solute:

Φ≈
M

Q ∗ γ ∗ 1:16
∗

1ffiffiffiffiffi
tp3

p (35)

Also, it is valid the following equation:

Cp≈γ ∗ tp�
2
3 (36)

Using these equations, we can write the following equation:

Φ≈
M

Q ∗ γ3=2 ∗ 1:16
∗

ffiffiffiffiffiffi
Cp2

p
(37)

This result is coincident with the well-known behavior of ejected exothermal heat
of solute in Figure 16.

On the other hand, one can, of course, equate the one-dimensional CM definitions
(8) with Newtonian interactions, and the relation from Φ with Van-der Waals (elec-
trical) dispersal interactions.

R
2
3

n
∗
ffiffiffi
S

p
≈
1
Φ

∗
ffiffiffiffiffiffi
2D
τ

r
(38)

From this relationship, it is possible to establish the hydraulic variance as a func-
tion of the dispersive variance, and also calculate both hydraulic and dispersive mag-
nitudes knowing values of Φ. This paves the way for the measurement of large
streams, which is impossible to do with the state of the art.

σ hydraulicð Þ≈f σ dispersiveð Þð Þ (39)

In this way, the state function allows you to look precisely into the dynamics of
turbulent flow, insofar as it can be calculated, U, Q , Ayz, y D, which is facilitated by
the “Dynamic Equilibrium” condition of the channel, which presents large volumes in
the condition of “Coarse grained” with nonlinear “patches,” which can be represented
by σu (Figure 27).

Figure 27.
State function allows large river measurements.
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6. Power function from the state function, which describes the ratio of
notable numbers in dispersion and turbulence

It is interesting to see how the notable Feigenbaum numbers and the Golden
Number are distributed in a certain order with respect to dispersion and turbulence,
as power function of Φ (k) (Figure 28).

This arrangement can be interpreted in that once dispersion begins, a relationship
is established between the characteristic time, τ, and the general time, tp (by means of
δ). Then, the relative, sequential vigor of the fluctuations is determined by the con-
stant α. Finally, the rotational dynamics of the turbulence are established by the
Golden Number, ψ, which establishes the vortices by Fibonacci scaling [31, 32].

7. Conclusions

1.The physical model analyzed here shows that turbulence, for practical purposes,
can be looked at from a different point of view than the reductionist scheme of
nonlinear partial differential eqs. (NS).

2.Tracers are fluorescent marker salts, which, when dissolved in natural flows,
allow the characterization of heterogeneous movements of water, since these
movements are the same as those of the solute molecules.

3.The great fluidity of water means that the usually “violent” movements of
turbulence can be encased in the “linear” region of irreversible
thermodynamics, where the “forces” (gradients) and the “flows” (rates of mass
transport) are proportional, and the condition of “statistical sufficiency” is
maintained, thanks to the fact that the “activation energy,” ΔW, is much less
than thermal energy, RT.

Figure 28.
Power function of Φ(k) [31].
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4.It is shown how the use of “thermodynamic potentials,” in this case, a function of
state, Φ, which is proportional to the enthalpies put into play, of “solvation”
(when injecting the tracer), and of “dilution” as this cloud evolves, it is possible
to obviate the difficult application of the NS equation, to obtain useful data in
natural channels that are in “Dynamic equilibrium”.

5. In the definition of Φ, the “Svedberg constant,” a ≈ 1.54, which is the fractal
hallmark of diffusive, Brownian, processes, plays an important role, allowing the
calculation of the main variables in all types of channels.

6.In this paper, it is shown that the state function is proportional to square root of
concentration, √C, as is expected from classical thermodynamics of solute
evolution in flow.

7.It is possible to establish a power function that encompasses a sequence of the
remarkable numbers that govern the fractal nature of turbulence.

Acronyms list

NS navier-stokes
Re reynolds number
Rec critical reynolds number
Pr prandtl
CM chezy-manning
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