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Abstract: Globally, industry remains one of the main consumers of fossil fuels; hence, it is one of
the prime sources of greenhouse gases (GHG). Exergy analysis methods can be applied to detect the
processes inefficiencies. To enhance the interconnection of the exergy and the environment theories,
renewable share and exergy efficiency are suggested, in a contribution to sustainability. Exergy
analysis is proposed and lifted to study the industrial sector. Even though exergy analysis has been
applied to study societies, few studies have been conducted to study emerging-market economies.
In 2015, Mexico’s crude oil production was the 12th biggest worldwide, therefore fossil fuels are
still the main source to produce energy for the domestic and productive sectors of the Mexican
society. Consequently, a prospective study case in Mexico is suggested. The industrial sectorial
exergy consumption amounts 1350 PJ in 2000, increasing to 1591 PJ in 2015. Both energy and exergy
efficiencies show similar results along the 16 years, with average energy and exergy efficiencies of
78% and 23%, respectively. In comparison with results of similar studies, Mexican exergy efficiency
falls within the ranges, yet below the average of 48%. Thus, poor efficiency is still occurring in the
sector. Our proposal could provide significant opportunities to become a more sustainable sector,
based on the exergetic renewable share and the exergy efficiency.
Keywords: climate change; energy; exergy analysis; greenhouse gases; industrial sector; Mexico;
exergetic renewable share; sustainability

1. Introduction
Nowadays, the rates of worldwide economic development indicate that increased energy demand
at all sectoral levels may represent a threat to the achievement of global reduction objectives for 2050 [1].
The industrial sector plays a key role in terms of energy use and air emissions. Characterized by easy
dispersion, persistence over time and historic load, industrial atmospheric pollution from fossil fuels
is the third largest source of global warming [2]. The growing consumption trends of the industrial
sector, which remains the main source of energy worldwide, and rising concerns in terms of energy
supply security make the prevention of the consumption of fossil fuels extremely relevant [3]. Since the
early 1970s, environmental assessment and tools derived from it have been developed to decrease
the danger of industrial activities. Conventional environmental impact evaluation methodologies,
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however, have shown relative effectiveness. In addition, several environmental measures have been
implemented since the 1990s.
In parallel, after the 1973 oil embargo, the first studies of exergy were developed focusing on
energy savings when governmental agencies of industrialized countries were forced to study exergy in
a deeper way [4]. Exergy can be used to detect the inefficiencies of a process by locating the degradation
of energy. Availability or exergy was defined by Reistad as “the thermodynamic property that measures
the potential of a system to do work when restricted by the inevitable surroundings and Po (dead
state temperature and pressure)” [5]. Recently, Boroumandjazi defines exergy as “the maximum
amount of work that can be produced by a system or a flow of matter or energy in equilibrium with
its surroundings” [6]. Since the late 1970s, towards the late 1990s, researchers such as Rosen, Dincer
and others, have been working in the field of exergy accounting and exergy societies [7,8]. In parallel,
exergy analysis was also studied regarding the environment and sustainability [8–10].
In 2007, Sciubba summarized the evolution of exergy [11] since the first theoretical developments
of Reistad [5], as a concept to resource accounting [7,12], energy conservations [13], efficiency
improvements in industrial equipment or power cycles and its components [14], environmental
applications [8,15,16], complex systems analysis [17,18], sectors and extended exergy analysis in
societies or countries [19–23], mainly including conversion, transportation, residential and agricultural
sectors [24,25]. The available evidence seems to suggest that exergy efficiencies are more suitable to
evaluate systems and detect areas in need of improvement, even those on a large scale such as the
economic sectors of a country or an entire society. Gong established that “to improve energy and
material conversion processes, the exergy concept should be applied. Thus, exergy and exergy analysis
are necessary tools to create and maintain a sustainable or rather a vital society” [26]. Researchers also
claim that exergy brings opportunities in decision-making to increase energy efficiency [18] and energy
conservation [27]. Exergy analysis has been developed in the industry covering three fundamental
categorizations: by sector, by type of industry and by equipment.
Qualitative research has been conducted in the field of exergy to study the industrial sector [6,12,28–37],
but there have been few studies in developing countries or emerging economies. According to
the World Bank, to pay attention to the economical–social–environmental challenges of the future,
the upper-middle income countries need to be assessed deeply. In the case of Mexico, exergy analyses
are scarce, mainly by its economic or social sectors [38–41]. Energy analysis has been widely used by
the academics and Mexican government agencies. However, it needs to be employed with care due
its limitations as criteria to assess energy-related projects. Thus, Hammond [42] has argued that it
is important to employ exergy analysis based as a complement to the existing methods to develop
official reports and environmental and energetic strategies. Little is known about the Mexican society
and its industrial sector despite its relevance due to its growing market and its strategic geographic
location in between North and South America. The aim of this work is to explore the energy and exergy
consumption rates as well as the changes of the efficiency of energy (η) and exergy (ψ) utilization of the
industrial sector to detect areas in need of improvement. Additionally, exergetic renewable share and
exergy efficiency are computed and then proposed as sustainability indicators with the goal to enhance
the interconnection of the exergy concept with environmental issues. A study case was performed
over the period from 2000 to 2015 over the industrial sector energy consumption data, thus addressing
the gap about the Mexican Industrial Sector (MIS). These improvements could potentially provide
significant opportunities for energy savings, withstand by the exergetic renewable share and exergy
efficiency, and, in this manner, determine to what extent the resource supply is renewable, and, in effect,
more sustainable.
2. Methodology
This section describes the useful exergy analysis accounting methodology applied to develop
an energy and exergy analysis of the industrial sector. A case study in Mexico, over the period from
2000 to 2015, was developed. The necessary statistical data have been taken from the Mexican official
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reports of SENER (National Minister of Energy) from 2010 to 2015. To complete the research data,
statistics from IEA (International Energy Agency) website were analyzed. Total final consumptions of
energy and exergy were analyzed. The thermodynamic energy and exergy efficiencies of the industrial
sector were computed. Besides, the exergetic renewable share was analyzed, and proposed jointly
with the exergy efficiency as indicators of sustainability. Finally, a comparison with other countries
was established.
In some respects, the current work is analogous to the energy and exergy analysis to assess the
energy utilization efficiency in the Turkish industrial sector performed by Utlu in 2007 as a part of a
newer study based on the approach of Reistad in 1975 and the previous work of Rosen in Canada in
1992. This energy strategy for Canada and Turkey had a great influence on energy planning elsewhere
in the industrialized world. This study draws on research conducted by Rosen [24] and Utlu [28].
A proposal to update the exergy analysis method applied to the industrial sector was completed, thus
process heating temperatures, electricity and fossil fuels efficiencies were modified, in the assessment
of energy and exergy efficiencies.
2.1. Theoretical Background
Previously, scholars have been studying exergetic techniques on a large-scale. Dincer [43]
evaluated the energy consumption of the industrial sector in Turkey to increase its efficiency based
on exergetic analyses. To formulate an exergy balance of a non-constant flow system (similar to mass
or energy balances), a common scenario requires establishing a control volume as well as a reference
environment; it is usually established through a temperature T0 = 25 ◦ C and a P0 = 1 atm. [44]. The flow
of exergy entering in a system can be best described as the sum of the totality of their exergies (physical,
chemical, potential, kinetic and nuclear exergies) [45]:
Exergy (kJ/kg) = Exergy Physical + ExergyChemical + ExergyKinetic + Exergy Dynamic + Exergy Nuclear (1)
If the components linked to the potential, kinetic and thermodynamic exergy are equal to zero in
the system, then Equation (1) can be simplified as:
Exergy (kJ/kg) ∼
= ExergyChemical

(2)

If a reversible process is carried out, then the exergy is conserved, otherwise, in an irreversible
process, the exergy is always lost or degraded. It can be expressed as the subtraction between the
exergy input and the exergy output from the whole system. Therefore, the general equation of the
exergy balance is then expressed as:

∑ Exergy ouput − ∑ Exergy input = ∑ Exergy loss

(3)

In large-scale exergy analyses, the flows of energy mainly include fossil fuels operating at standard
conditions of temperature and pressure (25 ◦ C and 1 atm., respectively). The specific chemical exergy
of fuels in reference conditions of temperature and pressure (T0 and P0 ) are usually close or equal to
its high heating value (HHV). Therefore, the physical exergy for these flows equals zero. Accordingly,
if the total exergy consists of physical and chemical exergies, it is reduced to only the chemical exergy
values (Equation (4)).
Exergy (kJ/kg) + ExergyChemical ∼
(4)
= HHV
Examples of the most common values are shown in Table 1 [28,45]. To acquire the values for the
Mexican mixture of crude oil, a combination of 50%/50% (by volume) was considered [46]. Then,
the quality factors to convert energy to exergy values are determined by Equation (5).
γ=

ExergyChemical
HHV

(5)
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Table 1. Properties of the most common energy sources * (adapted from Utlu and Rosen [24,28]).
Energy Carrier

High Heating Value (HHV)

Chemical Exergy

(kJ/kg)

(kJ/kg)

Quality Factor
(Dimensional) γ

32,733
47,849
47,405
55,448
42,414
45,460
3600.6

34,090
47,394
47,101
51,702
44,800
45,005
3600.6

1.04
0.99
0.99
0.93
0.94
0.99
1.00

Coal
Gasoline
Fuel Oil
Natural Gas
Crude oil (Mexican Mixture)
LPG
Electricity

* The reference environmental conditions are: Temperature = 25 ◦ C; pressure = 1 atm.

2.2. Computation of the Thermodynamic Efficiencies: Energy (η) and Exergy (ψ)
Previous studies applied different equations to obtain thermodynamic efficiencies to evaluate
the control volume [4,15,47,48]. Energy and exergy heating efficiencies derive from the first and
second laws of thermodynamics, respectively. Electric and fossil fuel heating processes were chosen to
generate products heat Qp at a Tp (constant temperature) either from electrical energy We or fuel mass
mf . Then, the efficiencies for electrical and fuel heating are [49]:
ψ

T

(6)

ψ

T

(7)

e,h=[(1− T0p ) ηe,h ]

f ,h=[(1− T0p ) η f ,h ]

where T0 = 298 K, Low Tp = 315 K, Medium Tp = 414 K and High Tp = 859 K. Then, to compute the
electric heating efficiencies, the following equations were applied:
ψe,h = Ex Qp /ExWe

(8)

ψ

(9)

T

e,h=[(1− T0p ) Q p ]/We

Similarly, to compute the fossil fuels heating efficiencies, the following equations were applied:
ψ f ,h = Ex Qp /m f ψ f
ψ

T

f ,h=[(1− T0p ) Q p ]/(m f γ f H f )

(10)
(11)

The diversity and complexity characteristics of the industrial sector make the assessment of the
accurate conditions of each process (temperature, pressure, thermodynamic properties, etc.) nearly
unmanageable. In this paper, we propose to apply some differences to process heating temperatures,
and electricity and fossil fuels efficiencies, according to the up-to-date conditions of the industrial
sector. Essentially, the changes applied to Table 2 were the following: increasing Mean Tp by all sectors;
raising the high range Electrical Heating η (%) from 70 to 75 and increasing the three ranges of Fuel
Heating efficiencies (%) to 70, 85 and 100 [42]. To compute the energy and exergy efficiencies shown in
Table 3, an extensive investigation was developed to find wider criteria and data of industrial end-use
heating temperatures from different manufacturing activities [50–53]. We utilized the data from Table 2
and the quality factors from Table 1.
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Table 2. Data heating processes for industrial activities, adapted from Utlu [28].
Process Heating Data (Tp Range, Energy and Exergy Efficiencies)

Breakdown of Energy and Exergy Efficiencies for Each Tp Category
Electrical Heating

Industrial Subsectors

Iron-Steel

Chemical

Cement

Sugar
Mining and non-iron
metals
Other manufacturing

Fuel Heating

Manufacturing Operation
Applications

Tp Range

Mean Tp (◦ C)

Electricity (%)

Fuel (%)

η e,h (%)

ψe,h (%)

η f,h (%)

ψf,h (%)

Coking
Calcining
Smelting & metal melting
Driying
Other heating
Fluid heating
Pre-heating
Calcining
Sintering
Mingling-centrifuging
Filtering
Evaporation
Crushing
Grinding
Separation; tickening; refining
Pre-heating
Fluid Heating
Other heating

Low
Med
High
Low
Med
High
Low
Med
High
Low
Med
High
Low
Med
High
Low
Med
High

190
300
1650
60
300
600
60
500
1500
65
315
400
60
150
500
60
460
600

4.2
0
95.8
62.5
37.5
0
91.7
0
8.3
100
0
0
10
9.4
80.4
10.6
89.4
0.1

0
0
100
0
100
0
0.9
9.0
90.1
59.0
9.0
32.0
13.8
22.6
63.6
13.8
86.2
0.1

100
90
75
100
90
75
100
90
75
100
90
75
100
90
75
100
90
75

6.3
53.4
5.4
25.2
42.8
5.4
25.2
45.7
16.3
44.4
39.0
10.8
23.8
39.1
9.7
23.8
39.0

100
85
70
100
85
70
100
85
70
100
85
70
100
85
70
100
85
70

4.1
38.1
3.5
16.8
30.6
3.5
16.8
32.7
10.6
29.6
27.9
7.0
15.9
27.9
6.3
15.9
27.9
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Table 3. MIS thermodynamic efficiency results, energy (η) and exergy (ψ), 2000–2015.
Process Heating Data (Tp Range, Energy and Exergy
Efficiencies)
Industrial
Subsectors
Iron-Steel

Chemical

Cement

Sugar
Mining and
non-iron metals
Other
manufacturing

Manufac-Turing
Operation Applications
Coking
Calcining
Smelting and metal melting
Driying
Other heating
Fluid heating
Pre-heating
Calcining
Sintering
Mingling; centrifuging
Filtering
Evaporation
Crushing
Grinding
Separation; refining, etc.
Pre-heating

Breakdown of Energy and Exergy
Efficiencies for Each Tp Category
Electrical Heating
Fuel Heating
η f,h
ψf,h
η e,h
ψe,h
(%)
(%)
100
6.3
100
4.1
90
85
75
53.4
70
38.1
100
5.4
100
3.5
90
25.2
85
16.8
75
42.8
70
30.6
100
5.4
100
3.5
90
25.2
85
16.8
75
45.7
70
32.7
100
16.3
100
10.6
90
44.4
85
29.6
75
39.0
70
27.9
100
10.8
100
7.0
90
23.8
85
15.9
75
39.1
70
27.9
100
9.7
100
6.3

190
300
1650
60
300
600
60
500
1500
65
315
400
60
150
500
60

Electricity
(%)
4.2
0
95.8
62.5
37.5
0.0
91.7
0
8.3
100
0
0
10.0
9.4
80.4
10.6

Fuel
(%)
0
0
100
0
100
0
0.9
9.0
90.1
59.0
9.0
32.0
13.8
22.6
63.6
13.8

Med

460

89.4

86.2

90

23.8

85

15.9

High

600

0.1

0.1

75

39.0

70

27.9

Tp Range

Mean Tp (◦ C)

Low
Med
High
Low
Med
High
Low
Med
High
Low
Med
High
Low
Med
High
Low

Fluid Heating
Other heating

Energy-Exergy
Efficiencies
Electrical Heating
η e,h
ψe,h
(%)

Energy-Exergy
Efficiencies
Fuel Heating
η f,h
ψf,h
(%)

75.3

51.4

70

38.1

62.8

3.4

85

16.8

97.0

8.7

71.6

31

93.8

16.3

89.1

17.8

70.3

32.5

77.5

22.3

10.7

1.1

87.1

14.6
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Process heating operations are the source of thermal energy to transform materials such as
metal, plastic, rubber, limestone, etc., into a wide variety of industrial products. Process heating
operations are mainly utilized to raise or maintain the temperature of substances involved in the
manufacturing process. Industrial heating processes include drying, heat-treating, calcining, smelting,
etc. Examples of process heating systems include furnaces, ovens, dryers, heaters, and kilns. Process
heating accounts for nearly 70% of all the process energy (energy applied to convert material into
manufactured products) used in the U.S. manufacturing sector [50]. Figure 1 shows that the MIS
manufacturing process energy (fuel and electricity used on site at industrial facilities) rounded to
1601 PJ in 2015 with an estimated value of 75% energy sources used just for process heating. Values for
U.S. Manufacturing in 2010 rounds to 70% of energy used for process heating, and those of Turkey in
Sustainability 2018, 10, 153
7 of 19
2003 were 78% [28,50].

Figure1.1.MIS
MISexergy
exergyconsumption
consumptionrates,
rates,2000–2015.
2000–2015.
Figure

This work subdivides energy for process heating technologies based on the type of fuel
This work subdivides energy for process heating technologies based on the type of fuel consumed
consumed into two categories: fossil fuel and electric systems. Starting from the database of the
into two categories: fossil fuel and electric systems. Starting from the database of the processes,
processes, electrical heating, fuel heating, and heating efficiencies were computed (Table 2). The
electrical heating, fuel heating, and heating efficiencies were computed (Table 2). The energetic and
energetic and exergetic efficiencies were calculated by Equations (5) and (6). Comparing the electrical
exergetic efficiencies were calculated by Equations (5) and (6). Comparing the electrical and heating
and heating efficiencies to those of fossil fuels, previous studies stated that the electrical efficiencies
efficiencies to those of fossil fuels, previous studies stated that the electrical efficiencies are mostly
are mostly higher. Consequently, their process heating values are the highest (100-90-70 for Highhigher. Consequently, their process heating values are the highest (100-90-70 for High-Med-Low
Med-Low heating). To handle and analyze the performance of industrial activities based on the first
heating). To handle and analyze the performance of industrial activities based on the first and second
and second laws of thermodynamics correctly, previous researchers have established approaches
laws of thermodynamics correctly, previous researchers have established approaches specifically
specifically designed for these scenarios [6]. The following restrictions were established to simplify
designed for these scenarios [6]. The following restrictions were established to simplify the scope of
the scope of this study:
this study:
(1) Only the heating and mechanical sub-processes inside the facilities were considered once they
(1) Only
heating
mechanical
were the
around
95%and
of the
industrialsub-processes
energy uses. inside the facilities were considered once they
95% of
theelectricity
industrialwere
energy
uses.
(2) were
Sincearound
fossil fuels
and
considered
the sources with highest consumption rates
(2) Since
fossil
fuels
and
electricity
were
considered
sources
with highest
consumption
inside the industrial plants (97.65% in MIS, 2015)the
[54],
they were
employed
as the two rates
main
inside
the
industrial
plants
(97.65%
in
MIS,
2015)
[54],
they
were
employed
as
the
two
main
sources of energy carriers. In accordance with Utlu’s methodology [28], standard reference
sources
of conditions
energy carriers.
In accordance
with were
Utlu’sdivided
methodology
[28],
standard
reference
operation
of the industrial
activities
into three
different
categories
of
operation
conditions
the industrial
activities
divided
into three different
categories
of
Temperature
Heatingof(TH)
in terms of
heating were
processes
temperatures
(Low (LTH),
Medium
Temperature
Heating
(TH)toinbeterms
of heating
temperatures
(Lowand
(LTH),
Medium
(MTH), and High
(HTH))
assessed.
Table 2processes
summarizes
the conditions
computing
of
(MTH),
and
High
(HTH))
to
be
assessed.
Table
2
summarizes
the
conditions
and
computing
of
the main methodological steps.
the main methodological steps.
2.3. Computation of the Exergetic Renewable Share (ERS)
Once the exergetic renewable share is proposed as a sustainability indicator, it could be defined
by means of the ratio of the renewable sources of the exergy fraction divided by the total amount of
exergy consumed by the system, expressed in terms of percent [26]. According to Gong and Wall [55],
both exergy efficiency and exergetic renewable share can be considered indicators of the
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2.3. Computation of the Exergetic Renewable Share (ERS)
Once the exergetic renewable share is proposed as a sustainability indicator, it could be defined
by means of the ratio of the renewable sources of the exergy fraction divided by the total amount of
exergy consumed by the system, expressed in terms of percent [26]. According to Gong and Wall [55],
both exergy efficiency and exergetic renewable share can be considered indicators of the sustainability
of a system. Since they embody a relation of energy consumption or exergy in comparable units (PJ,
kTOE, etc.), they are therefore dimensionally expressed in terms of the percentage (%). Gong defines
the renewable fraction as “the fraction of resources that has a source of renewable energy among the
total resources consumed in the system”. The development of exergy based indicators shows a relevant
role in search of sustainable societies [56]. Agreeing with Dincer, Rosen, Haselli, et al., our proposal
in this paper is based on the approach that, once exergy efficiency tends to increase, environmental
impacts (air emissions) conversely decrease, and thereafter sustainability will increase [8,10,16,57–59].
One of the reasons behind the computation and comparison of the exergetic renewable share with
the exergy efficiency in our study case was to observe their performance. While searching for the
renewable share analysis of the MIS, due to the lack of reliable data sources, the previously quoted five
SENER reports’ databases were analyzed to be consistent with the computed overall exergy efficiencies.
3. Study Case
3.1. Mexico, Economic, Energetic and Environmental Issues of the Industrial Sector
Mexico is a developing country, with a population of around 126 million inhabitants in 2015,
living in nearly 2,300,000 km2 [60]. Its economy is the second largest in Latin America and the
15th largest in the world. Since 1994, it belongs to the Organization for Economic Co-operation and
Development (OECD) and the North American Free Trade Agreement (NAFTA). The positive effect of
these two keystones allows a constant economic growth [61]. Between 2000 to 2014, the MIS averaged
35% of Mexico’s GDP. In terms of oil power, in 2015, Mexico was the world’s tenth major producer of
oil and holds approximately 11.1 billion barrels of oil reserves. Mexico remains as one of the ten nonOrganization of Petroleum Exporting Countries (non-OPEC) major producers of oil, and has been for
the last four decades [62,63].
Consequently, it is one of 20 countries with the highest global index of GHG production [64],
since fossil fuels are still the major source of energy production for the domestic and productive
sectors of the Mexican society. According to the energy ministry (SENER), the industrial sector
is the second-largest consumer of energy, preceded only by the transportation and followed by
the residential–commercial and agricultural sectors. In 2015, the MIS reached 32% of the total
national consumption, a growth of 3.3% with respect to the previous year. Nearly 50% of the total
consumption corresponds to the manufacturing industry. However, its environmental problems are
also increasing [65]. Several studies report that the eco-performance of the MIS is unsatisfactory with
limited and unrealistic goals and policies [66]. In terms of CO2 generation, at sectorial level, MIS was
the third bigger contributor, preceded just by the Conversion (35.1%) and Transportation (34%) sectors
in 2015. These sectors account for nearly 90% of the total amount of CO2 generation in Mexico [67].
There are ten main industrial and commercial corridors, where the highest polluting sources are
located [68].
The Mexican government committed itself through the Special Climate Change Plan (PECC) to
a goal of 50% reduction in the total emissions of CO2 by 2050. The industrial sector is a key player
to achieve the goal to reduce 202 of the country 973 Mt CO2 eq by 2030 [69]. To solve this problem,
it is essential to contribute to and improve the evaluation and reduction of GHG production of the
MIS. Therefore, the relationship between the consumption of fossil fuels to produce energy and
the generation of GHG requires the evolution of environmental and energetic policies concerning a
strategic economic player such as the industry.
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3.2. Data Source
According to International Energy Agency (IEA) reports, data from Mexico are available from
1971 onwards, although the Mexican authorities submitted data to IEA for the first time in 1992.
Since then, they are frequently reviewed and projected for the previous years [70]. Therefore, statistics
were selected from Mexican official reports [54,69,71–73], even though reliable statistics between 1990
and 2000 are hard to find, and tend to be inaccurate [74–76]. Due to the lack of reliability, a more
trustworthy dataset was selected for the period from 2000 to 2015. However, some breaks in the time
series may occur and the values of SENER compared with those of IEA may differ significantly. Then,
in this study, databases from SENER were analyzed once they reflected the whole sector and all the
sub-activities for the sixteen-year gap. Considering their patterns of consumption and their relevance
for the industry in economic and social development, five of the main branches selected in the study
are high energy-intensive industries (HEII) consumers. They encompass around 38% of the MIS in
2015 [54]. Figure 2 describes the Mexican Society Sectors, their whole interactions and the breakdown
of
the industrial
activities
(shaded components) reviewed in this paper.
Sustainability
2018, 10,
153
9 of 19

Figure 2.
2. Mexican
Mexican Society
Society Sectors,
Sectors, 2015.
2015.
Figure

The remaining industrial subsectors (contained within the other manufacturing activity) include
The remaining industrial subsectors (contained within the other manufacturing activity) include
nine types of manufacturing: glass manufacturing, pulp and paper, alcoholic and non-alcoholic
nine types of manufacturing: glass manufacturing, pulp and paper, alcoholic and non-alcoholic
beverages, automotive, etc. [75].
beverages, automotive, etc. [75].
4. Results
Results
4.
4.1. Mexican
Mexican Industrial
Industrial Sector
Sector (MIS)
(MIS) Exergy
Exergy Consumption
Consumption
4.1.
Figure 11shows
shows
results
of exergy
input consumption
(PJ)period
for the
period
study
Figure
thethe
results
of exergy
input consumption
(PJ) for the
under
studyunder
considering
considering
fossil
fuels
and
electricity
as
the
two
main
sources
of
energy.
Consumption
of
exergy
fossil fuels and electricity as the two main sources of energy. Consumption of exergy during the whole
during shows
the whole
period increasing
shows a general
increasing
pattern,
PJ in
to 1591
in 2015.
period
a general
pattern,
from 1350
PJ in from
2000 1350
to 1591
PJ 2000
in 2015.
By PJ
subsector,
By
subsector,
the
same
increasing
trend
was
depicted,
except
for
the
sugar
subsector
with
an
extreme
the same increasing trend was depicted, except for the sugar subsector with an extreme decrease of
decrease
of 86%consumption.
of exergy consumption.
trend to
is similar
to the
energy consumption
by
86%
of exergy
This trendThis
is similar
the energy
consumption
reported reported
by SENER,
SENER,
since
they
keep proportion
a direct proportion
of theinputs
energyand
inputs
and the factors
qualityexpressed
factors expressed
since
they
keep
a direct
of the energy
the quality
in Tablein
1.
Table
1.
Regarding
its
historical
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other side, exergy efficiencies ψ shows lower results, from 11.08% to 38.59% and an overall average
of 22.78%. Once the values of η and ψ efficiencies were computed, the results displayed steady and
similar trends of increasing or decreasing along the 16-year spam. Individually, the sugar industry
portrayed the biggest η (90.4% overall) and the iron and steel industry the biggest ψ (39.02% overall).
In these results, it highlights that according to SENER reports [54,71], the iron and steel industry
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On the other side, exergy efficiencies ψ shows lower results, from 11.08% to 38.59% and an overall
average of 22.78%. Once the values of η and ψ efficiencies were computed, the results displayed steady
and similar trends of increasing or decreasing along the 16-year spam. Individually, the sugar industry
portrayed the biggest η (90.4% overall) and the iron and steel industry the biggest ψ (39.02% overall).
In these results, it highlights that according to SENER reports [54,71], the iron and steel industry shows
the highest ψ due the employment of electric arc furnaces. In contrast, and the sugar sector displays
the major η essentially due the usage of cane bagasse as an alternate fuel (a renewable source).
4.3. Mexican Industrial Sector (MIS) Exergetic Renewable Share (ERS)
During the period of study, the consumption trend of renewable sources of energy in Mexico
shows a remarkable 40% decrease during the 16-year span. The trend decreases from 62 PJ in 2000
to 37.4 PJ in 2015. The main source was biofuels and waste, primarily provided by the industry of
sugar as cane bagasse. In addition, this subsector was the major consumer of cane bagasse once it was
an important by-product of its own manufacturing processes. Table 4 depicts the decreasing trend
during the whole span with an interesting 48% exergetic renewable share decrease during the period
of 16 years. The final consumption by the industrial sector of solar and geothermal energy accounts for
just 0.46 PJ in 2015, a number that reflects how hard the Mexican industry needs to work to improve
its renewable share. The final consumption as a country for all sectors accounts for a small 9 PJ in 2015.
Table 4. MIS evolution of the exergetic renewable share, from 2000 to 2015.
Time
(Years)

Exergetic Ren. Resources
MIS (PsJ) (Average)

Exergetic Ren.
Share (%)

Time
(Years)

Exergetic Ren. Resources
MIS (PJ) (Average)

Exergetic Ren.
Share (%)

2000
2001
2002
2003
2004
2005
2006
2007

62.0
72.2
70.4
57.1
56.9
69.9
62.3
64.0

4.6
5.9
5.6
4.5
4.3
5.2
4.3
4.5

2008
2009
2010
2011
2012
2013
2014
2015

63.8
54.3
50.6
45.7
44.9
64.8
38.8
37.4

4.5
4.2
3.6
3.0
3.0
4.1
2.5
2.4

5. Discussion
5.1. Approach to Update the Exergy Analysis Method Applied to the Industrial Sector: Case Study Application
In this paper, we propose to apply some differences to process heating temperatures and
efficiencies according to the up-to-date conditions of the industrial sector. Essentially, we focused
our attention on Table 2, modifying process heating data: increasing Mean Tp by all sectors except
sugar; raising the high range electrical heating η from 70% to 75%; and growing the three ranges
of fuel heating η, from 70%, 85% and 100%. After testing changes to observe their influence on the
computing of energy and exergy efficiencies, results show a slight increasing tendency. It is interesting
to note that, even though several authors have studied societal sectors, few of them (Rosen, Utlu,
and Bouromandjadzi [6,28,29,77]) have shown details of their methodological steps to developed
exergy analysis to the industrial sector, and dissected the complete sector by subsectors.
Contrasting our results computed and shown in Table 3 with those of Utlu in 2007, highlights
the influence of the proposed modifications (to the processes heating temperature and the electrical
and fossil fuels heating efficiencies to compute the overall energy efficiency), resulting in an overall
10% to 20% energy efficiencies, higher than Utlus’s results. The main trend among both efficiencies
is generally similar for both studies. In 2013, Boroumandjazi quoted values between 12.95% and
18.52% for mining (and quarrying), compared to 25.69% and 28.61% for the MIS. He also refers to
Iranian industrial sector results of around 63% and 42% for both efficiencies, contrasting with 78% and
23% for the MIS. Rosen summarizes just a few of them, referring to values for both efficiencies in the
overall industrial sector (51% and 30%) as well as for iron and steel (52% and 27%), chemical (57% and
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consumption of the MIS results during the analyzed 16-year period (18.6% by the MIS and 10.2% for
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Figure 3. SIM average values of thermodynamic efficiencies, 2000–2015: (A) SIM Total; (B) Iron and
Figure 3. SIM average values of thermodynamic efficiencies, 2000–2015: (A) SIM Total; (B) Iron and
Steel; (C) Cement; (D) Chemicals; (E) Sugars; (F) Mining of non-metallic minerals; and (G) Other
Steel; (C) Cement; (D) Chemicals; (E) Sugars; (F) Mining of non-metallic minerals; and (G) Other
manufacturing. (a): Energy efficiency (ɳ); (b)Exergy efficiency (ψ).
manufacturing. (a): Energy efficiency (η); (b)Exergy efficiency (ψ).
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To observe the MIS performance in terms of energy inputs, differences were detected in terms of
increasing or decreasing values of energy or exergy efficiencies during the 16-year span, comparing
the extreme years (2000 vs. 2015). In summary, we can claim that we observe remarkable differences
for both efficiencies. In terms of energy, we can observe that the overall value for the MIS decreases
0.35%. Contrarily, we detected decreasing consumptions in the remaining five of the six subsectors
with results no bigger than 1.5%. To summarize, both efficiencies behave similarly, with constant
trends of increasing and decreasing peaks generally no bigger than 2% or 3% (exceptionally, 4%) along
the entire 16-year span. Consequently, areas in need of improvement were detected to confirm one of
the main goals of this research.
We consider there are different reasons behind this behavior: technological improvement,
raw materials, good environmental practices, and, mainly, the type of fuel [24]. In summary,
the most noteworthy differences between energy and exergy efficiencies are mainly attributable
to heating processes. High heating efficiencies must be used to bring high end-use demands; however,
the opposite occurs. It suggests areas in need of improvement for most of the subsectors. Consequently,
Sustainability 2018, 10, 153
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the overall exergy efficiency of the sugar subsector is significantly lower (17.6) than the overall energy
efficiency (67.31).
5.3. Mexican Industrial Sector (MIS): Thermodynamic Efficiencies Comparison to Detect Areas in Need of
Improvement
5.3. Mexican Industrial Sector (MIS): Thermodynamic Efficiencies Comparison to Detect Areas in Need
of Improvement
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Essentially, for the analyzed 16 years, the sugar industry seems to perform best based on its
Essentially, for the analyzed 16 years, the sugar industry seems to perform best based on its
highest overall energy efficiency (70.9%) but its corresponding exergy-based performance is the lowest
highest overall energy efficiency (70.9%) but its corresponding exergy-based performance is the
lowest (17.4%), and its difference for improvement is the largest of the sector (49.7%). A similar
analysis of the iron and steel subsector confirms the previous claim. For the 16 years analyzed, it
seems to perform best based on overall energy efficiency (72.6%); its overall exergy-based
performance is the highest (33.9%) of the MIS; and its difference for improvement is the lowest of the
whole sector (12.9%). These exergy losses or irreversibilities from manufacturing activities embody
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(17.4%), and its difference for improvement is the largest of the sector (49.7%). A similar analysis of the
iron and steel subsector confirms the previous claim. For the 16 years analyzed, it seems to perform best
based on overall energy efficiency (72.6%); its overall exergy-based performance is the highest (33.9%)
of the MIS; and its difference for improvement is the lowest of the whole sector (12.9%). These exergy
losses or irreversibilities from manufacturing activities embody the true thermodynamic inefficiencies
of the sector. The main reason behind this behavior occurs because electricity (a high-grade source) is
still commonly utilized in low-grade in the sugar, chemical and other manufacturing subsectors [26,38].
Regarding improvement areas based on energy and exergy analysis, effective energy diversification
strategies are needed by the MIS to achieve greater exergy efficiencies. The core actions detected as
needing to be developed and focused on are: regulations and standards; fiscal policies; agreements
and targets; reporting, benchmarking, and training programs; and technological improvements.
Sustainability
2018, 10,
153 been successfully developed in other countries [51,78,79].
13 of 19
These strategies
have

5.4. Mexican
Share (RS)
(RS) Compute
Compute and
and Comparison
Comparisonwith
withOverall
Mexican Industrial Sector (MIS) Exergetic Renewable Share
Exergy Efficiencies
Overall
Exergy Efficiencies
Figure 5 shows the comparison of renewable share and exergy efficiency. In accordance with
renewable share
share is
is expressed
expressed as
as aa sustainability
sustainability indicator
indicator of
of aa system
system under
understudy.
study.
Gong [26], the renewable
Subsequently,
once
exergy
efficiency
and
the
exergetic
renewable
share
were
computed,
we
established
Subsequently, once exergy efficiency and the exergetic renewable share were computed, we
two sets of analyses.
the evolution
of the
MIS through
complete
study were
established
two sets First,
of analyses.
First, the
evolution
of thethe
MIS
throughspan
the of
complete
spancomputed
of study
(Table
4).
Then,
exergetic
renewable
share
and
exergy
efficiency
by
means
of
sustainability
indicators
were computed (Table 4). Then, exergetic renewable share and exergy efficiency by means of
were also computed.
sustainability
indicators were also computed.

Figure
5. MIS
Figure 5.
MIS evolution
evolution of
of exergy
exergy efficiencies
efficiencies and
and exergetic
exergetic renewable
renewable share
share as
as sustainability
sustainability
indicators,
2000–2015.
indicators, 2000–2015.

In regards to the MIS renewable exergy evolution, the rates tend to decrease during the 16-year
In regards to the MIS renewable exergy evolution, the rates tend to decrease during the 16-year
span (about 38 PJ), with a lower mark by 2015, even though the sugar subsector increases its share of
span (about 38 PJ), with a lower mark by 2015, even though the sugar subsector increases its share
renewables. These results, to some extent, are linked with the semi-constant maturing of the Mexican
of renewables. These results, to some extent, are linked with the semi-constant maturing of the
economy. Since 2000, the energy demand in Mexico has grown by a quarter, and the electricity
Mexican economy. Since 2000, the energy demand in Mexico has grown by a quarter, and the electricity
consumption has grown by half [70]. Regardless of almost constant values for exergy efficiency, the
consumption has grown by half [70]. Regardless of almost constant values for exergy efficiency,
exergetic renewable share shows irregularity (with a maximum of 5.9% in 2002, and a minimum of
the exergetic renewable share shows irregularity (with a maximum of 5.9% in 2002, and a minimum
2.4% in 2015). For the whole period of study, the average computed values for the MIS were 4.1% for
of 2.4% in 2015). For the whole period of study, the average computed values for the MIS were 4.1%
exergetic renewable share and 22.8% for exergy efficiency. According to the IEA reports on future
for exergetic renewable share and 22.8% for exergy efficiency. According to the IEA reports on future
Mexican Policies Scenario [70], electricity demand will remain one of the two main sources of energy.
Mexican Policies Scenario [70], electricity demand will remain one of the two main sources of energy.
At the same time, to minimize the intensity of the use of fossil fuels, electricity demand in Mexico
At the same time, to minimize the intensity of the use of fossil fuels, electricity demand in Mexico will
will grow at an average annual rate of 2.4% between 2014 and 2040—a pace faster than the OECD
grow at an average annual rate of 2.4% between 2014 and 2040—a pace faster than the OECD average.
average. Then, sustainable analysis and practices are mandatory for these future scenarios,
considering the challenging dependence of fossil fuels in an oil producer country.
5.4.1. Mexican Industrial Sector (MIS) Comparison of Exergy Efficiencies (ψ) and Exergetic
Renewable Share (ERS) as Sustainable Indicators

lower, poor exergy efficiency is still occurring. It confirms that improvement of 14% at least are
needed to reach the average mean value obtained (37%) (Figure 6). This divergence may be related
to different sources of energy and technological advances through time. Due to the different
methodological approaches to collect and analyze data, in terms of exergy efficiencies, this
comparison offers a valuable idea for the industrial sector, even though it is always a challenge
to
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equate and contrast different societies around the world. According to Banerjee, the overall global
exergy efficiency rate is only 30%, an indicator that persists despite numerous energy efficiencies
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At first sight, the exergetic renewable share of three countries, namely Brazil, Finland and Sweden,
5.4.2. Mexican Industrial Sector (MIS) Comparison of Exergy Efficiencies (ψ) and Exergetic
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Renewable Share (ERS) with Other Countries
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of energy and technological advances through time. Due to the different methodological approaches to
collect and analyze data, in terms of exergy efficiencies, this comparison offers a valuable idea for the
industrial sector, even though it is always a challenge to equate and contrast different societies around
the world. According to Banerjee, the overall global exergy efficiency rate is only 30%, an indicator
that persists despite numerous energy efficiencies improvement opportunities through research and
development for next generation industrial processes [51].
Although this is a small sample of the industrial sector worldwide, the results of our study
could be generalized to those high energy consuming industrial activities. We are aware that the
methods applied to previous exergy analyses of the industrial sectors and in our research may have
limitations. In a strict physical sense, some societies seem more efficient than others; however, in a
broader perspective, a country or a society cannot be simplified like this [25,26]. In addition, beyond
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the lack of available data from previous and actual flows for energy balances, renewable shares, exergy
efficiencies and the years in which those studies were developed could influence the results. The more
recent the analyses are performed, the more improvements in methodological steps there would
be. Consequently, the greater the number of renewable energy sources, the greater the number of
positive factors inducing societal exergy improvements we could obtain. Moreover, when analyses
conducted during different periods are utilized to compare worldwide societies, a certain degree of
risk would remain.
5.4.2. Mexican Industrial Sector (MIS) Comparison of Exergy Efficiencies (ψ) and Exergetic Renewable
Share (ERS) with Other Countries
To compute the country’s ERS, we followed the same methodological steps used previously to
compute MIS-RS with the IEA data sources [80]. It is noticeable that this database offers only values
from 1990 to 2015. Therefore, our approach takes values from 1990 as the minimal criteria for those
countries with previous exergy efficiencies studies (Brazil, 1987; Finland, 1985; and Canada, 1986).
Figure 6 displays results for both indicators, with average ERS values of 13.7%, with the highest of
49.6% (Brazil) and the lowest of 0% (Iran, 2012). Similar values of both factors give Brazil the biggest
results when comparing countries, contrasting with the Netherlands with the second-biggest exergy
efficiency but with the second-lowest exergetic renewable share of 3%. It is interesting how Brazil has
been increasing their exergetic renewable share since the 1990s, based on a strong infrastructure to
produce renewable fuels, supported by a positive value in their general energy balance.
The MIS exergetic renewable share value (2.9% in 2015) is considerably below average, mainly
due to a poor level of exergetic renewable share (discussed previously in Section 4.3). The graphic
shows values for most of the above average countries, as well as those for the OECD and the world.
Our study provides additional support for the sectorial exergy analysis methods, with the approach
of exergetic renewable share and sustainability index to strengthen the interconnection of the exergy
concept and environmental issues. According to Koroneos [56], the development of exergetic indicators
could be a useful tool for the location of energy degradation spots, energy conversion, environmental
impact producing materials or giving an insight on technology substitutions. One of our goals in
this paper was based on the approach that once exergy efficiency tends to increase, environmental
impacts (air emissions) conversely decrease, and, hereafter, sustainability will increase. Through the
computation and comparison of the exergetic renewable share with exergy efficiency for our study
case, we confirm that both indicators confirm this statement [10].
6. Conclusions
The main goal of the current research was to analyze the total final consumptions of energy and
exergy, as well as to compare the thermodynamic energy and exergy efficiencies of the industrial sector
to detect improvement areas. The research was developed based on a study case in Mexico, from 2000
to 2015. Besides, the exergetic renewable share was analyzed. The following conclusions may be
drawn from the results.
This paper has shown the need to update the exergy analysis method applied to the industrial
sector; thus, process heating temperatures, electricity and fossil fuels efficiencies were modified.
These changes influenced the computation of energy and exergy efficiencies; compared to previous
studies, our results show a slight tendency to increase mainly on the energetic efficiencies.
The research has also shown that, since exergy analysis is an extensive and systemic method
that detects the maximum amount of work that a system can produce, it is a more suitable tool than
energy balances to evaluate and improve the thermodynamic performance of the system. Our results
display improvement areas. The comparisons of energy and exergy efficiencies points out the need to
increase exergy efficiencies, and the following strategies are proposed: regulations and standards; fiscal
policies; agreements and targets; reporting, benchmarking, and training programs; and technological

Sustainability 2018, 10, 153

16 of 19

improvements. These should allow the MIS to take a sustainable path. The replicability of our research
was confirmed when our results were compared with other countries.
The results of this research support the idea that exergy is different from energy. Scholars claims
that it is important to employ exergy analysis to complement the prevailing energy based methods
utilized to develop official reports or environmental and energetic strategies. Thus, decision makers in
society should consider not only applying energy balances methods to write official reports or design
future projects, but also reinforcing them with the exergy analysis methodology, especially since it was
demonstrated that exergy provides key elements to improve the energetic performance.
This study has gone some way towards enhancing our understanding of the current methods
of sectorial exergy analysis; as a contribution to seal the gap between exergy and the environment
theories, the renewable share coupled with the exergy efficiency were proposed as a new approach to
boost sustainability. The results of the Mexican exergetic renewable share (ERS), compared with other
countries, unveiled the low fraction of the MIS. It is an indicator that continued efforts are needed to
upgrade the ERS in a more sustainable path to increase the use of renewable fuels in the industrial
sector, not only locally in the Mexican industry, but also globally.
Our approach could be useful for future research to analyze the industrial sector, particularly
emerging market economies. Although it is a small study of sectorial societies, our results could
be generalized to industrial activities with high energy consumption, contributing to decrease the
lack of similar studies. More broadly, research is also needed to develop the exergy analysis of
the whole Mexican society, as well as the study of the interactions between the thermodynamic
efficiency and other variables, i.e., social and economic, to continue in the search of a more sustainable
industrial sector.
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