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ABSTRACT

In this study emergy analysis, an environmental valuation method was applied to concrete mixing
with the purpose of evaluating its dependence on non-renewable natural resources. Three concrete
mixing techniques, industrialized, semi-industrialized and manual, were evaluated based on quality
control. The quantity of environmental resources used in production was measured in terms of
equivalent solar energy. The resulting transformities were compared to show that emergy analysis is
sensible to local context and the limits of the reference system. The results obtained show that
concrete mixing is highly dependent on external resources. Semi-industrialized concrete was found to
be the most sustainable.
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Evaluacion de la sustentabilidad de diferentes técnicas de produccion de
concreto hidraulico basado en su control de calidad

RESUMEN

En este trabajo, se aplicé un método de valoracion ambiental en la produccién concreto con el fin
de evaluar su dependencia de los recursos naturales no renovables. Tres técnicas de produccion
basadas en su control de calidad: industrializada, semi-industrializada y manual; se evalualuaron
mediante eMergia. Esto se realiz6 para medir la cantidad de uso de los recursos del medio
ambiente en términos de energia solar equivalente. Las Transformidades resultantes se
compararon con el fin de poner de manifiesto que el anlisis de eMergia es sensible al contexto
local y los limites del sistema de referencia. Los resultados obtenidos muestran una alta
dependencia en la produccién de concreto sobre las fuentes de recursos externos, siendo el
concreto semi-industrializado el mas sustentable.

Palabras clave: analisis eMergético; contabilidad ambiental; sustentabilidad; transformidad;
concreto hidraulico.

Avaliacao da sustentabilidade de tres métodos de producao de concreto com
base no controle de qualidade

RESUMO

Este trabalho apresenta um método de avaliacdo ambiental na producédo de concreto, baseado no
consumo de recursos naturais ndo-renovaveis. Trés técnicas de produgdo (industrializada, semi-
industrializada e manual) foram avaliadas sob o controle de qualidade eMergia. Este conceito foi
utilizado para medir a quantidade do uso de recursos do meio ambiente em termos de energia
solar equivalente. Os resultados foram comparados a fim de mostrar que a analise eMergia é
sensivel ao contexto local e aos limites do sistema de referéncia. Os resultados mostram uma alta
dependéncia da producdo de concreto em relacdo as fontes de recursos externos, sendo o
concreto semi-industrializado o mais sustentavel, segundo esta analise.

Palavras chave: analise eMergética; contabilidade ambiental; sustentabilidade; transformidade;
concreto.

1. INTRODUCTION

In recent years, economic development has generated negative environmental consequences.
There is now a pressing need to develop management tools that can help minimize environmental
impacts (Berardi, 2012; Vega et al., 2013). In the construction industry, and in the industrial
sector in general, integrating environmental criteria in the design and manufacturing of products
can significantly reduce the environmental impact of these products throughout their life cycle-
from the extraction of raw materials for their manufacturing all the way to their final disposal
(Ruiz de Arbulo, et al., 2016).

Numerous studies analyze the results of different methodologies that aim to improve
sustainability in construction. These methodologies include green methodology, energy models,
environmental declarations of product based on Life Cycle Analysis, environmental valuations,
among others (Hamza y Horne, 2007). There are numerous publications regarding applied
emergy analysis some of which are presented in Table 1.
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Table 1. Different applications of Emergy Analysis
Author/Year Application
C. Ferreira, S. Hurtado/2010; F.
Suca, A. Suca y J. Siche/2014; N.
Aguilar, J. Alejandre y R.
Espinoza/2015
E. Ortega, C. Vallim y P. Del
Po0zo/2014

I. Lépez y J. Rodriguez/2013

Agroforestry Studies

Evaluation of Productive Systems

Analysis of environmental sustainability at the
municipal level.
H. Mu, X. Feng y K. H. Chu/2012 Calculating emergy flows_ in production systems of
complex chemical substances,

X. Wu, F. Wu, X. Tong/2015 Analysis of ecological waste recycling.

S. Bastioni, F. Morandi/2011 Energy and algebra of emergy.

T. Abel/2015; F. Morandi, D.
Campbell/2015; C. Wrigth y H.
Ostergard/2015; L. Zarba y M.

Brown/2015
F. Agostinho, A. Bertaglia/2015; E.
Campbell/2015
B. Lacarriere, K. Deutz, N. Jamali y
=. Le Corre/2015

Modeling and analysis of systems.

Emergy analysis of energy techonologies.

Emergy analysis of waste recycling.

I. Li, H. Lu, D. Tilley y G.
Qiu/2014; D. R. Tlley/2015; C.
Vilbiss y M. Brown/2015; S. E.

Tennenbaum 2015

Emergy accounting methods.

Great volumes of concrete are employed for the construction of buildings, especially for the
construction of foundations, structural frames, floors, concrete slabs and prefabricated elements
(Pulselli et al., 2007). Cement, the main component of concrete, is also the most consumed
material in the world after water. Thus, the environmental impacts of concrete are always
associated to those of cement.

World production of cement has increased constantly since the beginning of 1950, especially in
developing nations. According to data from the International Cement Review (ICR), in 2012,
world production of cement was 3939 million tons, which represents an increase of 8 to 9%
compared to 2011. World production is estimated to duplicate in 20 years. The main producers of
cement are India and China, followed closely by the United States.

In 2012 Latin America and the Caribbean produced an estimated 180 million tons of cement,
with Brazil heading the list as the main producer, followed by Mexico, Colombia and Argentina.
In 2012, cement consumption per capita estimated for Latin America and the Caribbean was 301
kg/capita; for Mexico, 305kg/capita. Estimates from the International Cement Review (ICR
Research), place Latin American and Caribbean cement production as 4.7% of global production
(2012 estimate). Per the National Institute of Statistics and Geography (INEGI. 2015) production
in Mexico for the year of 2012 was of 41, 608, 413 tons.
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Production of cement accounts for approximately 5% of CO. emissions in the world. The
environmental impact caused by the emission of contaminants, particles, ashes and carbon
dioxide (Kjellsen et al., 2005; Pade y Guimaraes, 2007), as well as the life cycle of both cement
and concrete (Vold y Ronning, 1995; Nisbet y Van Geem, 1997), (Josa et al., 2004; Josa et al.,
2007; Nazar, 2013 and the ecological footprint of concrete have been investigated in recent years
(Bastianoni et al., 2007).

The Mexican Association of Independent Concrete-makers (AMCI) estimated, for the year of
2015 an eight percent growth in the sector, double the estimate of 2013, driven by federal
infrastructure and housing development projects in the country. The production of concrete in
Mexico stands presently at 32 million m® annually. Production with existing infrastructure could
be 50 million m® annually.

Accordingly, this study refers to the intensive use of mineral non-renewable resources and fossil
fuels for the extraction of inert aggregates (sand and gravel), the use of water, the production of
cement for concrete mixing and, in particular, evaluates the quantity of inflows of environmental
resources in the production process. Concrete mixing was evaluated as a study case, considering
the standard process for the manufacturing of Composite Portland Cement 30R. In comparison
with data and values calculated previously, this study shows that emergy analysis is particularly
sensible to context limits and reference systems (Brown y McClanahan, 1992; Buranakarn, 1998;
Bjorklund et al.,, 2001; Brown y Buranakarn, 2003; Pulselli et al., 2008). An ecological
accounting method was implemented in the concrete mixing techniques included in this study
with the objective of providing better comparing each technique’s sustainability.

2. METHODOLOGY

2.1 Location of the case study zone

Tuxtla Gutierrez is the capital and the largest city in the state of Chiapas, Mexico. It is the
headquarters of the state government and the center of the metropolitan area. Urban growth and
economic development in the city have increased with the arrival of national and foreign capital
and government subsidies.

The Ease of Doing Business Index from the World Bank Group (WBG) and the International
Finance Corporation (IFC), which classifies the economy of each country according to business
regulations and property rights, ranks Tuxtla Gutierrez in the fifth place in Mexico. The capital of
Chiapas is among the most dynamic cities in the south-southwest because of its job market, offer
of goods and services, among other things.

2.2 Emergy analysis

Emergy analysis evaluates inflows and outflows of energy and materials in common units (solar
emjoules, abbreviated as sel) that allow the analyst to compare environmental and financial
aspects of the system. Based on this unit, emergy can be defined as the quantity of solar energy
used, directly or indirectly, to produce a particular good or service (Odum, 1971, 1983, 1988,
1996) (Brown et al., 2004). In other words, emergy is the "energy memory" that is used along a
sequence of processes to obtain a good or service. Solar transformity is the solar emergy required
to generate a Joule of a service or a product. Its units are the solar-emjoule/Joule (seJ/J).
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The first step in the analysis is to draw a diagram of the energy-flows in the systems studied to
learn what relationships exist between different components and the different resource flows. The
second step consists in the construction of emergy analysis tables based on the diagrams of the
previous step. In the third step, the emergy indexes that relate the flows of emergy in the
economy with those in the environment are calculated. Finally, the indexes are interpreted to
diagnose economic viability and the loading capacity of the systems studied.

The emergy indexes developed by Odum (1971) define sustainability referring to the quantity and
quality of the energy transformed for a particular production system. Odum's analysis involves
the use of the diagram three branch (see Figure 1) which facilitates calculation of the indexes.

F=M+S§

I=E+N Y

Figure 1. Three branch diagram (Odum, 1971)

Where:
I: Natural Renewable Resources (R) plus Natural Nonrenewable Resources (N)
F: Materials (M) plus Services (S)
Y: System output.
Taking the region into account, the use of nonrenewable resources by the construction industry
was evaluated by means of an emergy analysis. This procedure followed a top to bottom
approach beginning with an emergy analysis of the country (Mexico), then the state of Chiapas,
the municipality of Tuxtla Gutierrez, and finally at the level of each technique studied. The
objectives of this study are presented as follows:

e Provide a methodology that evaluates the costs and benefits of the concrete mixing.

e Compare different concrete mixing techniques using emergy indexes such as the Emergy

Investment Ratio (EIR), Emergy Yield Ratio (EYR), Environmental Loading Ratio
(ELR), Emergy Sustainability Index (ESI), and Transformities.

According to the information collected in the study case zone and to the present knowledge of the
field of emergy analysis, three techniques were identified for the production of hydraulic
concrete. In addition, the local construction industry referred to f'c=24.53 MPa concrete as the
most used in the zone.
For the study of the alternatives related to concrete mixing three techniques, 1) industrialized 2)
semi-industrialized and 3) manual, were selected and evaluated by means of an emergy analysis.
The comparison was done using the emergy indexes obtained for each case study in the city of
Tuxtla Gutierrez, Chiapas, Mexico, to determine the environmental viability of each of these
options. The unit of evaluation was the cubic meter.
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The following specifications were considered for each technique:

e Industrialized technique: This technique can be distinguished from the other two
techniques by the use of heavy machinery, such as concrete plants, mixing trucks and
front loaders, with eight workers required for the whole production process.

e Semi-industrialized technique: The main characteristic of this technique is the use of
simple machinery (portable drum mixer) combined with manpower (a group of about ten
workers). Helped by a gasoline powered concrete mixer, this technique is used for the mix
of moderate volumes (no more than 45 m? by group of workers).

e Manual technique: This technique uses about fifteen workers with moderate skills,
including two technicians, one of them directing the workforce and the other supervising
quality. With help of simple tools and without the use of fuels, electricity or mechanical
energy, this method is generally employed for small volume production (no more than 10
m?3 per group of workers).

For this study, the transformities for the inert aggregates (gravel and sand), cement and water
were calculated for the city of Tuxtla Gutierrez, Chiapas, Mexico. The valuation was done taking
into account an annual production of 70,000 m® for industrialized concrete, and a daily
production for semi-industrialized and manual concrete of 45 m® and 10 m® respectively. The
transformity of cement was based on the annual production of 2,190,000 tons of the local cement
plant. The transformity employed for sand corresponds to the extraction area of the Santo
Domingo River located in the municipality of Chiapa de Corzo, Chiapas, at a distance of 30 km
from the city of Tuxtla Gutierrez, Chiapas. The crushed gravel was extracted from the quarry
located in the neighborhood of Plan Chiapas in the municipality of Chiapa de Corzo where it
borders with the municipality of Tuxtla Gutierrez.

The emergy indexes employed in the study were: the EIR, calculated as the relationship between
contribution from the economy (F) and nature (1), which is adimensional. The EYR, is considered
as the relationship between the total emergy that enters the system () and the contribution to the
economy (F). This index is adimensional. The higher the value of this index is, the higher the
impact of the system on the global economy. ELR was calculated as the relationship between the
sum of non-renewable natural resources (N) and economical resources (F) multiplied by all
natural renewable resources (R). It is also adimensional. The ESI shows the contribution of the
natural environment, that is to say, the energetic work that the ecosystems do to generate
processes for the environmental load. This value was calculated dividing the contribution of
nature (EYR) by the environmental load (ELR).

Finally, the calculated emergy values of concrete in this study were compared with those in
previous emergy studies with the objective of showing how emergy analysis is sensible to local
context and the limits of the reference system.

3. RESULTS AND DISCUSSION

This study allowed a comparison between the different concrete mixing techniques selected,
using emergy indicators such as EIR, EYR, ELR and ESI. The emergetic attributes of each
system were quantified and used as indicators of the characteristics of each technique. For the
evaluation of each alternative, the concrete considered was f'c= 24.53 MPa. These proportions
were obtained at the Concrete Technology Laboratory at the Engineering Faculty of the
Autonomous University of Chiapas, for the study cases of manual and semi-industrialized
techniques. The corresponding indicators for industrialized concrete were obtained from a
concrete factory in the city of Tuxtla Gutierrez, Chiapas, Mexico.
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The diagram of energy flows interacting within the concrete mixing system shows (Figure 2)
renewable and nonrenewable resources as well as the energy acquired by inputs (materials,
services, manpower). Based on the flow diagrams, an emergy analysis was performed for each
alternative and is presented in Tables 2, 3 and 4. For each case, the emergy of concrete mixing
was based on the following supplies: raw materials, transportation, equipment and machinery,
fuels, manpower, maintenance and insurance.

The total emergy consumed by each mixing technique was of 5.9 E15 seJ, 5.87E15 selJ and
8.32E15 seJ, with manual means, semi-industrialized and industrialized, respectively as can be
seen on Tables 2, 3 and 4. In the mixing of industrialized concrete, 98.14% of the total emergy is
materialized in the sedimentary natural cycles of construction materials. Machinery accounts for
(0.084%), fuel for (1.00%) and manpower for (0.24%). With semi-industrialized concrete,
99.44% is materialized during the sedimentary natural cycles of construction materials.
Equipment and tools account for (0.045%), fuels (0.022%) and manpower (0.076%). Finally,
concrete mixed by manual means shows that 98.02% of the total emergy is materialized in the
natural sedimentary cycles of the construction materials. Equipment and machinery account for
(1.47%), and manpower for (0.50%).

Environmental )
\ processes

—3) economic
processes

Concrete

seJ/cubic meter of concrete

v

Figure 2. Simplified diagram of en'ergy flows in the production of concrete.
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Table 2. Emergy analysis of the production of industrialized concrete

[ ea ]

No. Description (ulrfiréi/trsm) TE?:;;L?I:{S;W (EZS:T% References
MATERIALS
1 |Cement 4.00E+05 g| 3.61E+09 | 1.44E+15 *
2 |River Sand 1.07E+06 g| 3.29E+09 | 3.53E+15 *
3 |[Crushed gravel T.M.A. 3/4" | 1.42E+06 ¢g| 2.24E+09 | 3.19E+15 *
4 | Water 251E+05 g| 3.27E+06 8.19E+11 *
5 |[Diesel 1.08E+08 J| 6.60E+04 | 7.13E+12 | Doherty et al, 1994
6 |Lubricants 3.21E+05 J| 6.60E+04 | 2.12E+10 | Doherty et al, 1994
7 | Electric power 2.76E+08 J| 2.77E+05 | 7.63E+13 Odum, 1996
PLANT AND
MACHINERY
8 [Concrete doser 1.86E+02 g| 6.70E+09 1.25E+12 | Doherty et al, 1994
9 [Cement Silo 8.06E+01 g| 6.70E+09 | 5.40E+11 | Doherty et al, 1994
10 | Aggregate hopper 558E+01 g| 6.70E+09 | 3.74E+11 | Doherty et al, 1994
11 | Conveyor belt 3.10E+01 g| 6.70E+09 | 2.08E+11 | Doherty et al, 1994
12 | Cement weighing machine |2.23E+01 g| 6.70E+09 1.50E+11 | Doherty et al, 1994
13 | Aguregate weighing 347E+01 g| 6.70E+09 | 2.33E+11 | Doherty et al, 1994
machine
14 | Water doser 2.48E+01 g| 6.70E+09 1.66E+11 | Doherty et al, 1994
15 | Front loader 4.30E+02 g| 6.70E+09 | 2.88E+12 | Doherty et al, 1994
16 | Mixing truck 1.14E+02 g| 6.70E+09 | 7.64E+11 | Doherty et al, 1994
17 | Dump truck 5.95E+01 g| 6.70E+09 | 3.99E+11 | Doherty et al, 1994
SERVICES
18 | Manpower 4.19E+06 J| 4.77E+06 2.00E+13 Guillén, 1998
19 | Maintenance and insurance | 9.46E-01 $| 4.59E+13 4.34E+13 *
*Transformity calculated Y = 8.32E+15

for this study.
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Table 3. Emergy analysis of the production of semi-industrialized concrete

. Units Transformity| Emergy
No. Description wnid/m?) | (sedunid) (seJ/m?) References
MATERIALS
1 |Cement 4.02E+05 ¢g| 3.61E+09 1.45E+15 *
2 |Sand 7.25E+05 g| 3.29E+09 2.38E+15 *
3 g/rf.?hed Gravel LMA. g 0ag+05 g| 2248409 | 2.02E+15 *
4 | Water 2.33E+05 g| 3.27E+06 7.60E+11 *
5 [Gasoline 1.92E+07 J| 6.60E+04 1.27E+12 | Doherty et al, 1994
6 |Lubricants 3.33E+04 J| 6.60E+04 2.20E+09 | Doherty et al, 1994
EQUIPMENT AND
TOOLS
7 |Wooden shovel handle |3.82E+03 g| 6.79E+08 2.59E+12 Odum, 1996
g | Spoon shovel with 8.77E-01 g| 3.16E+09 | 2.77E+09 | Bargigli etal, 2003
metallic handle
g |Plastic containerwith 19 |, 20r 0y | g57E+04 | 1.48E+05 | Brown etal, 2003
liters capacity.
10 |Portable mixerwith 215 1or 00 4| 6.70E409 | 4.97E+10 | Doherty et al, 1994
sacks capacity
SERVICES
11 | Manpower 9.30E+05 J| 4.77E+06 4.44E+12 Guillén, 1998
1 | Maintenance and 6.36E-05 $| 4.59E+13 | 2.92E+09 *
insurance
~ :
Tran_sformlty calculated Y= 587E+15
for this study
Table 4. Emergy analysis of the production of concrete by manual means
— Units Transformity Emergy
No. Description (unid/m?) (seJ/unid) (seJ/m?) References
MATERIALS
1 [Cement 4.02E+05 g 3.61E+09 1.45E+15 *
2 |Sand 7.25E+05 g 3.29E+09 2.38E+15 *
3 | Crushed gravel T.M.A 3/4" | 9.04E+05 g 2.24E+09 2.02E+15 *
4 | Water 2.33E+05 ¢ 3.27E+06 7.60E+11 *
EQUIPMENT AND
TOOLS
5 [Wooden shovel handle 1.29E+05 g 6.79E+08 8.76E+13 | Odum, 1996
Spoon shovel with metallic Bargigli et
6 handle 2.96E+01 g 3.16E+09 9.35E+10 al 2003
Sustainability evaluation of different techniques for
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7 P_Iastlc cor!talner with 19 1.17E+01 g 8.57E+04 1 00E+06 Brown et al,
liter capacity. 2003
SERVICES

Guillén,

8 | Manpower 6.28E+06J 4.77TE+06 3.00E+13 1998

_ [ e |

*'I_'ransformlty calculated for Y = 5 98E+15
this study

The EIR value of industrialized concrete is higher when compared with the same value for semi-
industrialized concrete and concrete produced by manual means. The value stands at 10,161 for
industrialized concrete, at 7,724 for semi-industrialized concrete and at 7,867 for concrete mixed
by manual means. This value suggests a weak competitive capacity due to the instability of
external sources of materials. Figure 3 shows a comparison of the EIR for the three different
techniques.

15,000
=
[-+]

? E 10,000

5,000

Industrialized Semi- Manual means
industrialized
EIR F/(R+N) 10,161 7,724 7.867

Figure 3. Emergy Investment Ratio of concrete mixing.

The EYR shows the contribution of nature to the productive system, or in other words, quantifies
the work of the ecosystem to obtain products. The techniques analyzed in the study presented a
value lower than 1.00, which indicates that the emergy liberated by these systems is equal to that
invested in the form of economic resources. In other words, it implies that they are highly
dependent on imported supplies and services. An EYR value higher than 1 indicates that the
system analyzed generates more new resources (of emergy) than those available as inputs,
otherwise, the system is a transforming consumer of resources. In Figure 4 the production of
emergy in concrete has been graphically illustrated.
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1.50
g 1.00
T
5 2
5 kS
5 050
0.00 o )
Industrialized Semi- Manual means
industrialized
EYRU/F 1.00 1.00 1.00

Figure 4. Emergy production in the manufacturing of concrete.

The analysis shows that industrialized concrete has a higher ELR, with a value of 10,161
compared to the values obtained for semi-industrialized and concrete produced by manual means
(7,724 and 7,867, respectively). These values are relevant to demonstrate the degree to which
concrete mixing is harmful towards the environment. It is important to note that concrete
produced by manual means presents a higher environmental load than semi-industrialized
concrete due to low productivity. This is evident when you consider the 10 m® produced in 8
hours of work by manual means, compared with 45 m® for semi-industrialized concrete. The ELR
reflects the energy incorporated to the system by the manpower employed in both techniques.
The Environmental Load of both techniques is compared in Figure 5.

_ 12,000

£

£ .= 8,000

s 8

| -

Z 4,000

=

Industrialized Semi- Manual means
industrialized
ELR (F+N)/R 10,161 7,724 7.867

Figure 5. Environmental load exercised on the environment by concrete manufacturing.

The ESI indicates the contribution of the natural environment, meaning that the energy work that
is done by ecosystems to generate processes that act upon the environmental load. According to
Brown and Ulgiati (2004), ESI values inferior to 1 indicate systems that consume resources and
are associated with highly developed, consumption-oriented economies. The values reported in
this study indicate that semi-industrialized concrete (0.000129) has a higher ESI value than that
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of concrete produced by manual means (0.000127) and industrialized concrete (0.0000984). This
means that semi-industrialized concrete is the one that impacts environmental equilibrium to a
lesser degree, and is therefore more sustainable for the environment than industrialized concrete
and concrete produced by manual means. In relation to this index it is important to note that the
main difference between semi-industrialized (4.44E+12) and manual production (3.00+13) is the
manpower employed. Figure 6 shows a graphic comparison of the ESI results obtained for each
alternative.
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Figure 6. Sustainability in the production of concrete

With relation to other studies conducted in reference to the mixing of industrialized concrete, the
following significant differences were found:

In Bjorklund et al (2001): the authors used solar transformity values in a national context. For
example, the transformity of electricity is very specific, because it was evaluated according to
production processes in Sweden, which includes nuclear energy (33%- here represented with the
transformity of median world electric production), and hydroelectric energy (66%). In the present
study, the emergy evaluation of cement production is not considered in the whole production
process, and this represents an important approximation. In regards to the main supplies used in
concrete mixing, the present study only considers the use of limestone, electricity and petroleum,
while other inputs such as transport, packaging and services like manpower machinery and fuel
were not evaluated. Electricity and manpower were evaluated by means of an emergy/money
relation.

In Buranakam (1998), specific emergy was evaluated for the United States. The analysis included
an evaluation of highways, vehicles and infrastructure used, taking into account the whole
national transportation system. The author calculated the total length of national highways and
their production process (materials, energy, manpower and other services), taking into account
the annual cost of construction. This value (in seJ/km) was divided by the percentage of buses in
relation to the total weigh of vehicles (cars, buses, trucks, and others). The same was done with
railroads and maritime services (boats). In general, the useful life of highways, vehicles and all
relevant infrastructures was not taken into account. Manpower and other services were evaluated
using an emergy/money relation.

In the work of Brown and Buranakam (2003), the emergy evaluation was done based in
Buranakam 1998, and it took into account the different stages in the use of materials, demolition
and reuse. Accordingly, their analysis had to do with process inputs that had to do with specific
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procedures. The present work had the objective of determining the transformity of concrete, from
its origin, to its use in the construction of buildings- excluding the disposal stage.

Similarly, Brown and McClanahan (1992) evaluated the specific emergy of Thailand with
reference to the energy sources available at the local level. This analysis was carried out in 1992,
using data from 1983. The emergy analysis was very simplified in comparison to the one in the
present study due to the fact that the authors considered some problems such as material flows,
petroleum and electricity as energy flows and other goods and services, this last one evaluated in
terms of money flow (by means of an emergy/money relation).

On the other hand, Pulselli et al. (2008) centers his attention on the production process of the
Italian cement and concrete industry. Most the values of the transformities in the study were
evaluated in the U.S.A. The authors carried out an evaluation of a specific process taking into
account a specific amount of 23 tons of concrete and its transportation to the construction site. In
the selection of this system they consider some insignificant factors such as the evaluation of the
total national transportation infrastructure (highways and other services). Figure 7 compares the
transformities of concrete obtained by the authors previously cited and compares them with the
results obtained in this work.

4.00E+09 3.50E+09 3.70E209
= 3.00E+09 2.52E+09 2 46E+09
= 1.81E+09
g %ﬂ 2 .00E+09 1.54E+09
-
E g J3UE+08 1.06E+09
= 1.00E+09 '
= I"I
0.00E+00
) ) ) N o » A %\
c9\, b-k b\" N QO v O U
N & < £ & it
& o N 3 N > P &
& & oD & & & N
Q,@ \}c‘,\'¢ \}c}o S L C@ C&-‘b \c;:}
Oy () O
& & &
C:, &Q s
@&0 ‘Q"KO

Figure 7. Comparison of the transformities of concrete.

Emergy analysis of concrete mixing based on quality control considers several steps in the
process, from the production of materials to the concrete mixing process. The results of this study
show that the impact of quarry materials on the total emergy is higher than the impact of
production processes. Quarry materials, product of natural sedimentary cycles and counted in seJ,
present a very high transformity. The present analysis shows that excessive use of non-renewable
resources is critical for the construction industry because it considers not only human work done
in quarries (process which is included in the economical analysis), but also the work done by
nature (sedimentary cycle). The important part played by mineral resources in the production of
cement highlights how unsustainable the construction industry is.
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Transformity is presented as a measurement of the use of environmental resources in the form of
materials used during construction. It provides a classification of construction materials based on
an energy hierarchy. Emergy analysis combines quality (Transformity) with quantity (energy or
mass). The environmental impact of the construction process will depend on the materials used
(in terms of environmental cost due to energy use and mass) and on the process itself (quantity of
materials needed to construct structural elements). Transformity shows that the main difference
between semi-industrialized (4.44E+12) and manual manufacturing techniques (3.00+13) is the
manpower employed. Consequently, this index can be taken as a measurement of the use of
natural resources in the form of construction materials and can also help when creating a
classification of construction materials according to an energy hierarchy.

According to Buron Maestro (2012), sustainability does not have an absolute value. Its purpose
as a concept is to help compare and select the most appropriate options so that the present
development of society can continue without compromising the development of the future. There
are no sustainable solutions; there are only solutions that are more sustainable than others.

4. CONCLUSIONS

The emergy method allowed for an analysis that considers the relationships between natural
systems and anthropic activities and helps us look for strategies that are ever more sustainable.
The EIR was evaluated as an indicator of sustainability by measuring dependency on local or
external sources. It was demonstrated that concrete mixing processes depend to a high degree in
supplies obtained from outside the system (emergy input from imports).

The ESI was employed as a measure of the contribution of the system hierarchically higher to the
production of the system by load unit of itself. The results show that semi-industrialized concrete
is more sustainable than concrete manufactured by manual means or by industrial processes.
Emergy analysis provides a way to measure the sustainability of concrete mixing techniques
based on quality control in terms of energy investment. Many units of low quality energy are
used to provide high quality energy (high Transformity). Energy is materialized by means of a
chain of transformative processes and its memory is conserved by the production structure.
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