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Traditional Concrete Using an Emergy Ternary Diagram

Yu Zhao, Miao Yu*, Yinghui Xiang, Fanwen Kong, Lihong Li

School of Management, Shenyang Jianzhu University, Shenyang, 110168, PR China

ABSTRACT: The sustainable development of green concrete consumes as few natural
resources as possible during production and uses and utilizes recyclable waste materials
as raw materials. This study summarizes three modes of green concrete production:
recycled aggregate concrete production mode, fly ash concrete production mode, and
circular economy concrete production mode, as well as the system emergy flow of each
mode of production, and presents emergy analysis methods for each mode. With the
help of emergy ternary diagram auxiliary lines, the emergy ternary diagram expressions
of three green concrete production modes and traditional concrete production modes
are analyzed, respectively. The ternary diagram of emergy analysis directly reflects the
resource allocation of the system. The relationship between the emergy utilization ratio
and the indicators of the system is analyzed, and the sustainability of the existing
concrete production system is evaluated comprehensively. The R-resource line
corresponds to the environmental load ratio. The closer the R-resource line is to the F-
axis, the greater the environmental pressure of the system. The N-resource line
corresponds to emergy yield ratio and emergy investment ratio. The closer the N-
resource line is to the N-axis, the greater the energy input-output efficiency of the

system. The closer the N-resource line is to the “0” point of the R-axis, the higher the
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utilization rate of outsourced resources. In the emergy ternary diagram, it is evident that
the circular economy concrete production mode is more sustainable than the other three
concrete production modes. Combined with the analysis of the sensitivity line and
sustainability line, it is predicted that the concrete production mode along the direction
of the R-Sensitivity line is a sustainable development path.

KEYWORDS: Sustainability; Recycled aggregate; Green concretes; Emergy;

Evaluation

1. Introduction

China's concrete production ranks first in the world; its annual concrete production is
53% greater than the total of all other countries worldwide. Further, China's cement
production is the highest worldwide as well. its output in 2012 was 2.15 billion metric
tons, 8.6 times that of India, the second highest producer, and 29 times that of the United
States, the third highest producer (Oh et al. 2014). In China, concrete products and
components, concrete mixing stations, and other construction methods are adopted, and
about two billion cubic meters of concrete are used in national projects and
infrastructure construction annually. According to statistics regarding the production
and operation of the national key ready-mixed concrete enterprises (groups), put out by
the China Concrete and Cement Products Association, the actual output of ready-mixed
concrete enterprises (groups) in China totaled 2.103 billion cubic meters in 2017. Thus,
related quality and environmental protection problems about concrete production can
not be ignored.

As the most used building material in construction projects, concrete has a great impact

on ecological resources (Chen et al. 2019, Taha & Benzaazoua 2019, Timu et al. 2019).



In the initial stage of construction, traditional concrete production enterprises invest
heavily in economy and technology; however, following a large-scale production, there
are no necessary environmental protection measures for dust, sewage discharge, or
noise isolation in the concrete production process. It is necessary to reduce energy
consumption in the production and use of concrete (Ngo et al. 2017, Song et al. 2018).
This is important for concrete greening and should promote the development of
concrete in an environmentally friendly and biocompatible direction (Marinkovi¢ et al.
2017). With the development of the construction industry, green concrete production
has been adopted to replace the traditional mixing of concrete construction sites, which
has produced great social and economic benefits in terms of productivity, quality,
resources, and environmental protection (Suhendro 2014).

Green concrete has higher strength and durability than traditional concrete. It can meet
the requirements of structural mechanics, function, and service life. It functions well
and can be used to build a gentle, comfortable, and convenient living space for humans
(Turk et al. 2018).Green concrete is an environmentally friendly concrete material that
does not only reduce the ecological load on the natural environment during the
production process, but also coordinates with the ecosystem on which human beings
depend for survival, and be used for building activities (Liew et al. 2017). The
application of green concrete follows the “3R” technology of reduction, reuse, and
recycling to reduce greenhouse gas emissions; reduce the utilization of natural
resources such as limestone, shale, clay, and natural water; and promote the use of waste
materials in concrete production. The characteristics of green concrete production
include harmony with the natural environment, reducing the load on Earth's
environment, realizing the recyclable use of non-renewable resources, saving energy.

During the production of green concrete, the amount of cement used is greatly reduced,



so as to reduce the waste “by-products” and reduce the “greenhouse effect” and the
formation of acid rain in some areas caused by the large amount of CO, and SO,
emissions (Fan et al. 2018, Zhang et al. 2018). Resource-based garbage building
materials (also known as green building materials, ecological building materials,
environmental protection building materials, and health building materials) have
become an important research topic (Jami et al. 2015, Lu et al. 2019). The use of
industrial waste (e.g., fly ash and coal gangue), tailings slag, and construction waste
(e.g., abandoned concrete, waste brick, and waste mortar) should be minimized to
reduce pollution of the natural environment (Wei et al. 2016, Chen et al.
2016, Marinkovi¢ et al. 2017).

The end goal is that reused resources can be recycled, the load on the Earth and
ecosystem can be reduced, and non-renewable resources can be recycled. Therefore,
using waste concrete as a recycled aggregate to produce recycled concrete has very
important significance for environmental protection and natural resource protection,
and it should be considered a new type ot green building material (Ghorbani et al. 2019).
With population growth and lifestyle improvement, it is expected that buildings and
other infrastructure will increase in the coming years, and the demand for concrete
production is expected to increase in the future (Ghorbani et al., 2018). Green building
materials are the development direction of civil engineering construction materials.
With the development of the construction industry, several studies have considered the
production of construction and demolition waste (CDW) as an important renewable
resource (Behera et al., 2014). The aggregate formed by cleaning, crushing, screening,
and mixing in a certain proportion with a gradation of waste concrete is called recycled
aggregate. The concrete made from recycled aggregate partially replacing natural

aggregate such as sand and stone is called recycled aggregate concrete. Ahmed (2012)



analyzed the performance of recycled coarse aggregate concrete with waste and fly ash
from building demolition. It was concluded that concrete containing 25% construction
and demolition wastes might exhibit better compressive strength and tensile strength
than the control mixture.

At present, there are three green concrete production methods are widely used in
engineering practice, including: recycled aggregate concrete (RAC) production, fly
ash concrete (FAC) production, circular economy (CE) mode of concrete production.
In this paper, by analyzing the emergy flow of each production mode, the emergy
analysis method for each mode is proposed. The emergy ternary diagrams of three kinds
of green concrete production modes and traditional concrete production mode are
analyzed respectively, which shows that CE mode of concrete production is more

sustainable, and provides reference for the development direction of green concrete.

2. Literature Review

2.1 Comparison of green concrete production

Green concrete uses at least one type of waste as its concrete component and does not
cause environmental damage during the production process. According to the current
construction technology for green concrete, fly ash and RAC are the main recycled
materials added during green concrete production. The common green concrete
production methods are: RAC production mode, FAC production mode, fly ash and
recycled aggregate mixing concrete production mode, or CE mode.

To date, many researchers have focused on making better use of industrial wastes and
obtaining the formula of FAC that meets the performance indicators. The effect of using
different proportions of fly ash to replace cement on the compressive strength and

fracture toughness of Portland concrete has been studied. The results show that green
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concrete with fly ash has high compressive strength and fracture toughness, and 20%
fly ash replacement ensures high strength and mature concrete (Golewski 2018). In
order to maximize the use of foundry waste sand (WFS) and fly ash as part of the
replacement of fine aggregate to synthesize polymer concrete, the latest formulation of
fine aggregate + WFS + fly ash mixture accounted for 32% (Venkatesan 2019). In this
study, fly ash accounts for 30% of the total replacement cement. Studies have also
shown that agricultural natural waste can be used as a partial substitute for aggregates
or adhesives in green concrete (Belhadj et al. 2014, Luhar et al. 2019). In the green
concrete production process, however, more studies attach great importance to resource
utilization of industrial waste and municipal solid waste (Siddique 2010, Tang &
Brouwers 2018, Li et al. 2018, El-Didamony et al. 2019). Waste-friendly green concrete
mixes a lot of solid waste and additives with industrial waste as raw materials, fully
digests industrial waste, disposes of municipal solid waste, and uses a recycled
aggregate to realize the recycling of all kinds of waste. Fly ash is a type of high-quality
cementitious material, which can be directly added into concrete to replace a certain
amount of cement or fine aggregate to make fly ash concrete (FAC). Fly ash has a low
hydration heat, a variety of sources, and a low price; therefore, the comprehensive
performance of FAC is superior to that of ordinary concrete (Nie et al. 2015). In theory,
fly ash could completely replace cement. In fact, if the replacement rate of fly ash for
cement exceeds 80%, some chemical activators are needed to activate the activity of
fly ash. Generally, the optimal replacement rate is app 30% (Golewski 2018).

The production process of RAC involves the collection, recycling, transportation of
waste concrete; the processing of recycled aggregate; and the recovery, processing,
addition, and transportation of industrial waste from other enterprises (Dash et al. 2016).

During the rapid development of modernization and industrialization, many CDWs



have been generated. But the consumption of high-quality aggregate and the increase
of aggregate demand make the supply of raw materials scarcer. Moreover, with the
increase of transportation costs and transportation volume in some areas, recycled
materials tend to become more expensive. Recycling technology of recycled aggregate
includes removal of pollutants (e.g., steel, wood, and plastics), screening and
classification at different stages, and breaking down the demolished concrete to produce
smaller fragments. Higher quality aggregates can also be processed, and efforts are
made to stack, crush, pre-classify, classify (pre-crush and post-crush), screen, and
remove pollutants according to the degree of pollution and the use of recycled materials
(Akbarnezhad et al. 2013).

Recycled concrete waste is undoubtedly a primary focus of researchers in the field of
sustainable development. Ghorbani et al. (2019) discusses the influence of recycled
concrete mix ratios with different maximum particle sizes on mix mechanics and
durability of concrete. The results show that the mechanical and durability properties
of concrete are slightly improved by reducing the maximum particle size of recycled
aggregate at a given mixing ratio. After blending 25% of recycled aggregate, the
mechanical properties of RAC is optimal. Life cycle assessment of RAC shows that the
mixture of 50% natural aggregate, 50% recycled aggregate, and 10-40% by-product as
cementitious material yields a high compressive strength (Ahmed et al. 2019).
Wijayasundara et al. (2018) quantified the indirect environmental impact of the
application of RAC in structural concrete and used economic evaluation methods to
assess the related external costs and benefits. The results show that the production of
RAC has a significant net benefit on the price of natural aggregate concrete, ranging
from 9 to 28%, and the replacement rate of RAC is between 30 and 100%. In this study,

RAC ratios up to 40% of the total concrete output is calculated.



Measures used to determine whether concrete is green include the following: the
number of Portland cement substitutes, manufacturing processes and methods,
performance, and impact of life cycle sustainability. Some studies have compared the
production of green concrete with that of traditional concrete. Marinkovi¢ et al. (2017)
compared several green concrete mixtures for structures based on scenarios (including
construction practices, transportation distances and available materials in Serbia). The
index is standardized and summarized, and the impact of each concrete mix ratio is
expressed with respect to the global sustainability index. The conclusion shows that the
mixture of alkali activated fly ash concrete and natural aggregate and the mixture of
RAC with a large amount of fly ash exhibit the best environmental performance. The
mixture of RAC and cement binder exhibits the worst performance. Turk et al. (2015)
evaluated the mix ratio of green concrete prepared by three different types of industrial
by-products (foundry sand, steel slag, and fly ash) from an environmental point of view,
by means of life-cycle assessment (LCA), and compared these with the corresponding
conventional concrete production. The results showed that the use of substitutes and
recycled materials is beneficial to the concrete production industry. Green concrete
production should give priority to the scheme based on the combination of recycled
aggregate, fly ash, and foundry sand. The study also showed that variable delivery
distances of products may have a greater impact than alternative material delivery
distances. Chen et al (2019) quantitatively analyzed the engineering properties, costs,
energy, and environmental impacts of three kinds of pervious concrete mixtures:
ordinary Portland cement pervious concrete (PC-Regular), fly ash pervious concrete
(PC-FA), and blast furnace slag pervious concrete (PC-BFS) using LCA. The
experimental results showed that the comprehensive performance of PC-FA was the

highest, based on engineering performance, cost saving, energy saving, and emission



reduction.

2.2 Application of emergy accounting

As a complex industrial ecosystem, green concrete production has many units of input
and output, including material flow, energy flow, information flow, and labor flow.
When conducting benefit analysis, the system must be treated in a unified dimension.
The traditional method of benefit analysis is used to convert inputs and outputs into
currency for comparative analysis; in its application, the accuracy and applicability of
this method have certain limitations (Hossaini and Hewage 2013). The emergy analysis
method is adopted in this study. It is generally believed that the self-organization,
transformation, and information paper published by American ecologist H.T. Odum in
1983 in the Journal Science marks the establishment of emergy theory (Brown and
Ulgiati 2004). Emergy is the total energy required to make a service or product
expressed in energy of one form (Odum HT 1996). The energy of all kinds of resources,
products, or services within the human survival system originates directly or indirectly
from solar energy. Solar energy is often used to measure the energy value of a certain
energy, and its unit is Solar emjoules (Sej) (Jorgensen et al. 2004). The emergy of a
resource, product, or service is the total quantity of solar Joules used directly or
indirectly in its formation process. The emergy theory and analysis method make it
possible to compare and analyze the energy flow, logistics, and other ecological flows
of various ecosystems or eco-economic systems that are difficult to measure in a unified
way. Emergy is not equal to actual energy, but it is a collection of certain kinds and
quantities of energy in a certain time and space (Amaral et al. 2016). Whether
renewable resources, non-renewable resources, commodities, services, even

information, and education, emergy analysis can be used to evaluate their value (Liu et



al., 2015).

Emergy accounting is widely used in green building and green concrete evaluation;
Brown and Buranakarn (2003) evaluated municipal solid waste treatment systems and
building and demolition wastes based on an emergy life cycle assessment. They found
that the emergy per unit mass was suitable for evaluating the recycling capacity of
building materials. Chen et al. (2018) evaluated the sustainability of cement production
based on the emergy analysis method of life cycle inventory. The results show that the
consumption of limestone, coal, and electricity are the main contributing factors to the
total energy required for cement production. In such a situation, the cement production
in China has brought about a high environmental burden, and it is unsustainable.
Pulselli et al. (2008) evaluated the main steps of the concrete production process
through emergy analysis: (1) cement production, (2) material transportation, and (3)
concrete mixing. The per-unit emergy of cement and concrete was compared with the
previous emergy evaluation, and the emergy investment ratio (EIR) is proposed as a
comprehensive indicator of sustainability to highlight the sensitivity of emergy analysis
to the boundaries of local environments and production systems. The results show that
cement and concrete production is highly dependent on external resource flows. In
addition, because of the high sensitivity to external instabilities, the higher the EIR, the
weaker the competitiveness of the production system. Song and Chen (2016) conducted
an emergy analysis of resources, products, and services within the cement production
process according to the raw material substitution scheme, and they comprehensively
evaluated the impact on the environment. It was pointed out that the use of the ternary
emergy diagram to optimize the allocation of various ecological factors in cement
production process can overcome the difficulties of traditional emergy analyses of the

optimization process.
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The aforementioned studies compared green concrete with traditional concrete
production process, mainly from the standpoints of concrete performance, material ratio,
resource utilization, and other aspects. There is no systematic analysis of labor flow,
such as the processes of crushing, sorting, collecting, mechanical processing, and
transporting of recycled aggregate. The present study summarizes the circular economy
(CE) mode of green concrete production. The system emergy flow of each mode of
production is analyzed, and the emergy analysis method for each mode is presented.
The emergy ternary diagram expressions of three green concrete production modes and
traditional concrete production modes are analyzed and compared.

The emergy of different products is evaluated by multiplying the mass (kg) or energy
(j) or currency (8$) by the unit emergy (transformity or specific emergy or emergy to
money ratio). Unit emergy refers to the solar emergy required to directly or indirectly
produce 1 J or 1 kg of products or services or §1 (Odum HT 1996). When evaluating a
process, the unit emergy (Sej) of a commonly used product or service can be determined
using the previously calculated unit emergy. There are several important types of unit
emergy value (UEV) including transformity (Sej/j), specific emergy (Sej/g), emergy
per unit money (Sej/$), and emergy per unit labor (Sej/year, Sej/h or Sej/$).

Emergy baseline is the emergy of the main driving energy flow of the geobiosphere,
which provides a reference point for the emergy evaluation of all other energy flows
using Unit Emergy Value (UEV). Odum et al. calculated values of the total emergy
of Earth's biosphere are 9.44E+24 Sej/y (1996) and 15.83E+24 Sej/y (2000), thereafter,
Brown and Ulgiati calculated emergy baselines of 15.2E+24 Sej/y (2010) and 12.0E+24
Sej/y (2016). This paper assumes an emergy baseline of 15.83E+24 Sej/y.

From the perspective of the eco-economy, the emergy input of the concrete production

system is analyzed. The emergy input includes three categories: (1) renewable
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resources (R) from the global environment, including solar radiation, rain, wind, and
earth cycles, and particularly fresh water or grey water; (2) non-renewable resources
(N), such as cements, sands, natural aggregates; and (3) social and economic input (F),
mainly labor and services. In the green concrete production system, environmental
emissions include solid waste, wastewater, and gases, where solid waste is recycled,
and water includes fresh water and grey water that are recognized as renewable
resources (R). Natural aggregates, limestone and sandstone, are obtained from mined
ore and are therefore classified as non-renewable resources (N). Electricity,
transportation, and other resources purchased from the outside, machining, and other
paid labor belong to social and economic input (F). Giannetti et al. (2006) takes R, N,
F as the three coordinates of ternary diagram, and propose a graphical tool of ternary
diagram aided emergy analysis. Graphical representation of emergy accounting data
can compare ecosystem service processes and systems. Almeida et al. (2007) further
exemplified the emergy ternary diagram to help evaluate the system's dependence on
renewable and non-renewable inputs, as well as to assess environmental support for
reducing process emissions. Emergy ternary diagram can directly reflect the resource
allocation of the system, fully evaluate the sustainability, and predict the development
direction of the system (Zhao et al. 2019). In this paper, with the aid of the emergy
ternary, the traditional concrete production mode and three green concrete production

modes are compared and analyzed.

3. Methods

3.1 Emergy index

The meaning and calculation formula of input-output emergy index of green concrete

production system are as follows. (Odum HT 1996, Ulgiati and Brown 1998)
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R% is the ratio of renewable emergy input to total emergy input, reflecting the
dependence on natural resources.

R

R%G=———
R+N+F

(D

N% is the ratio of emergy input of non-renewable resources to total emergy input,
reflecting the structure and function of the system.

Nop=— @)
R+N+F

F% refers to the ratio of economic emergy input to total emergy input, reflecting the
system's dependence on external economy.

F

Fl=——
R+N+F

€)

Environmental load ratio (ELR) indicates the environmental pressure of the concrete
production system on the surrounding environment.

ELR=N+F

4
Emergy yield ratio (EYR) indicates the efficiency of system purchasing emergy input.

Y
EYR=—

F )
Emergy investment ratio (EIR) indicates the economic development degree of concrete

production system.

F
EIR=——
R+N (6)

Emergy sustainability index (ESI), the ratio of EYR to EIR, reflecting the sustainability
of concrete production system.

psr=E1R
ELR 7)
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3.2 Emergy ternary diagram

To visually describe the energy flow of different systems, Giannetti et al. (2006) and
Almeida et al. (2007) proposed an emergy ternary diagram to represent the relationship
between the emergy input values in the research system. The auxiliary lines such as
Resource flow line, sensitivity line and sustainablity line are drawn in emergy ternary
diagram, which is convenient for emergy analysis.

In Figure 1(a), the distance from the point to the opposite side of a resource item
represents the relative percentage of the resource component. The resource flow line is
a line parallel to the bottom edge of the resource item, which is used to compare the
resource utilization structure of the production process. Sensitivity line is shown in
Figure 1(b), the line between the point and a vertex in the ternary diagram represents
the percentage change of the opposite resource type along this line. The input ratio of
the other two types of resources at the point on the line remains constant. In figure 1
(c), the sustainability line is the curve moving from the “0” point of the F-axis to the R
edge, dividing the ternary diagram into regions with different levels of sustainability.
ESI = 1 divides the ternary diagram into two regions. The first half represents
sustainable development, and the second half represents unsustainable development

(Giannetti et al. 20006).

[Place Figure 1 here]

4. Results and discussion

4.1 Analysis and comparison of emergy of green concrete production

4.1.1 Traditional concrete production
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The emergy input and output of traditional concrete production are shown in Table 1,
and Figure 2 shows the emergy flow system diagram of the traditional concrete
production mode, in which sand, cement, and gravel are non-renewable resources (N);
industrial water is a renewable resource (R); mechanical processing, electricity,
services and labor, and transportation are social and economic inputs (F). The final

emergy of concrete output is the emergy of products (Y).

[Place Table 1 here]
[Place Figure 2 here]

4.1.2 Recycled aggregate concrete (RAC) production

In the green concrete production process of recycled aggregate, the available
construction waste includes waste concrete, waste bricks, and waste mortar. In the past,
these construction wastes were only used for ordinary backfilling projects, or were used
for roadbeds, cushioning of roads, and foundation reinforcement after sorting and
crushing (Bassani et al. 2019). Furthermore, with the improvement of construction
technology and quality control level of green concrete, RAC is increasingly used in
engineering structures. The cost of demolition, transportation, and recycled aggregate
processing of waste concrete is calculated into the cost of green concrete production;
the cost of green concrete production is sometimes higher than that of traditional
concrete production using natural aggregate (Rao et al. 2007). However, if the materials
can be obtained locally with respect to the construction site and sorted, broken,
decomposed, and graded at the time of demolition, the cost can be greatly reduced.
When the cost of concrete, brick, slag, and other construction materials is too high, and
the construction material resources are scarce at the project site, the efficiency of green

concrete will increase.
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In this study, a 40% ratio of recycled aggregate to of RAC production was calculated.
The input and output emergy of RAC are shown in the Table 2, and Figure 3 is the

emergy flow system diagram of RAC production mode.

[Place Table 2 here]
[Place Figure 3 here]

4.1.3 Production of fly ash concrete (FAC)

Fly ash is one of the industrial wastes with large discharge at present. With the
development of the power industry, fly ash emissions from coal-fired power plants are
increasing annually. If a large quantity of fly ash is not properly treated, it will generate
dust, fog, and haze, causing air pollution. If discharged into the water circulation system,
it will cause water pollution and river siltation. Furthermore, fly ash as industrial residue
sometimes contains toxic chemicals, which can cause harm to humans and biological
health.

The treatment and utilization of fly ash has attracted wide attention. Fly ash has
pozzolanic activity and can be used as a granular building material, saving raw material
resources, land, energy consumption, and protecting the ecological environment. The
main raw materials for FAC production include fine aggregate, fly ash, water, cement,
and sand. After calculating the ratio of raw materials, processing and mixing, pouring
and molding, curing, and other processes, FAC is made. With the development of
technology, the price of deep-processed FAC is very cheap. The application of grinding
slag technology can make fly ash not only a substitute for raw materials (or part of the
substitute), but also an admixture in ordinary concrete blocks and lightweight aggregate
concrete blocks (Zawawi et al. 2019). When fly ash partially replaces cement mixing

concrete, the amount of cement added is greater than that of original cement. In this
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study, 30% of cement was replaced by fly ash at a ratio of 1.4:1.
Table 3 is the emergy calculation of input and output of concrete production mode
mixed with fly ash. Among them, Figure 4 is the emergy flow system diagram of

concrete production mode mixed with fly ash.

[Place Table 3 here]
[Place Figure 4 here]

4.1.4 Circular economy (CE) mode concrete production

The CE production mode attaches great importance to the generation and discharge of
waste. The CE production mode is the production mode of qualified concrete based on
the comprehensive treatment of construction waste. The recycling economy mode of
concrete production can utilize construction waste including waste concrete, fly ash,
coal gangue, waste cement and mortar, recycled glass, and light ceramics. At present,
the most widely used green concrete production technology is mainly to mix fly ash in
the production process of recycled concrete, which can reduce the disposal of waste
concrete and industrial waste residue, two common pollution sources, at the same time.
In this study, the production of recycled concrete mixed with fly ash is taken as the
research object, and an emergy analysis of the CE concrete production mode is carried
out. The calculation results are shown in Table 4. The emergy flow system diagram of

CE concrete production mode is shown in Figure 5.

[Place Table 4 here]

[Place Figure 5 here]

4.2 Calculation of Emergy Index of Green Concrete Production

Formulas (1)-(7) are used to calculate the evaluation indicators of green concrete

17



production mode; Table 5 compares the emergy analysis indicators of traditional

concrete (1), RAC (2), FAC (3), and CE concrete (4) production modes.

[Place Table 5 here]

4.3 Emergy ternary diagram analysis

4.3.1 Resource flow line analysis

Figure 6 is the emergy ternary diagram of green concrete production. Four points in the
diagram represent “traditional concrete production mode,” “FAC production mode,”
“RAC production mode,” and “CE concrete production mode” from pointl to point4.
The point in the ternary diagram is determined by the proportion of three different types
of resources. The R-resource flow line corresponds to the emergy index ELR; as the R-
resource flow line approaches the F-axis, the higher the ELR and ecological
environment pressure of the concrete production system. The order of ELR values is
CE concrete (4) < RAC (2) < FAC (3) < traditional concrete (1). Therefore, the green
concrete production modes of mixing in recycled aggregate and fly ash have the best
environmental compatibility. Further, the ELR of the RAC production mode is 4.42
E+00, which is 81.7% lower than that of FAC, indicating that the system environmental
pressure of RAC production mode is lower than that of FAC production mode.
Compared with the traditional concrete production mode, the ELR of the three green
concrete production modes is greatly reduced, and the ELR of the CE concrete
production mode (3.62E+00) is the lowest. This demonstrates that the CE concrete
production mode can treat waste concrete and industrial waste residue as raw materials
comprehensively, so that the whole concrete production system can be optimized in
both economic and environmental aspects.
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The resource flow line F corresponds to the emergy indicators EYR and EIR; as the F-
resource flow line approaches the N-axis, the higher the EYR and the higher the input-
output rate. As the line approaches the “0” point of the R-axis, the EIR increases,
indicating a higher productivity of the system. Figure 6 shows the similarities between
the CE and RAC production modes. Comparing their emergy indicators (EYR and EIR),
the CE concrete production mode has the highest EYR of 5.65E + 00, and the RAC
production mode EIR (1.52E-01) is slightly higher than that of the CE concrete
production mode. It shows that CE concrete production mode has the highest emergy
output benefit. As a result of improvements to production technology and large amounts
of capital input, the use efficiency of social purchased emergy of the RAC production
mode is not as efficient as that of CE concrete production mode.

[Place Figure 6 here]

4.3.2 Sensitivity line analysis

The R% of the traditional concrete (1) production mode is approximately equal to O,
which tends to approach the F-axis along the sensitivity line R of the N/F ratio. The
other three lines starting from the “0” point of N-axis represent the lines of the FAC
(3), RAC (2), and CE concrete (4) production modes. The emergy input of non-
renewable resources (N) and social service emergy (F) is stable according to the N/F
ratio; the value of N/F at all points on the R-sensitivity line remains unchanged. As the
points approach the vertex of the R-axis, the EIR decreases, and the utilization
efficiency of purchased energy in the system increases. The R-sensitivity line of the
traditional concrete production mode can be approximately regarded as the F-axis, the
emergy of renewable resources that invested in the traditional concrete production

process is too small, and the dependence on non-renewable resources is the greatest.

19



The input of non-raw material resources is negatively correlated with the input of
recycled aggregate and fly ash. The N/F ratio of the CE concrete production mode is
6.91, which is greater than that of the FAC and RAC production modes. This shows
that the CE concrete production mode has less input of non-raw materials resources
than the other two concrete production modes, but it has a higher efficiency of
renewable resource utilization.

[Place Figure 7 here]

4.3.3 Sustainability line analysis

In Figure 8, the sustainability lines of the RAC and CE concrete production modes are
located in the sustainability region. The emergy sustainable index ESI of the RAC
production mode is 1.20. Although it is much greater than those of the traditional
concrete and FAC production modes, it smaller than that of the CE concrete production
mode ESI (1.56). This demonstrates that the sustainability of RAC and FAC is inferior
to that of the CE concrete production mode. In Table 5, the ESI of the CE concrete
production mode is the greatest, showing that although energy and labor are consumed
and social economic resources are increased in the processes of sorting, crushing,
transportation, collection, and treatment of waste concrete, the CE concrete production
mode is becoming more and more sustainable with the integration and upgrading of the
construction waste treatment industry chain and as the level of construction technology

and quality control of green concrete continues to improve.

[Place Figure 8 here]

4.4 Prediction of sustainability direction

In the emergy ternary diagram, comprehensive analyses of the sensitivity and
20



sustainability lines of concrete production systems can predict the future development
direction of the system. R and N sensitivity lines are shown in Figure 9. Based on the
current development situation, there are two possible development directions of the
concrete production mode. One is from the upper part to the lower part along the
sensitivity line of non-renewable resources; the other is from the lower part to the upper
part along the sensitivity line of renewable resources. ESI gradually increases to ESI>1.
[Place Figure 9 here]

If the concrete production mode develops along the first path, the renewable resources
of the system will contribute less and less to the concrete production system. With a
decrease of the proportion of local renewable resources, the demand for non-renewable
resources of the system increases, and the pressure on the environment caused by the
concrete production process increases. Restricted by the limitation of local renewable
resources during a specific period of time and the reduction of over-utilization of local
non-renewable resources, the sustainability of system development is weakened.

The second development path of the concrete production mode is to maintain the
current proportion of non-renewable resources and socio-economic emergy inputs,
while improving the emergy ratio of renewable resources. Along with this development,
it is necessary to improve the recycling capacity of concrete production waste, promote
the implementation of green concrete production modes through investment of funds
and technology, and adopt economical methods to reduce the loss of non-renewable
resources, thereby reducing the cost of non-renewable resources in the production
process of the system. The social and economic emergy inputs and renewable resource
utilization ratio of the CE concrete production mode increases synchronously. With a
decrease of the proportion of non-renewable resources, the ELR decreases, the emergy

output rate of production process increases, and the sustainability of the system
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development increases. Obviously, the second development path of concrete

production modes is the sustainable development mode that should be chosen.

5. Conclusion

In this paper, compare the traditional concrete production mode with the green concrete
production mode (FAC, RAC and CE concrete production mode) by using the emergy
index and emergy ternary diagram. It is shown that a large number of industrial waste
(fly ash) is fully digested, urban construction waste is treated as recycled aggregate, and
various wastes are recycled, in the green concrete production process. Green concrete
is more and more applied in engineering construction, which can effectively solve the
problems of construction waste and industrial waste dump, land pollution and so on. It
can save raw material resources, land, energy consumption and protect the ecological
environment.

Green concrete production is a complex and dynamic industrial ecosystem, with a
variety of unit types of input and output. When using the emergy analysis method to
analyze the benefit of the green concrete production system, the input and output values
of the whole system should be considered, as well as the emergy distribution among
the production factors in the production mode. The ternary diagram of emergy analysis
directly reflects the resource allocation of the system. With the aid of the auxiliary lines
of emergy ternary diagram analysis, the relationship between the emergy utilization
ratio and indicators of the system can be analyzed, and the sustainability of the existing
production system can be evaluated comprehensively.

However, there are some limitations in this study. The green concrete production model
studied in this paper is based on FAC, RAC and CE concrete production modes. The

results of the study are not applicable to green concrete production models not
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mentioned in this paper. Moreover, the UEV in this paper is cited from different sources,
which increases the uncertainty of the research results. With the increasing application
of emergy accounting in the evaluation of production modes in the future, more basic

data is needed to establish a unified and time-efficient UEV standard system.

Acknowledgements

This paper is supported by National Nature Science Foundation under Grant 71701137,
the Basic Research Project of Liaoning Higher Education Institutions (LJZ2017051),
Economic and Social Development Project of Liaoning (20201slktqn-059), and Natural

Science Foundation of Liaoning (2019-ZD-0296).

References

Ahmed, Shaikh, F. U. (2013). Properties of Concrete Containing Construction and Demolition Wastes
and Fly Ash. Journal of Materials in Civil Engineering, 25(12), 1864-1870.
doi:10.1061/(asce)mt.1943-5533.0000763

Ahmed Shaikh, F. U., Nath, P., Hosan, A., John, M., & Biswas, W. K. (2019). Sustainability assessment
of Recycled Aggregates Concrete mixes Containing Industrial By-Products. Materials Today
Sustainability, 5, 100013. doi: 10.1016/j.mtsust.2019.100013

Akbarnezhad, A., Ong, K. C. G., Tam, C. T., & Zhang, M. H. (2013). Effects of the Parent Concrete
Properties and Crushing Procedure on the Properties of Coarse Recycled Concrete Aggregates.
Journal of Materials in Civil Engineering, 25(12), 1795-1802. doi:10.1061/(asce)mt.1943-
5533.0000789

Alexandru, T., Marinela, B., Laura, D., & Irina, B. (2019). Mechanical and Environmental Performances
of Concrete Using Recycled Materials. Procedia Manufacturing, 32, 253-258.
doi:10.1016/j.promfg.2019.02.211

Almeida, C. M. V. B., Barrella, F. A., & Giannetti, B. F. (2007). Emergetic ternary diagrams: five
examples for application in environmental accounting for decision-making. Journal of Cleaner
Production, 15(1), 63-74. doi:10.1016/].jclepro.2005.07.002

Amaral, L. P., Martins, N., & Gouveia, J. B. (2016). A review of emergy theory, its application and latest
developments.  Renewable and  Sustainable  Energy  Reviews, 54,  882-888.
doi:10.1016/j.rser.2015.10.048

Bassani M., Diaz Garcia J.C., Meloni F, Volpatti G., & Zampini D. (2019). Recycled coarse aggregates

from pelletized unused concrete for a more sustainable concrete production. Journal of Cleaner

23



Production, 219, 424-432. doi: 10.1016/j.jclepro.2019.01.338.

Belhadj, B., Bederina, M., Montrelay, N., Houessou, J., & Quéneudec, M. (2014). Effect of substitution
of wood shavings by barley straws on the physico-mechanical properties of lightweight sand
concrete. Construction and Building Materials, 66, 247-258.
doi:10.1016/j.conbuildmat.2014.05.090

Behera, M., Bhattacharyya, S. K., Minocha, A. K., Deoliya, R., & Maiti, S. (2014). Recycled aggregate
from C&D waste & its use in concrete - A breakthrough towards sustainability in construction
sector: A review. Construction and  Building  Materials, 68,  501-516.
doi:10.1016/j.conbuildmat.2014.07.003

Brown, M.T., Arding, J. (1991). Transformities Working Paper. Center for Wetlands, University of
Florida, Gainesville, FL, USA.

Brown, M.T., Ulgiati, S. (2001). Emergy measures of carrying capacity to evaluate economics
investments. Population and Environment, 22(5), 471-501. doi: 10.1023/A:1010756704612

Brown, M.T., Buranakarn, V. (2003). Emergy indices and ratios for sustainable material cycles and
recycle options. Resources. Conservation. Recycling. 38(1), 1-22. doi:10.1016/S0921-
3449(02)00093-9

Brown, M. T., & Ulgiati, S. (2004). Energy quality, emergy, and transformity: H.T. Odum’s
contributions to quantifying and understanding systems. Ecological Modelling, 178(1-2), 201-
213. doi:10.1016/j.ecolmodel.2004.03.002

Brown, M. T., Ulgiati, S. (2010). Updated evaluation of exergy and emergy driving the geobiosphere:
A review and refinement of the emergy baseline. Ecological Modelling, 221(20), 2501-2508.
doi:10.1016/j.ecolmodel.2010.06.027

Brown, M.T., Raugei, M., & Ulgiati, S. (2012). On boundaries and 'investments' in emergy synthesis and
LCA: a case study on thermal vs. photovoltaic electricity. Ecological. Indictors. 15, 227-235.
doi:10.1016/j.ecolind.2011.09.021

Brown MT, Ulgiati S (2016). Assessing the global environmental sources driving the geobiosphere: a
revised emergy baseline. Ecological Modelling. 339, 126-132. doi:10.1016/j.ecolmodel.2016.03.017

Chen, D., Bi, B., Luo, Z., Cao, X., Wang, W., & Chen, J. (2018). Communicating about the
environmental sustainability assessment of China’s cement industry based on emergy. Ecological
Indicators, 86, 96-97. doi:10.1016/j.ecolind.2017.09.053

Chen, R., Li, Y., Xiang, R., & Li, S. (2016). Effect of particle size of fly ash on the properties of
lightweight insulation materials. Construction and Building Materials, 123, 120-126.
doi:10.1016/j.conbuildmat.2016.06.140

Chen X, Wang H, Najm H, Venkiteela G, & Hencken J. (2019). Evaluating engineering properties and
environmental impact of pervious concrete with fly ash and slag. Journal of Cleaner Production,
237, 117714. doi: https://doi.org/10.1016/j.jclepro.2019.117714

Dash, M. K., Patro, S. K., & Rath, A. K. (2016). Sustainable use of industrial-waste as partial replacement
of fine aggregate for preparation of concrete - A review. International Journal of Sustainable Built
Environment, 5(2), 484-516. doi:10.1016/j.ijsbe.2016.04.006

El-Didamony, H., Amer, A. A., Mohammed, M. S., & El-Hakim, M. A. (2019). Fabrication and

24


https://www.sogou.com/link?url=hedJjaC291Ob6hbu4VanvuYOB6VZSHam9plHkQ_v2SvundOZPuEhHV8RCA7K0h1h3wyHijmKbcUZl5CWovmY5g..

properties of autoclaved aerated concrete containing agriculture and industrial solid wastes.
Journal of Building Engineering.22, 528-538. doi:10.1016/j.jobe.2019.01.023

Fan, C., Miller, S. A. (2018). Reducing greenhouse gas emissions for prescribed concrete compressive
strength. Construction and Building Materials, 167, 918-928. doi:10.1016/j.conbuildmat.2018.02.092

Ghorbani, S., Taji, 1., Tavakkolizadeh, M., Davodi, A., & de Brito, J. (2018). Improving corrosion
resistance of steel rebars in concrete with marble and granite waste dust as partial cement
replacement. Construction and Building Materials, 185, 110-119.
doi:10.1016/j.conbuildmat.2018.07.066

Ghorbani, S., Sharifi, S., Ghorbani, S., Tam, V. W., de Brito, J., & Kurda, R. (2019). Effect of crushed
concrete waste’s maximum size as partial replacement of natural coarse aggregate on the
mechanical and durability properties of concrete. Resources, Conservation and Recycling, 149,
664-673. doi:10.1016/j.resconrec.2019.06.030

Giannetti B.F., Barrella F.A., & Almeida C.M.V.B. (2006). A combined tool for environmental scientists
and decision making: ternary diagrams and emergy accounting. Journal of Cleaner Production,
14(2), 201-210. doi:10.1016/j.jclepro.2004.09.02

Golewski, G. L. (2018). Green concrete composite incorporating fly ash with high strength and fracture
toughness. Journal of Cleaner Production, 172, 218-226. doi:10.1016j.jclepro.2017.10.065

Hossaini N., & Hewage K. (2013). Emergy accounting for regional studies: case study of Canada and its
provinces. Journal of Environmental Management, 118, 177-185.
doi:10.1016/j.jenvman.2012.12.034

Jami, T., Karade, S. R., & Singh, L. P. (2019). A review of the properties of hemp concrete for green
building applications. Journal of Cleaner Production,239:1-17. doi:
10.1016j/jclepro.2019.117852.

Jorgensen, S. E., Odum, H. T., & Brown, M. T. (2004). Emergy and exergy stored in genetic information.
Ecological Modelling, 178(1-2), 11-16. doi:10.1016/j.ecolmodel.2003.12.036

Li, X., Liu, Z., Lv, Y., Cai, L., Jiang, D., Jiang, W., & Jian, S. (2018). Utilization of municipal solid
waste incineration bottom ash in autoclaved aerated concrete. Construction and Building
Materials, 178, 175-182. doi:10.1016/j.conbuildmat.2018.05.147

Liew, K. M., Sojobi, A. O., & Zhang, L. W. (2017). Green concrete Prospects and challenges.
Construction and Building Materials, 156, 1063-1095. doi:10.1016/j.conbuildmat.2017.09.008

Liu, Z., Geng, Y., Wang, H., Sun, L., Ma, Z., Tian, X., & Yu, X. (2015). Emergy-based comparative
analysis of energy intensity in different industrial systems. Environmental Science and Pollution
Research, 22(23), 18687-18698. doi:10.1007/s11356-015-4957-x

Lu, W., Chi, B., Bao, Z., & Zetkulic, A. (2019). Evaluating the effects of green building on construction
waste management: A comparative study of three green building rating systems, Building and
Environment, 155, 247-256. doi: https://doi.org/10.1016/j.buildenv.2019.03.050.

Luhar, S., Cheng, T.-W., & Luhar, 1. (2019). Incorporation of natural waste from agricultural and
aquacultural farming as supplementary materials with green concrete: A review. Composites Part
B: Engineering, 175, 107076. doi:10.1016/j.compositesb.2019.107076

Lou, B., Ulgiati, S., (2013). Identifying the environmental support and constraints to the Chinese

25


https://www.sciencedirect.com/science/journal/03601323/155/supp/C
https://doi.org/10.1016/j.buildenv.2019.03.050

economic growth-An application of the emergy accounting method. Energy Policy, 55, 217-233.
doi:10.1016/j.enpol.2012.12.009

Marinkovi¢, S., Dragas, J., Ignjatovi¢, 1., & Tosi¢, N. (2017). Environmental assessment of green
concretes for structural wuse. Journal of Cleaner Production, 154, 633-649.
doi:10.1016/j.jclepro.2017.04.015

Ngo, H.-T., Kaci, A., Kadri, E.-H., Ngo, T.-T., Trudel, A., & Lecrux, S. (2017). Energy consumption
reduction in concrete mixing process by optimizing mixing time. Energy Procedia, 139, 810-816.
doi:10.1016/j.egypro.2017.11.293

Nie, Q., Zhou, C., Li, H., Shu, X., Gong, H., & Huang, B. (2015). Numerical simulation of fly ash
concrete under sulfate attack. Construction and Building Materials, 84, 261-268.
doi:10.1016/j.conbuildmat.2015.02.088

Odum, H.T. (1996). Environmental accounting: emergy and environmental decision making. Wiley,
New York.

Odum, H.T., Brown, M.T., & Brandt-Williams, S. (2000). Emergy of global processes. In: The handbook
of emergy evaluation: a compendium of data for emergy computation. Center for environmental
policy. University of Florida, Gainesville.

Oh, D.-Y., Noguchi, T., Kitagaki, R., & Park, W.-J. (2014). CO2 emission reduction by reuse of building
material waste in the Japanese cement industry. Renewable and Sustainable Energy Reviews, 38,
796-810. doi:10.1016/j.rser.2014.07.036

Pulselli, R. M., Simoncini, E., Pulselli, F. M., & Bastianoni, S. (2007). Emergy analysis of building
manufacturing, maintenance and use: Em-building indices to evaluate housing sustainability.
Energy and Buildings, 39(5), 620-628. doi:10.1016/j.enbuild.2006.10.004

Pulselli, R. M., Simoncini, E., Ridolfi, R., & Bastianoni, S. (2008). Specific emergy of cement and
concrete: An energy-based appraisal of building materials and their transport. Ecological
Indicators, 8(5), 647-656. doi:10.1016/j.ecolind.2007.10.001

Rao, A., Jha, K. N., & Misra, S. (2007). Use of aggregates from recycled construction and demolition
waste in  concrete. Resources, Conservation and Recycling, 50(1), 71-81.
doi:10.1016/j.resconrec.2006.05.010

Siddique, R. (2010). Use of municipal solid waste ash in concrete. Resources, Conservation and
Recycling, 55(2), 83-91. doi:10.1016/j.resconrec.2010.10.003

Song, D., Chen, B. (2016). Sustainability Evaluation of a Typical Cement Production Chain in China -
An Emergy Perspective. Energy Procedia, 104, 98-103. doi:10.1016/j.egypro.2016.12.018

Song, Z., Frithwirt, T., & Konietzky, H. (2018). Characteristics of dissipated energy of concrete subjected
to cyclic loading. Construction and Building Materials, 168, 47-
60.doi:10.1016/j.conbuildmat.2018.02.076

Taha, Y., Benarchid, Y., & Benzaazoua, M. (2019). Environmental behavior of waste rocks based
concrete:  Leaching performance assessment. Resources Policy, 101409. doi:
10.1016/j.resourpol.2019.101419.

Tang, P., Brouwers, H. J. H. (2018). The durability and environmental properties of self-compacting

concrete incorporating cold bonded lightweight aggregates produced from combined industrial

26



solid wastes. Construction and Building Materials, 167, 271-285.
doi:10.1016/j.conbuildmat.2018.02.035

Tao, J., Fu, M., Zheng, X., Zhang, J., & Zhang, D., (2013). Provincial level-based emergy evaluation of crop
production system and development modes in China. Ecological Indicators, 29, 325-338.
doi:10.1016/j.ecolind.2013.01.014

Turk, J., Coti¢, Z., Mladenovi¢, A., & §ajna, A. (2015). Environmental evaluation of green concretes versus
conventional ~ concrete by means of LCA. Waste Management, 45, 194-205.
doi:10.1016/j.wasman.2015.06.035

Ulgiati, S., Brown, M. T. (1998). Monitoring patterns of sustainability in natural and man-made ecosystems.
Ecological Modelling, 108(1-3), 23-36. doi:10.1016/s0304-3800(98)00016-7

Wei, Y. L., Cheng, S. H., & Ko, G. W. (2016). Effect of waste glass addition on lightweight aggregates
prepared from F-class coal fly ash. Construction and Building Materials, 112, 773-782.
doi:10.1016/j.conbuildmat.2016.02.147

Wijayasundara, M., Mendis, P., & Crawford, R. H. (2018). Net incremental indirect external benefit of
manufacturing recycled aggregate concrete. Waste Management, 78, 279-291.
doi:10.1016/j.wasman.2018.02.042

Xiao, J., Wang, C., Ding, T., & Akbarnezhad, A. (2018). A recycled aggregate concrete high-rise
building: Structural performance and embodied carbon footprint. Journal of Cleaner Production,
199, 868-881. doi:10.1016/j.jclepro.2018.07.210

Zawawi, M. N. A. A., Muthusamy, K., Majeed, A. P. P. A., Musa, R. M., & Budiea, A. M. A. (2019).
Mechanical properties of oil palm waste lightweight aggregate concrete with fly ash as fine
aggregate  replacement. Journal of  Building Engineering, 27, 100924. doi:
10.1016/j.jobe.2019.100924

Zhang, C., Hu, M., Dong, L., Xiang, P., Zhang, Q., Wu, J., ... & Shi, S. (2018). Co-benefits of urban
concrete recycling on the mitigation of greenhouse gas emissions and land use change: A case in
Chongqing metropolis, China. Journal of Cleaner Production, 201, 481-498.
doi:10.1016/j.jclepro.2018.07.238

Zhao, Y., Yu, M., Kong, F., & Li, L. (2019). An emergy ternary diagram approach to evaluate circular
economy implementation of eco-industrial parks. Clean Technologies and Environmental Policy,

21, 1433-1445. doi: 10.1007/s10098-019-01714-z

27



Figure

Figure 1. The auxiliary lines of emergy ternary diagram

Figure 2 Emergy flow of traditional concrete production

Figure 3 Emergy flow of recycled aggregate concrete (RAC) production
Figure 4 Emergy flow of fly ash concrete (FAC) production

Figure 5 Emergy flow of circular economy (CE) mode of concrete production
Figure 6 Resource flow lines of concrete production mode

Figure 7 Sensitivity lines of concrete production mode

Figure 8 Sustainability lines of concrete production mode

Figure 9 Forecast of sustainable development direction of green concrete
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Table

Table 1 Emergy inputs and outputs of traditional concrete production

Table 2 Emergy of inputs and outputs of recycled aggregate concrete (RAC) production
Table 3 Emergy of input and output of fly ash concrete (FAC) production

Table 4 Emergy of input and output of circular economy (CE) concrete production

Table 5 Emergy indicators of concrete production modes
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Table 1 Emergy inputs and outputs of traditional concrete production

Input or UEV
Raw materials Unit Reference Energy (Sej)
output (Sej/ Unit)
Renewable Resources (R)
Water 1.75E+08 ¢ 1.26E+06  Brown et al. (2012) 2.21E+14
Non-renewable resource (N)
Cement 291E+08 g 1.73E+09  Brown and Arding (1991) 5.03E+17
Sand 6.23E+08 g 2.46E+09  Brown and Buranakarn (2003) 1.53E+18
Gravel 9.44E+08 ¢ 2.46E+09  Brown and Buranakarn (2003) 2.32E+18
Social and economic input (F)
Machining 1.08E+06 9.21E+09  Pulselli et al. (2008) 9.95E+15
Electricity 2.65E+10 1.59E+05  Brown and Ulgiati (2001) 4.21E+15
Transportation 741E+05 txm  7.61E+11  Brown and Buranakarn (2003) 5.64E+17
Service and Labor 4.89E+05 § 1.06E+11  Lou and Ulgiati (2013) 5.18E+16
Emergy of Products(Y)
Concrete output (year) 1.79E+09 g 1.81E+09  Pulselli et al. (2008) 3.24E+18
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Table 2 Emergy of inputs and outputs of recycled aggregate concrete (RAC) production

Input or UEV
Raw materials Unit Reference Energy (Sej)
output (Sej/ Unit)
Renewable Resources (R)
Water 1.75E+08 ¢ 1.26E+06  Brown et al. (2012) 2.21E+14
Recycled aggregate 3.77TE+08 g 2.46E+09  Brown and Buranakarn (2003) 9.27E+17
Non-renewable resource (IN)
Cement 291E+08 ¢ 1.73E+09  Brown and Arding (1991) 5.03E+17
Sand 6.23E+08 g 2.46E+09  Brown and Buranakarn (2003) 1.53E+18
Gravel 5.68E+08 g 2.46E+09  Brown and Buranakarn (2003) 1.40E+18
Social and economic input (F)
Collection L.71E+06 9.21E+09  Pulselli et al. (2008) 1.57E+16
Crushing 2.07E+06 ] 9.21E+09  Pulselli et al. (2008) 1.91E+16
Machining 1.08E+06 9.21E+09  Pulselli et al. (2008) 9.95E+15
Electricity 2.65E+10 1.59E+05  Brown and Ulgiati (2001) 4.21E+15
Transportation 741E+05 txm  7.61E+11  Brown and Buranakarn (2003) 5.64E+17
Service and Labor 4.89E+05 § 1.06E+11  Lou and Ulgiati (2013) 5.18E+16
Emergy of Products(Y)
Concrete output (year) 1.95E+09 g 1.81E+09  Pulselli et al. (2008) 3.53E+18
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Table 3 Emergy of input and output of fly ash concrete (FAC) production

Input or UEV
Raw materials Unit Reference Energy (Sej)
output (Sej/ Unit)
Renewable Resources (R)
Water 1.75E+08 g 1.26E+06  Brown et al. (2012) 2.21E+14
Fly ash 1.22E+07 g 1.68E+09  Pulselli et al. (2007) 2.05E+16
Non-renewable resource (N)
Cement 2.04E+08 ¢ 1.73E+09  Brown and Arding (1991) 5.03E+17
Sand 6.23E+08 g 2.46E+09  Brown and Buranakarn (2003) 1.53E+18
Gravel 9.44E+08 ¢ 2.46E+09  Brown and Buranakarn (2003) 2.32E+18
Social and economic input (F)
Machining 1.08E+06 j 9.21E+09  Pulselli et al. (2008) 9.95E+15
Electricity 2.65E+10 1.59E+05  Brown and Ulgiati (2001) 421E+15
Transportation 7.41E+05 txm  7.61E+11  Brown and Buranakarn (2003) 5.64E+17
Service and Labor 4.89E+05 $ 1.06E+11  Lou and Ulgiati (2013) 5.18E+16
Emergy of Products(Y)
Concrete output (year) 1.73E+09 ¢ 1.81E+09  Pulselli et al. (2008) 3.13E+18
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Table 4 Emergy of input and output of circular economy (CE) concrete production

Input or UEV
Raw materials Unit Reference Energy (Sej)
output (Sej/ Unit)
Renewable Resources (R)
Water 1.75E+08 g 1.26E+06  Brown et al. (2012) 2.21E+14
Recycled aggregate 3.77TE+08 g 2.46E+09  Brown and Buranakarn (2003) 9.27E+17
Fly ash 1.22E+08 g 1.68E+09  Pulselli et al. (2007) 2.05E+17
Non-renewable resource (N)
Cement 2.04E+08 ¢ 1.73E+09  Brown and Arding (1991) 5.03E+17
Sand 6.23E+08 g 2.46E+09  Brown and Buranakarn (2003) 1.53E+18
Gravel 5.68E+08 g 2.46E+09  Brown and Buranakarn (2003) 1.40E+18
Social and economic input (F)
Collection 1.71E+06 9.21E+09  Pulselli et al. (2008) 1.57E+16
Crushing 2.07E+06 j 9.21E+09  Pulselli et al. (2008) 1.91E+16
Machining 1.08E+06 9.21E+09  Pulselli et al. (2008) 9.95E+15
Electricity 2.65E+10 j 1.59E+05  Brown and Ulgiati (2001) 4.21E+15
Transportation 741E+05  txm 7.61E+11  Brown and Buranakarn (2003) 5.64E+17
Service and Labor 4.89E+05 § 1.06E+11  Lou and Ulgiati (2013) 5.18E+16
Emergy of Products(Y)
Concrete output (year) 2.08E+09 g 1.81E+09  Pulselli et al. (2008) 3.76E+18

42



Table 5 Emergy indicators of concrete production modes

Emergy traditional Green Concrete Production
indicators  concrete (1) RAC (2) FAC (3) CE concrete (4)
R% 0.004% 18.459% 3.961% 21.648%
N% 87.354% 68.313% 83.898% 65.641%
F% 12.642% 13.228% 12.142% 12.711%
Y 3.23E+18 3.53E+18 3.13E+18  3.76E+18
ELR 2.50E+04 4 42E+00 2.42E+01  3.62E+00
EYR 5.13E+00 5.31E+00 497E+00  5.65E+00
EIR 1.45E-01 1.52E-01 1.38E-01 1.46E-01
ESI 2.05E-04 1.20E+00 2.05E-01 1.56E+00
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Highlights:

® A visually expressive research tool is proposed for green concrete production mode
evaluation.

® The sustainability of concrete production modes is comprehensively analyzed by emergy
assessment index.
Traditional concrete production mode is compared with green concrete production modes.
Circular economy (CE) mode of green concrete production is the most environmentally

friendly and sustainable concrete production mode by contrastive analysis.



