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In this dissertation, regarding the costs and benefits of recycling building
materials, the main question was: what are appropriate measures or indices to judge
recycle benefits? To answer this question, techniques of emergy analysis were used to
evaluate inputs to the production processes of six major building materials and several
other secondary materials as well as the inputs to recycle systems for these products in
three different recycle trajectories. Emergy is the amount of energy required to make
something expressed in units of the same form of energy. The emergy in building
materials and recycle systems was expressed as solar emergy.

The emergy per mass for building materials varied from a low of 0.88 E9 sej/g for
wood to a high of 1.27 E10 sej/g for aluminum. Generally, emergy per mass is a good
indicator of recycle-ability, where materials with high emergy per mass are more
recyclable. Recycling added between 1% (concrete) and 568% (wood) to the emergy



inputs per gram of building materials. The analysis of materials suggested that recycle of
wood may not be advantageous on a large scale, but metals, plastic, and glass have very
positive benefits.

Two types of solid waste disposal systems were evaluated: municipal solid wastes
(MSW), and construction and demolition (C&D) wastes. Expressed as emergy, the costs
of collecting and landfilling (for 50 years) MSW were 264.4 E6 sej/g while sorting
recycled materials was evaluated as 8.2 E6 sej/g. The costs of demolition, collection and
landfilling C&D wastes were 83.4 E6 sej/g and sorting costs were 6.7 E6 sej/g.

Several different recycle trajectories were identified and analyzed: 1) material
recycle, 2) byproduct use, and 3) adaptive reuse. Four recycle indices measuring the
benefits of various recycle systems suggested that materials that have large refining costs
have greatest potential for high recycle benefits. Aluminum had the highest benefit of
about 49.9 where expression as emergy required for emergy cost of recycle. Highest
benefits appear to accrue from material recycle systems (ranging from 0.05 to 49.9),
followed by adaptive reuse systems (3.3 to 32) and then by byproduct reuse systems (2.4
to 9.2).



CHAPTER 1
INTRODUCTION

Statement of Problem

As limits to the unrestricted exploitation of resources have been felt in the last two
decades, increased attention has been given to their wise use. Recently the concept of
sustainability has been applied to, among other things, conservation of resources.
Development is said to be sustainable if it meets the needs of the present without
compromising the ability of future generations to meet their own needs (WCED, 1987).
As a result, there has been a strong movement in the last several years to increase
efficiency in the use of resources and increase potential for recycle and reuse of resources
at all levels of society.

In many cultures, building materials have been used for centuries in a linear
fashion. Structures were built, served their useful life and were replaced. In the process,
materials were extracted from the environment, sequestered in the building and then
discarded. The built environment (buildings and infrastructure of cities) accounts for
approximately 40% of all materials extracted and used by the world’s cultures (Roodman
and Lenssen, 1995). Therefore tremendous impact on the rate of use efficiency of
resource exploitation can be achieved if recycle and reuse of materials are incorporated
into the design and construction of the world’s infrastructure. However, some materials

are easily recycled and reused while others are far more difficult requiring more energy



and materials in their recycle than is expended in their initial extraction and
transformation. Understanding the costs of recycle and reuse compared to initial
extraction and transformation costs is an important component in evaluating the net
effects of recycle of building materials and byproduct wastes.

Since all processes of resource extraction require energy, and recycling also
requires energy, the comparative analysis of the relative amounts of energy required for
both processes may provide much needed insight into the costs and benefits of recycling
and reuse of resources. This leads to the overall question of this study: what are
appropriate measures or indices to judge recycle benefits? Other important research
questions include: are there general characteristics of resources (quality, concentration,
rarity, and so on) that are more easily recycled than others? In other words are their
classes of resources where recycle does not pay, and classes where the net benefits of
recycle are large? Can recycle potential be predicted from some attribute of resources

such as their useful life, or initial costs of production?

Background

Building Materials

During buildings’ lives, their operations and maintenance have played a major
role in the United States consuming 35 to 60 percent of the total national energy budget
(Stein, 1977; Lowe, 1991; Roodman and Lenssen, 1995). Average annual energy used
during building construction is about two times that of the building operation and
maintenance period (Stein, 1977). Buildings use 40 percent of the national virgin (raw)

materials (Roodman and Lenssen, 1995).




Building materials have a relatively long life span, a large portion of resource and
energy consumption, and a high investment value compared to the other consumer
products. Roodman and Lenssen (1995) found that some building materials such as
concrete require the same amount of energy in both productions from virgin materials and
from recycled materials. Other building materials such as glass and aluminum save more
energy when recycled than when they are not. These savings range from 20 to 90 percent
(Roodman and Lenssen, 1995).

Recycling Patterns

Recycling is an important concept in completing the ecological life cycle of
materials, where waste or production output from one system is an input source to
another system. Recycling serves to amplify and reinforce production processes, and
provides a multiplier to the input resources. Systems that do not develop a complete cycle
of materials will not be long continued (Odum, 1996).

In this dissertation, three different patterns of recycling were evaluated as follows:

1. Material recycle: the most common form of recycling. Materials from a

product are replaced as part of raw material inputs to produce the same
product such as aluminum cans, paper, glass bottles, and steel.

2. Byproduct use: In byproduct use, a byproduct or waste from one process is

used as part of raw material inputs to produce another product such as fly ash
added to cement or concrete, wood chips and sawdust used to make particle

board.



3. Adaptive reuse: In adaptive reuse, pre-consumer or post-consumer products
are used as part of raw material inputs to produce a product is different from
the previous product such as ceramic tile with post-consumer glass, vinyl floor
with post-consumer plastics.

Figure 1-1 shows process diagrams of recycling pattemns. The conventional

process (a) is a primary production process that transforms extracted and refined energy

and raw material inputs to a product output which eventually finds its way into a landfill.
Emergy Analysis of Systems, Products, and Processes

Emergy analysis is a technique of analysis that evaluates inputs to processes in
common units of energy of one form, usually solar energy. Increasingly, it is being
recognized that not all energy is equivalent in its ability to do work, therefore quality
correction is necessary (Odum, 1996; Brown and Ulgiati, 1997). In emergy analysis, all
energies are expressed in the same form, thus avoiding the problem of comparing
energies of different qualities. In addition, all energy used, both in the present and in the
past, to produce a good or services is evaluated. In this way emergy analysis evaluates all
required inputs (materials, services, and energy) to a process in common units of emergy,
whether they were used in the past or are being used in the present. When a material,
energy or service is expressed in common units of the energy required to make it, the
quantity is called emergy and its units of measure are emjoules. If expressed as solar
emergy the units are solar emjoules (abbreviated sej). A more complete definition of
emergy, other terms used and indices calculated to aid policy and management decisions

are given in the methods section of this dissertation. In the following paragraphs, an
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Figure 1-1. Material flows and recycling patterns. (a) conventional material flow, where
material is discarded after use, (b) material recycle where material is recycle back to a
stage in the transformation process and re-transformed, (c) the use of a byproduct waste
from another production process in place of some material, and (d) the reuse of a material
for some other purpose.



overview of the systems, products and processes that have been analyzed using emergy
analysis is given.

Odum et al. (1983) evaluated numerous materials including aluminum ingot,
bauxite, iron ore, steel, and machinery. Odum (1996) evaluates many products and
processes relating to building materials. Iron ore and bauxite are part of a major flow of
material in the sedimentary cycle where scare resources, concentrated into deposits, have
been concentrated from natural processes over a long period of time. Therefore, scare
resources have high emergy contents.

Roudebush (1992) combined “value engineering method™ with emergy analysis to
develop an “environmental value engineering system” which includes environmental
impacts from built environments. The environmental value engineering analysis system
evaluated 10 phases of building materials life cycle from natural extraction to disposal.
The case study between concrete masonry unit (CMU) and concrete tilt-up wall panel
alternatives illustrated that the CMU wall panel had about 11% higher environmental
impact than the concrete tilt-up panel. However, recycling was not evaluated in the case
study alternatives. Emergy analysis was used by Haukoos (1995) to evaluate conventional
building systems and several primary building materials. The emergy costs of some
building materials were first calculated. Then, three residential design alternative case
studies (wood frame, concrete block, and steel frame) were evaluated. Dollar costs of
three alternative case studies were similar. The emergy costs of wood and concrete block
alternatives were similar while the steel alternative was higher. Haukoos (1995)
suggested that a ratio of renewable to non-renewable emergy, and total non-renewable

emergy per building life should be considered for an analysis of sustainability.



Review of Other Methods of Analysis

There are numerous methods of analysis that can be used to evaluate the material
and energy requirements of production processes. Among these are embodied energy
analysis, exergy analysis, and life cycle analysis. Each emphasizes significantly different
spatial and temporal scales, or boundary conditions. Table 1-1 and Figure 1-2 summarize
the various methods and in the following paragraphs each are reviewed.

Exergy Analysis

Exergy is available energy to do work in a process or system and work is an
interaction between a system and its surroundings (Jones and Hawkins, 1986; Bejan,
1988). Exergy can be defined as physical or chemical energy. Available exergy is limited
to physical or chemical exergy within production process. An exergy analysis relates the
concentration of energy and material inputs to a production process to their surrounding
environment and calculates the exergy based on their chemical energy (Gibb free energy)
or enthalpy (Bejan, 1988). Exergy excludes services and support facilities, such as
machinery, since they are not part of the material and energy inputs to the production
process.

Morris and Szargut (1986) evaluated chemical exergy of some elements and
compounds and provided possibilities for improvement of thermal and chemical
processes. The external exergy losses depend on the reference species and the internal
exergy losses in a process does not influence the calculation.

Exergy analysis is appropriate to develop and improve manufacturing process and

product efficiency. Exergy analysis based on thermodynamic theory has been used for



detailed evaluation. Materials and energy inputs as mass balance are completely
evaluated. Human service (labor), supporting facilities, and environments are excluded.
Embodied Energy (Input-Output Analysis)

Embodied energy analysis (sometimes referred to as Input-Output energy
analysis) was developed by The Center for Advanced Computation at the University of
Illinois (CAC), today named The Energy Research Group of the University of Illinois.
The analysis technique was to be used as a tool for economic planning. Embodied energy
analysis uses an input-output matrix of dollar flows through the United States economy
and matrix inversion technique to calculate energy intensities for sectors of the economy.
Only primary energy is used in the analysis, and energy is assigned to each sector based
on dollar flows between sectors (Hanon et al., 1977b). Energy intensities (BTUs per
dollar) are calculated for 399 industrial sectors based on the Standard Industrial
Classification (SIC). In this way the primary energy (fuel, nuclear, and hydroelectric ...all
expressed in equivalent coal energy) requirements for any production process are
evaluated by multiplying the dollar expenditures for fuels, materials, and goods by an
energy intensity factor for the particular sector from which the good or material is
purchased. Labor is not included, nor is the work of the environment in producing
“natural capital” as inputs or for environmental services in processing waste byproducts.
In addition the embodied energy analysis excludes energy used in administration such as
electricity used in administrative offices and fuels for space heating and cooling (Hanon

et al., 1977b; Stein et al., 1981).



The total embodied energy of a building includes the energy consumed in all
phases of the industry from provision of raw materials to finished construction. It sums
direct energy consumed for individual components, the direct energy used in assembly or
manufacturing process, and direct energy used for transport to the jobsite. In practice,
embodied energy analysis of building systems does not include indirect energy required
in the past to produce energy or machinery. Imported products are considered to have the
same energy value as domestic products. Labor is evaluated in all stages. Labor intensity
data has been developed by using full time employment (FTE) per dollar which was
converted into man hour per unit such as square foot of building component (Hanon et
al., 1977b; Stein et al., 1981). Labor of each alternative is compared directly using man
hour not labor energy. Energy consumed during building operation, such as electricity for
heat or cooling space was evaluated by Hanon et al. (1977b). Maintenance inputs and
energy were excluded. To decide which material alternatives are appropriate among the
others, both vnergy embodied (BTUSs per unit) and labor intensity (man hours) are
considered, but evaluated separately (Hanon et al., 1977b).

The CAC embodied energy technique was used to evaluate the energy embodied
in building from construction and manufacture processes and the energy used during
building life or operation (Hanon et al., 1976; 1977b). The CAC analysis (Stein et al.,
1981) was presented in three ways as follows:

1. The energy of 399 industrial-sectors (SIC).

2. Total BTU energy per square foot of structural component such as standard

steel system, reinforced concrete system, and wood frame wall.
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3. The BTU per square foot of 23 building types such as residential one-family,
hotel or motel, office buildings, and warehouses.

Money as a measurement of inputs in the system has been argued, and can not
provide accurate results since it has many variations such as transaction, interest, devalue,
exchange, value added, and so on (Daly and Townsend, 1993; Odum, 1996). Price or
market price does not cover all costs. It excludes the work of nature such as natural costs
as rain, winds, and other environment sources. Daly and Townsend (1993) argued that the
economic system should be considered based on the energy limitations from natural
systems or ecological support.

Life-Cycle Assessment Analysis

The analysis of life cycle has been used since 1960s to evaluate energy efficiency,
recycling, and solid waste disposal costs of alternative products (Johnson, 1997a).
Currently, Life-Cycle Assessment (LCA) has been required by The Society of
Environmental Toxicology and Chemistry (SETAC). LCA has three approaches: (1) life-
cycle inventory, (2) life-cycle impact analysis, and (3) life-cycle improvement analysis.
The objestive of life-cycle inventory is to develop a data base of energy and raw material
requirements, air emission, water effluents, solid waste generation, and other
environmental releases throughout the life cycle of a product, process, or activity. Life-
cycle impact analysis includes both quantitative and qualitative processes that
characterize the effects of environmental impacts on the ecological system and on human
health. Life-cycle improvement analysis is a systematic evaluation of the needs and

opportunities to reduce the environmental burden associated with energy and materials
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throughout the life cycle of a product, representing both quantitative and qualitative
measures such as changes of product or process, material use, consumer use, and waste
management (Fava et al., 1991; Vigon et al., 1994). LCA is used to provide alternatives
concerning energy and material conservation, and reducing wastes as health consideration
for decision making. The LCA method has been proposed as a standard methodology in
The International Organization for Standardization (ISO) as ISO 14040 to 14043 (Sayre,
1996).

The life-cycle inventory focuses on the entire life cycle of the product, process, or
activity. The life cycle of any product is composed of five processes: (1) extraction and
processing of raw materials; (2) manufacturing, transportation, and distribution; (3) use,
re-use, and maintenance; (4) recycling; and (5) final disposal. A raw material is defined
as a primary or secondary material input at the first stage in a process. Secondary material
includes materials from pre-consumer and post-consumer recycling processes. Mass
balance and weight proportion of input requirements to produce the outputs (product and
co-products) are used in the calculation (Curran, 1996). A recycled input can be
characterized as closed-loop or open-loop. For closed-loop recycling, 100% of materials
are recycled back to the manufacturing process after use. On the other hand, for open-
loop recycling, all materials are discarded at the end use stage (Fava et al., 1991; Vigon et
al., 1994; Curran, 1996).

A byproduct is defined as a useful product which is not a primary product. A co-
product is a marketable byproduct from a process including any waste materials that can
be used as raw material in a different manufacturing process (Vigon et al., 1994). Waste

is defined as any output that does not have a market or usable value and which is
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discarded to the environment. In LCA calculation, waste does not have embodied energy
content but may contain energy which, if released to the environment, requires clean up
or requires treatment before being discarded to avoid environmental impacts. For
maintenance and using period, LCA includes energy, materials, and waste produced in
the life cycle calculations. Waste is determined by weight per unit product or by volume
in solid waste.

LCA is used as a guide to evaluate and choose materials during industrial process
(Johnson, 1997b). Some manufacturers have used the LCA method to report and improve
processes reducing input materials, emissions, wastes, energy consumption, and using
more renewable energy (Curran, 1996).

The Life Cycle Analysis uses material balance calculation and thermodynamics
concepts to evaluate the systems and processes. The analysis requires detailed data. Life-
cycle analysis is time consuming and many times it uses technical terms which are
difficult for individuals from different sectors of the economy to understand and study
results are often difficult to compare (Fava et al., 1991). Another question is how to use
the evaluation results for decision making, process improvement, resource and energy
conservation, toxic reduction, and so on. Since LCA has been evaluated by engineers,
other knowledge such as health and ecology are necessary but often not included
(Johnson, 1997a).

Given in Table 1-1 and Figure 1-2 is a summary of the main points related to each

of analysis techniques.
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Renewable
sources

Figure 1-2. Scale and scope of the various methods of evaluating material and energy
requirements of processes. Each dashed line encloses the portions of systems that an
evaluated with each method.
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Scope of Study

This dissertation focuses on recycling patterns of major building materials defined
by the American Institute of Architects (AIA) Masterformat. It uses a standard
measurement unit of solar emergy and includes all energy necessary for production
processes (i.e. fossil fuel, renewable energy, and human services). For each major
material their different patterns of building material cycles were evaluated: 1) cost of
manufacture from “raw resource,” 2) demolition, and 3) costs of recycle. For comparison,
the emergy costs of “landfilling” of materials were also evaluated.

Overall, the steps in the emergy evaluation of building material and recycling
were as follows:

1. A complex systems diagram of each material process was drawn to gain

understanding and as an inventory of energy and material flows necessary for

each step in the material cycle.

2. A simplified diagram was aggregated from the complex diagram to aid in
overviewing processes and to aid in comparisons between materials.

3. Energy and material input and output data for each building material were
obtained from the literature and collected from current data provided by
manufacturers.

4. Emergy evaluation tables were constructed and each energy source in the
aggregated diagram was an evaluated row in the table. Transformities, Emergy,
and Emdollar values for each material and process were calculated.

5. Emergy indices were calculated for each material and process to aid in
comparison. Comparisons were made between recycle, reuse, and byproduct use.



CHAPTER 2
METHODOLOGY

This chapter presents methods to develop recycling indices and evaluations. First,
material selection criteria and definition of temporal boundary are given. Second, a
description of main features of emergy analysis is given. Third, the emergy evaluation
methodology is given as a step by step procedure, and finally indices for comparison of
materials and recycling alternatives are described and defined.

Material Selection Criteria

To define research boundary, the dissertation mainly focused on major building
materials which have been used in the construction industry. Selected major building
materials were based on the following criteria:

1. One or two materials of each major building material in American Institute of
Architects (AIA) Masterformat were chosen. Concrete, masonry, metals (ferrous and
non-ferrous), wood, plastics, and glass were selected.

2. For each major building material, one product was chosen that had a long useful life as
“structure,” and another product was chosen that had a short useful life as “finish.”

3. Material must be recyclable in some manner (material recycle, byproduct use, or
adaptive reuse).

4. Material has a relatively large portion of the market.

5. Data were available from a real operating process.

16
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6. Most data and products were in the United States or Canada. If avzilable data could not
be found, data from another country were used.

7. In case of post-consumer materials, only the use of recycling materials as main inputs
was evaluated.

8. If a composite product was evaluated, the product should contain a large portion of
major material from recycling, for example, wood with plywood as I-beam. Composite
products which were not recyclable were not considered.

Given in Table 2-1 is a list of materials that were evaluated in this dissertation.
Application Life and Useful Life

In this dissertation, two life cycle times were used to compare materials. The first,
useful life, is the usable period of time that a material will serve its functions. It is the
time interval that a particular material or configuration of material will last under normal
use. The second life cycle considered in this dissertation is application life. As shown in
Figure 2-1, the application life of a particular material or configuration of materials is the
life required of the material. The application life may be longer or shorter than the useful
life. Given in Table 2-2 is a summary from the literature of useful and application life of
building materials.

Emergy Analysis

The techniques of emergy analysis are used to evaluate energy and materials
requirements in common units of solar emergy required to produce them. Emergy isa

measure of the available energy that has already been used directly and indirectly during



Table 2-1. The final list of selected materials.
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Building Materials Use as Finish Use as Structure
Cement mortar

Concrete pavement column or beam
Masonry clay tile clay brick
Ferrous metal wall panel column or beam
Non-ferrous metal aluminum sheet column or beam
Wood plywood post or beam
Plastics vinyl floor plastic lumber
Glass ceramic tile




Application life
J )
| gl
Useful life
T T T T T T i T I I T
Life time

Figure 2-1. Relationship between useful life and application life for building material.
The application life can be shorter or longer than the useful life depending on the
expected life of the application.

19
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Table 2-2. Application time of building materials.

Note Building Building Components Useful Application
Materials Life * Life

1. Cement mortar 30 60

2. Concrete pavement 20 70

3. column or beam 45 150

4. Clay Brick clay tile 30

5. column 45 150

6. Steels wall panel 30 60

7. column or beamn 45 100

8. Aluminum  aluminum sheet column cover 30

9. column or beam 45 150

10. Woods plywood wall panel 10

11. post or beam 25

12. Plastics vinyl floor 10

13. plastic lumber (temporary structure) 20

14. Glass ceramic tile 20

15 float glass 30

* Useful life for repair or renovation are based on fifty-year of building life (Liska, 1988).

Footnotes **

L.

15 years (Craven et al., 1994, p. 95) as awning

30 years (Craven et al., 1994, p. 95) as flooring

60 years (Craven et al., 1994, p. 95) as plaster

60 years (Doran, 1993, p.25/3) as concrete tiles and slates

25-35 years (Liska, 1988, Figure 2.4, p.33) as masonry exterior and culverts
30 years (Craven et al., 1994, p. 95) as flooring and plumbing fixtures

71 years (Woods et al., 1960, p.19-21) as reinforced-portiand-cement concrete
10-20 years (Doran, 1993, p.8/3, 8/10-11) as pavement

20 years (Liska, 1988, Figure 2.4, p.33) as paving and walks

150 years (Craven et al., 1994, p. 95) as primary structures

100-200 years (Doran, 1993, p.14/3) as light weight concrete structure

71 years (Woods et al., 1960, p.19-21) as reinforced-portland-cement concrete
40-4S years (Liska, 1988, Figure 2.4, p.33) as reinforced concrete frame

20 years (Liska, 1988, Figure 2.4, p.33) as paving and walks

30 years (Liska, 1988, Figure 2.4, p.33) as retaining wall and fencing

40-45 years (Liska, 1988, Figure 2.4, p.33) as masonry exterior

150 years (Craven et al., 1994, p. 95) as primary structures

40-45 years (Liska, 1988, Figure 2.4, p.33) as heavy masonry exterior
30-60 years (Craven et al., 1994, p. 95) as flooring and piping systems
40-50 years (Doran, 1992, p.4/9) as wrought iron

20-30 years (Liska, 1988, Figure 2.4, p.33) as metal exterior

150 years (Craven et al., 1994, p. 95) as primary structures

70-100 or up to 140 years (Doran, 1992, p.3/11) as grey cast iron

30-45 years (Liska, 1988, Figure 2.4, p.33) as steel frame
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Table 2-2--continued.

10.

1.

12.

13.

14.

15.

15 years (Craven et al., 1994, p. 95) as column cover

20-30 years and up to 80 years (Doran, 1992, p.2/19) as aluminum durability
20-30 years (Liska, 1988, Figure 2.4, p.33) as metal exterior

150 years (Craven et al., 1994, p. 95) as primary structures

30-45 years (Liska, 1988, Figure 2.4, p.33) as structural frame

15 years (Craven et al., 1994, p. 95) as plywood finishing

5-15 years (Doran, 1993, p.50/5) as plywood

10-15 years (Liska, 1988, Figure 2.4, p.33) as interior finishing

60-150 years (Craven et al., 1994, p. 95) as frame and primary structures

15-25, or more than 25 years (Doran, 1993, p.50/5) as wood and timer depending on species,
humidity, and treatment

20-35 years (Liska, 1988, Figure 2.4, p.33) as timber, platforms, frame, and posts
15 years (Craven et al., 1994, p. 95) as floor finishing

10-20 years (Doran, 1993, p.8/3, 8/10-11) as polyvinyl chloride (PVC)

10-15 years (Liska, 1988, Figure 2.4, p.33) as paving and walks

25 years (Company’s brochure and Personal communication with HDPE lumber company, 1998)
as plastic (HDPE) lumber

20 years (Liska, 1988, Figure 2.4, p.33) as plastics pipe

15-30 years (Craven et al., 1994, p. 95) as floor and wall finishing

10-20 years (Doran, 1993, p.13/3) as wall and floor tiles

30 years (Liska, 1988, Figure 2.4, p.33) as vitrified tile

60 years (Craven et al., 1994, p. 95) as windows

20-30 years (Liska, 1988, Figure 2.4, p.33) as windows

** Underlined application times were used in evaluations.
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the transformation process to make a product or service (Odum, 1996). Emergy includes
all inputs of natural energy, fuel energy, goods, and services to production processes,
expressed in common units of solar emjoules (abbreviated, sej). The solar emjoule is the
basic unit of emergy accounting. The word emjoule describes emergy joule, and is used
to differentiate between joules of energy evaluated as available energy and emjoules of
emergy.

Solar Transformities and Emergy Per Gram

A solar transformity is the solar emergy required to make one joule of energy of a
service or product and is expressed as solar emjoule per joule (sej/J). Transformity
characterizes the position of a product in the global hierarchy. The higher the transformity
of a product or service, the more energy transformations contributed to the product.

Transformity is the emergy per joule of energy. Sometimes, especially for
materials, it is more convenient to express the transformity in units of emergy per gram
(sej/g). In this dissertation, both transformity and emergy per gram were used to evaluate
emergy requirements of building materials. The energy and material requirements for the
production of a given item were multiplied by their respective transformity which yielded
emergy for each required input.

Transformities and emergy per gram have been calculated for many items in
previous studies. Many of these were relied on to evaluate the emergy inputs to process
that were analyzed in this dissertation. In this way, an emergy evaluation was not required
for every input to a process with each new process evaluated. While it is recognized that

there is no one universal transformity for a given class of products, and in fact it is well
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understood that transformities for the same product produced in different processes vary,
the use of an average transformity where the exact origin of a product is not known is
appropriate. In addition to previously calculated transformities, several new
transformities and emergy per gram of products and services were calculated as part of
this dissertation (given as Table A-2 in appendix A). A complete list of transformities and
emergy per gram that were used in this dissertation is given in Table A-1 (appendix A).
Emergy-Money Ratio

Services are necessary inputs to all human controlled processes and therefore are
evaluated as the emergy expended in previous transformations that was required to
provide them. To evaluate the emergy in service inputs to processes studied in this
dissertation, an average emergy-money ratio was used that was calculated from the larger
economy within which a given process was embedded. Since all processes studied were
within the United States economy, an average emergy-money ratio for the United States
economy was used. It was calculated by dividing the total emergy used in support of the
economy, by the gross domestic product (GDP). Once obtained, the average emergy-
money ratio was used to evaluate service inputs to material transformations by

multiplying dollar costs of service inputs by the emergy-money ratio.
Data Collection for Emergy Evaluation

Figure 2-2 summarizes sources of data for emergy evaluations of materials. Data
for mining and extraction of raw resources were derived from national statistical
summaries of industrial at the 4 digit Standard Industrial Code (SIC) level (step 1 in

Figure 2-2). Data for inputs to transformation processes were, for the most part, from
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national statistical data, although for several materials (iron ore, aluminum ingot,
sawmills, plywood, and plastics) data from actual process were used (step 2). The
construction costs, useful life, and deconstruction of materials were taken from the
literature and from actual data from operational systems (step 3 and 4). Separation and
landfill energy requirements were derived from the literature and actual operating systems

(step 5 and 6). Data for the recycle process of each material investigated were obtained

from actual operating systems (step 7).

Emergy Systems Diagrams and Conventions

Symbols, illustrated in Figure 2-3, are used in this dissertation to diagram systems
of recycle and reuse. Energy system symbols represent system components including
sources, flows, and storage. The arrangement and connection of symbols explain the flow
paths, processes and kinetics of a system. Material and energy flow between processes are
represented as solid lines in the diagrams. Diagrams are arranged so that energy and
materials flow from left to right. Energy sources, components, and processes are arranged
according to transformity beginning with the lowest transformities at the left and
progressing to higher transformities toward the right of the diagram. Flow pathways of
materials and energies may coverage and be added, or interact in a production process to
produce something of higher quality.

Figure 2-4 shows several different configurations for material and energy flows. A
split pathway divides into two or more branches of the same kind with the same
transformity (Figure 2-4¢). If the process produces two or more different products or co-

products, each flow is different and has different transformity. Transformities of co-
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Energy circuit: A pathway whose flow is proportional to the
quantity in storage upstream.

Source: Outside source of energy delivering forces according to a
program controlled from outside; a forcing function.

Tank: A compartment of energy storage within the system storing a
quantity as the balance of inflows and outflows; a state variable.

Heat sink: Dispersion of potential energy into heat that
accompanies all real transformation processes and storages; loss of
potential energy from further use by the system.

Interaction: Interactive intersection of two pathways coupled to
produce an outflow in proportion to a function of both; control
action of one flow on another; limiting factor action; work gate.

Consumer: Unit that transforms energy quality, stores it, and feeds
it back autocatalytically to improve inflow.

Switching action: A symbol that indicates one or more switching
actions.

Producer: Unit that collects and transforms low-quality energy
under control interactions of high-quality flows.

Self-limiting energy receiver: A unit that has a seif-limiting output
when input drives are high because there is a limiting constant
quality of material reaction on a circular pathway within.

Box: Miscellaneous symbol to use for whatever unit or function is
labeled.

Constant-gain amplifier: A unit that delivers an output in
proportion to the input I but is changed by a constant factor as long
as the energy source S is sufficient.

Transaction: A unit that indicates a sale of goods or services (solid
line) in exchange for payment of money (dashed line). Price is
shown as an external source.

Figure 2-3. Symbols and definitions of energy systems language (Odum, 1996).
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(d)
Figure 2-4. Emergy flow patterns through systems (Odum, 1996), showing: a) the
addition of two flows of the same form of energy; b) the interaction of two different
forms of energy; c) a split pathway where the same energy is “split” for two different
uses, and d) a co-product pathway where a process has two different energy outputs of
different form.
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products are different since each product contains the same emergy value but has a

different energy or material output from the process (Odum, 1996).

Energy Systems Diagramming

Energy language system diagrams were drawn to explain the life cycle of building

materials to combine data and sources associated with the system, and organize their

relationships. The diagram of the system was then used to construct a table of data

requirements for the emergy analysis. Diagrams were drawn step by step as follows

(Odum, 1996):

1.

2.

The boundary was defined as a window to frame the system.

Important sources were listed. To be listed, a source had to be at least five
percent or more of the total system function.

To define the system scale, the important principal components within the
boundary are listed.

A list of flows, interactions, and production and consumption processes, etc.
was made including important money flows and transactions.

Energy systems diagrams were then assembled by using the symbols in Figure

2-3.

Emergy Evaluation

After system diagrams were drawn, an emergy evaluation table was constructed.

Each source that crosses the system boundary was an entry in the Table. Flows of

materials and energy were normally made on a yearly basis. Each table was constructed

using the same format (Odum, 1996) with six columns as follows:
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1 2 3 4 5 6
Footnote Item Input resource  Solar Emergy per unit Solar Emergy Emdoliar
J.29% (sei/J, sej/g, sey/%) (se3) (Em$/yr.)

Column one is a list of line item numbers indicating the source of raw data and detail calculations at the
end of the table.

Column two is a name of the evaluated item and identified on the accompanying system diagrams.
Column three contains input resources given in physical units of joules, grams, or dollars. The data are
collected from industry, or from published literature and statistical reports. All data are shown on an annual
basis. Calculations and references are shown in each footnote.

Column four is solar emergy per unit. Its units are sej/J for energy, sej/g, for mass or sej/$ for money. Input
data in column three are multiplied by solar transformities in column four to obtain solar emergy values
(sej/yr) in column five.

Column five is solar emergy values of each evaluated input resource. These values are calculated by
multiplying input resource data in column three by solar transformity values in column four.

Column six is Emdollar value. Emdollar values are calculated by dividing solar emergy in column five by
solar emergy per dollar ratio of specific year. The solar emergy per dollar ratio is calculated by dividing
annual solar emergy values of the country by Gross Domestic Product (GDP) of that year.

A key aspect of emergy analysis is the transformity or emergy per mass which is
used to convert inputs to process into units of emergy. Many transformities have been
previously calculated (Odum, 1996) and were used in this dissertation. Several
transformities were calculated specifically for this dissertation (transportation, landfilling,
construction, and deconstruction). Transformities and emergy per mass calculated by
others that were used in this dissertation are given in appendix A.

Emergy Indices

After the emergy analysis tables were completed, indices were calculated to
achieve perspective and aid in decision-making. Several different criteria were used to
judge alternatives and make recommendations. In general, the alternative that contributed

the most emergy to the public and minimized environmental losses was recommended.
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Several emergy indices and their calculation are illustrated in Figure 2-5. The
emergy investment ratio (IR) is the ratio of emergy from the economy (F) to the emergy
from the environment. [t gives an indication of the relative intensity of a process and its
competitive position. To be competitive, a process should have a similar ratio to
competing processes. The emergy vield ratio (EYR) is the output emergy (Y) divided by
the input emergy purchased from the economy.

The solar transformity is the solar emergy required to make one joule of a service
or product. Its units are solar emjoule per joule (sej/J). The solar emergy per mass is the
solar emergy required to make one gram of a product. Its units are solar emjoules per
gram (sej/g). Solar transformity and emergy per mass indicate the energy transformations
that contributed to a product. The more solar emergy required or used in a process, the
higher the transformity or emergy per mass of the product. The transformity and solar
emergy per mass represent position of product in the system hierarchy. The solar
transformities and solar emergy per mass used in this dissertation are given in Appendix
A.

Emergy Intensity of Recycling Operations

In recycling facilities, such as material recovery facility (MRF), curbside
collection, separation facility, emergy inputs were evaluated as emergy intensity (emergy
per gram of other inputs besides building material itself). Emergy intensity is not
transformity or emergy per gram. Emergy intensity reflects the energy inputs required to

bring a material back to a previous stage, in which its transformity or emergy per gram is
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Process Energy or Mass D
EMERGY (D) = A;B+C

-

Transformity D (sej/J) = EMERGY A+B+C (sejtime)
Energy D (J/time)

Emergy per mass D (sej/q) = EMERGY A+B+C (sejtime)
Mass D (g/time)

(@

Inflows from environmentat Sources (1)
Purchased Inflows
Non—Renewable Sources (N) (resources and services) (F)

S Y=

Reénewable Sources (R) , Outflow of
- Upgraded Energy (Y)

-y

EMERGY Investment Ratio = F/l (Odum, 1996)
EMERGY Yield Ratio = Y/F (Odum, 1996)

®)

Figure 2-5. Simplified emergy diagrams illustrating emergy indices (Odum, 1996) used in
this dissertation. a) Calculation of the transformity and emergy per gram. b) Calculation
of emergy indices.
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the same as a raw material input at that stage. Only the emergy required in recycling
facilities is added into the evaluated processes to avoid double counting.
Building Material Mass and Price

Prices of building materials are usually given in varying units of measure such as
dollars per sheet (plywood), dollars per board foot (lumber), dollars per cubic foot
(concrete), and so forth. To standardize price, prices were expressed as mass of material
per dollar. First, prices of materials from the literature and current cost estimate guides
were compiled and expressed as units of material per dollar (i.e. board feet/$). Then mass
units per reporting unit were calculated using average mass per unit from the literature
(i.e. g/board foot). Finally dollars per unit mass were calculated by multiplying reporting
unit per dollar by ratio of mass per reporting unit (i.e. board feet/$ * g/board foot = g/$).
Comparison of Major Building Materials

To compare different materials, several indices were calculated using emergy
content, dollar costs, and useful life. The emergy content of each material was evaluated
using emergy analysis diagrams and tables as described above. Using standard building
cost code calculators (RS means, 1998), the dollar costs per gram of material were
determined (price) for each material and expressed as grams of material per dollar (g/$).
The emergy per dollar was calculated and compared for different materials. Useful life of
a material affects the total emergy commitment for a particular application. Choice of
material selection criteria may be influenced by the emergy commitment in a material

over its entire useful life. The following indices were calculated for each material:



33

Price (P) - The ratio of mass of material received to dollars paid. P = g/$

Emergy per mass - The total emergy required to make a material per unit of mass.
Units are sej/g.

Emprice - The product of the emergy per gram and price. The units of emprice are
sej/$.

Ratio of emergy per useful life - The ratio of total emergy used in making a
material divided by its useful life.

Life Cycle emergy intensity - The sum of emergy required to make a building
material, and dispose of it, either through recycling or landfilling. Units are sej/g.
Recycling Indices

Figure 2-6 shows aggregated patterns of material use. In the top diagram, a
conventional material cycle is shown where raw materials are refined, used, and
discarded. The refining of raw materials entering from the left requires an emergy input
of fuels, good and services (A1). Transforming the refined materials into a product
requires emergy inputs of fuels, goods, and services (B1). The emergy in the product
(D1) is the sum of the emergy in the raw materials and the emergy inputs for refining and
transforming (R1+A1+B1). After use, the product is disposed of requiring emergy inputs
of fuels, goods and services for collection and disposal (C1). The emergy of disposal
includes lifetime requirements for maintenance and operation of the landfill as well as the

one time emergy used in collection. The emergy content of the waste product (E1), is the

sum of all emergy inputs (R1+A1+B1+C1).
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An aggregated recycling system is shown in the bottom diagram in Figure 2-6.
Raw resources inflow and are refined requiring an emergy input of fuels, goods, and
services (A2). At this point in the process, recycled material (G) is substitutable for the
output from the refining stage; thus the input to the transformation stage is composed of
some material from the raw resource pathway, and some material from the recycle
pathway. Transformation requires an emergy input of fuels, goods, and services (B2). The
emergy in the product (D2) is the sum of the emergy in the raw materials and all the
emergy inputs required to maintain the cycle of the material system (R2+A2+B2+C2+F).

Several recycle indices were calculated for the materials evaluated. Using Figure
2-6 as a guide the following indices were calculated and compared for each material and
recycle pattern:

Recycle Benefit Ratio (RBR) - The ratio of emergy used in providing a material
from raw resources (A1) to the emergy used in recycle (C2+F). The larger this ratio the
greater the advantage of recycle. RBR = A1/ (C2+F)

Recycle Yield Ratio (RYR) - The ratio of emergy in recycled material (G) to
emergy used for recycle (C2+F). RYR = G / (C2+F)

Landfill to Recycle Ratio (LRR) - The ratio of emergy required for landfilling a
material (C1) to the emergy required for recycle (C2+F). LRR = C1 / (C2+F)

Recycle Efficiency Ratio (RER) - The ratio of material and energy conserved to
the emergy required for recycle when recycle materials are used. RER =

(R1+A1+B1+C1) / (C2+F)
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Fuels,
goods,
Consumer
A1 B1 use C1
D1 Collection
Raw r;ource: Disposal g1 \Landfill
No recydeJ
_i_ All flows in emergy per gram
(a)
L F
b Recycle |
A2 G B2
D2
Raw resource] | Refining | Transform
R2
With recyclej
1 All flows in emergy per gram
®)
R1 = Emergy of raw resource R2 = Emergy of raw resource
A1 = Emergy for refinery A2 = Emergy for refinery
B1 = Emergy for transformation B2 = Emergy for transformation
C1 = Emergy of collection and landfilling C2 = Emergy of collection and landfilling
D1 = The sum of R1, A1, and B1 D2 = The sum of R2, A2, B2, C2, and F

G = Emergy of recycled material
F = Emergy of recycling inputs

Figure 2-6. General diagrams illustrating the various recycling indices (see text) used to
compare alternative recycling patterns and uses of materials. The conventional pattern of
consumption and disposal is shown in (a) contrasting with a general recycle pattem in (b).



CHAPTER 3
RESULTS

Results of the evaluation of recycle and building materials are organized in two
parts. First results of emergy evaluation of major building materials are presented
including both conventional production processes and alternative processes that include
some forms of recycle. Alternatives included the use of byproducts from one production
process in the production of some other material, recycle of post-consumer “wastes,”
reuse of materials, and internal recycle of production wastes with in the same production
process. Comparative analyses of materials are presented that compare economic costs,
emergy requirements, and useful life.

In the second part of the results, recycle systems are compared. Emergy
evaluations of several recycle processes such as demolition, sorting, landfilling, and
transportation are given. Four recycle indices are calculated for materials that are used to
compare recycle potential and efficiency of different configurations of recycle, byproduct

use, and material reuse.
Building Materials
In this section, first detailed emergy evaluations and comparisons of major
building materials are presented. In each case, the conventional production process is

evaluated first and then alternative systems of production that include some form of

recycle or reuse are presented.
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Figures are given that illustrate a detailed and summary diagram for each material.
The summary diagram shows emergy of main material and other material inputs,
purchased inputs, and production output of 1 gram of that product. Supporting analyses,
such as coal fly ash, pig iron, aluminum ingot, and plastics, are given in Appendix C.

Concrete Material

Cement (as mortar)

Given in Table 3-1 and summarized in Figure 3-1 and 3-2, taken from national
statistics, are the emergy analysis of cement mortar with coal fly ash is a byproduct
recycling pattern. The use of coal fly ash is mainly considered an environmental clean up.
With its addition, the volume of cement yield is increased by about 2%. Commonly the
proportions of portiand cement and fly-ash (class C or F) are 70:30 (Doran, 1992). The
emergy in fly ash input was evaluated (Table C-1, appendix C) using the coal combustion
process in power plant and assuming the heat, fly ash, and bottom ash as co-products.

Data for the analysis of cement were obtained from national summaries of
industry wide practices. The cement transformity was 1.98E+9 sej/g and coal fly ash
transformity was 1.4E+10 sej/g. Transformity of cement product with fly ash was 2.2E+9
sej/g. The emergy of lime stone and cement rock were the largest inputs, together
comprising over 60% of the total. Nationally, coal is a large portion of energy used in the
production of cement. Transportation is very small flow since raw materials are on-site.

In this analysis, the transportation of the cement product to market is not considered.



Table 3-1. Emergy evaluation of cement production (with coal fly ash) in the United
States (1995).

Input Solar emergy Emergy
Resource per unit (sej)

Note Item Unit (sej/unit) 1.00E+20

A. Conventional cement product (Figure 3-1)

1 Limestone 4 8.01E+13 1.00E+09 801.42
2  Cementrock g 2.42E+13 1.00E+09 241.64
3  Coral g 6.80E+11 1.00E+09 6.80
4 Clay g 429E+12 2.00E+09 85.88
5  Shale g 438E+12 1.00E+09 43.78
6  Bauxite g 9.67E+11 8.55E+08 827
7 Sandandsandstone g 2.95E+12 1.00E+09 29.51
8 [Ironore g 1.52E+12 1.32E+09 20.10
9  Gypsum g 4.00E+12 1.00E+09 39.97
10 Coal J 2.98E+17 4.00E+04 11921
11  Natural gas J 4.06E+16 4.80E+04 19.50
12 Qi J 1.65E+15 6.60E+04 1.09
13  Liquid fuel, waste J 2.30E+13 6.60E+04 0.02
14  Tires, waste J 3.6TE+15 2.10E+04 0.77
15  Electricity J 397E+16 1.74E+0S 69.15
16  Transport (Boat) ton-mile 2.61E+08 1.17E+11 031
17 Transport (Railroad) ton-mile 3.44E+08 5.07E+10 0.17
18 Transport (Truck) ton-mile 9.14E+07 9.65E+11 0.88
19 Labor s 6.16E+08 1.25E+12 71.71
20 Annual Yield (Y) g 7.55E+13 1.98E+09 1496.17

B. Byproduct use cement product (Figure 3-2)

21 Limestone g 8.01E+13 1.00E+09 801.42
22 Cementrock g 2.42E+13 1.00E+09 241.64
23 Coral g 6.80E+11 1.00E+09 6.80
24 Clay g 429E+12 2.00E+09 85.88
25 Shale g 4.38E+12 1.00E+09 43.78
26 Bauxite g 9.67E+11 8.55E+08 827
27 Sandandsandstone g 2.95E+12 1.00E+09 29.51
28 Ironore g 1.52E+12 1.32E+09 20.10
29 Gypsum 4 4.00E+12 1.00E+09 39.97
30 Flyash g 1.40E+12 1.40E+10 19544
31 Coal J 2.98E+17 4.00E+04 11921
32 Natural gas J 4.06E+16 4 80E+04 19.50
33 oOil J 1.65E+15 6.60E+H4 1.09
34 Liquid fuel, waste J 2.30E+13 6.60E+04 0.02
35 Tires, waste J 3.67E+15 2.10E+04 0.77
36 Electricity J 3.97E+16 1.74E+05 69.15
37 Transport (Boat) ton-mile 2.61E+08 1.17E+11 031
38 Transport (Railroad) ton-mile 3.44E+08 5.07E+10 0.17
39 Transport (Truck) ton-mile 9.14E+07 9.65E+11 0.88
40 Labor $ 6.16E+08 1.25E+12 7.7
41 Annual Yield (Y) g 7.69E+13 220EH09 1691.61

Footnotes are given in appendix B, Table B-1
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1496
301 Mixing kiln package >
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Scale: USA, 1995 -
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Other materials Purchased Inputs
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Main material flow Cement Production output _
1.06 Process 1.98 g
KX
(b) E 9 sej per 1 gram

Figure 3-1. Emergy systems diagram of cement production (a) and summary diagram (b).

Data are from Table 3-1.
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Figure 3-2. Emergy systems diagram of cement with coal fly ash (a) and summary
diagram (b). Data are from Table 3-1.






