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ABSTRACT

In the context of the rising awareness regarding sustainability, a Belgian producer of high-strength
prestressed concrete elements for structural and civil applications aimed to clarify several aspects of
ecological certifications and standards, and the application of these items within the company. In a first
part of this paper, a life cycle assessment (LCA) for the precast element production up to delivery on site
is presented, in which accurate company information and specific data from internal and external da-
tabases is used. The LCA determines that although reinforcing steel and cement dominate the impact
contributions, other factors such as transport by road, maintenance, aggregates, element fabrication and
concrete waste are non-negligible. Subsequently, a study of an ecological variant, presented in the second
part of this paper, shows that several adaptions within the manufacturing process can potentially reduce
the impact on the environment with 20—30%, depending on the assessment method used.

Impact assessment
Sustainability
Ecology
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1. Introduction

In general, the construction industry unfortunately is among the
largest consumers of materials and energy, and it is a significant
polluter [1]. Especially concrete, the world's second most
consumed material after water [2], contributes to this pollution,
since every year about 25 billion tonnes of concrete are produced
worldwide [3].

Within concrete as a material, cement is an essential compo-
nent, and is applied in large amounts as well. In 2014 the global
production of cement was 4.3 billion tonnes [4]. The production of
one tonne of cement requires about 1.5 tonnes of raw material and
about 4000—7500 M] of energy. Additionally, each tonne of cement
involves the emission of approximately one tonne of CO, [5]. For
typical normal strength concrete mixes using Portland cement as
the only binder, the Portland cement is found to be the primary
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source of CO, emissions, being responsible for 74%—81% of total CO,
emissions for concrete production. Subsequently coarse aggregates
are the next major source of CO, emissions, contributing to 13%—
20% of the total CO, emissions [6].

This environmental impact of concrete has become an impor-
tant issue in the industrial world for the reason that many major
infrastructure owners require environmentally sustainable designs,
and many customers consider different ecological options with a
critical view. As a response, more and more product manufacturers
using concrete as raw material provide environmental product
declarations (EPDs) and develop the capabilities necessary to
manage sustainability [7]. In this respect, it is clear that the various
branches in the construction sector are concerned about the envi-
ronmental impact of their activities.

This is the case for a Belgian producer of high-strength pre-
stressed concrete elements for structural and civil applications, for
whom in this paper a life cycle assessment (LCA) study is presented.
The LCA evaluates the possible environmental footprint and the
applied resources in the company, starting from the raw materials,
over the production and use phase, up to the waste and recycling
phases [8]. The choice for the LCA method derives from the fact that
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LCA is recognized as an innovative methodology which improves
sustainability throughout all stages of a products life cycle. It has a
broad international acceptance as a means to improve environ-
mental processes and services [9]. The introduction of LCA in the
construction industry is of significant importance since the system
is capable of measuring each ecological impact systematically and
objectively [10]. Although, next to LCA, there are several other
interesting options such as parametric associative models [11] or
eco-cost/value models [12,13], these models seem not yet suffi-
ciently developed to assess sustainability.

Many recent LCA studies regarding the construction industry
have focused on the maintenance and operational phases of con-
struction projects, since these phases generally account for the
largest part of the energy consumption during the life cycle of
buildings. However, the production phase, transportation and on-
site construction should not be disregarded. At least one study
which investigated the production, transportation and construc-
tion phases concluded that the production stage has the largest
amount of energy consumption and greenhouse gas (GHG) emis-
sions [14]. This is, next to the large interest of the industry, also a
reason why in this paper we take a closer look at the production
phase of concrete elements. Next to this, due to new regulations,
new buildings become more energy efficient, and thereby the
environmental burdens of the operation phase, for example due to
heating and/or cooling, decrease significantly. In this way the other
phases of the life cycle gain in importance, e.g., choice of materials,
construction, end-of-life and water use [15].

As mentioned above, in a first part of the presented study the
activities of a specific manufacturer of high-strength prestressed
concrete elements were scrutinized. For this, a life cycle analysis
based on an average production of the company over one year is
performed. To develop this LCA, the data were applied in a cradle to
gate approach in which also the maintenance, waste and recycling
phases are incorporated. This approach is further in this study
referred to as a cradle to gate approach “with options”. Next to this
first part, several options to produce more sustainable high
strength prestressed concrete elements in this specific case study
were assessed in the LCA, yet maintaining the standards of for
example NBN EN 206 as applicable for concrete. In a third part, a
comparison was made between the three main types of structural
elements constructed in the company based on their load bearing
capacity and material content. During the research, attention was
paid to the interaction between the concrete strength, durability
and sustainability, and the use of several standards in Belgium and
Europe.

2. Research relevance

The three parts of the study mentioned in the introduction
section constitute together an interesting and specific application
of LCA in the construction sector. Its added value to the existing
literature on LCA of concrete mainly lies in the fact that the analyses
have been conducted in close collaboration with industry. Unlike
other more theoretical LCA studies in this research field, the cal-
culations in this paper are based on reliable first-hand inventory
data regarding the actual operation of a precast concrete plant and
the typical concrete products produced by it. In addition, the study
represents a realistic strategy towards a higher sustainability
because it accounts for all limitations imposed by the applicable
regulations and standards on a European level as well as other
practical circumstances of the specific Belgian national context.

Furthermore, the paper can serve as an example for future
studies: several choices that have to be made when performing an
LCA can be based on the choices made in this study, while the input
data used in this study as well as the output results can be used to

fill data gaps. Next to this, the paper presents a clear example of
how a producer of prefabricated concrete elements is structured,
which can be used in for example the development of product
category rules (PCRs).

Moreover, insight is provided into the fact that the material
‘concrete’ does not have only one environmental impact score. In
contrast, the environmental burden depends on the concrete
mixture, the type of concrete element and the specific situation
such as the need for a load bearing capacity. In addition, the paper
identifies potential improvements for the environmental impact
and which changes will have the greatest effect.

3. Research approach

The ISO_14040 standards prescribe how to create each LCA in
four steps: the definition of the goal and scope, the life cycle in-
ventory, the life cycle impact assessment, and the interpretation
[8,16]. Since these standards offer useful guidelines to compose an
LCA, they are applied in this study. In the following the goal and
scope of this particular study are clarified.

3.1. Goal

In this context, the goal of the study is to present a specific
example of the application of LCA in the concrete industry. For this,
the goal is divided into three parts. First, an analysis of the current
processes in the concrete company has to be executed. Subse-
quently, a more ecological version of these current processes has
been based on previous findings in literature. This ecological
version is composed and analyzed in reference to the traditional
way of working in the concrete company. In this, it has to be
determined which factors are important and which are less rele-
vant. Thirdly, a comparison has to be made between the three
structural elements in the concrete company: beams, TT-elements
and floor slabs. The comparison is analyzed according to the load
bearing capacity of each element and their material content.

3.2. Scope

The definition of the scope is very important, since in the scope
all boundary conditions of the LCA are defined. In this way, the
comparability of different LCA's depends on their respective scope
definitions. This comparability is of great importance, because the
results of an LCA are not directly intended to be used individually,
but become more interesting when they can be compared with LCA
results for similar subjects [15,17]. This is the reason why, for this
specific study, the life cycle assessments of the traditional concrete
production and the ecological version are developed according to
the same scope definition. For the whole analysis, the SimaPro7
software package and the Ecoinvent 2.0 database [ 18] were used. In
the following paragraphs the scope will be defined according to the
functional unit, system boundaries, allocation principles and the
life cycle impact assessment methodologies.

The functional unit is seen as the reference unit of the product
system for which the environmental impact will be calculated. In
the building industry different functional units can be interesting,
such as a certain surface area or a predefined volume of the product
under study, an element providing the defined load bearing ca-
pacity, the occupancy, ...In this study, the functional unit had to
correspond to the overall production of the concrete company with
the possibility to evaluate the relative impacts of the different
contributing processes. Next to this, the assumed service life can
influence the results, so it was desirable to incorporate the service
life for which the company mostly calculates the concrete elements.
For these reasons, the functional unit was set to be one m? of
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finished concrete product with a service life of 50 years.

The boundaries of the system correspond to the mentioned
cradle to gate approach with options. Not only the raw materials for
the composition of the concrete, the transport and fabrication are
included, but also the maintenance of the finished concrete struc-
ture, disposal and recycling. As is mentioned in Van den Heede et al.
[19] this system boundary is indeed advised when comparing
different concrete compositions. The decision to not further extend
the boundaries to more “other options” or to a cradle-to-cradle
approach, is based on the fact that this wouldn't correspond to
the possibilities and activities of the co-operating company, and
more in general to the precast concrete industry.

The 1SO_14040 standards advise to avoid allocation. In general,
allocation is defined as partitioning the input or output flows of a
process or the product system between the product system under
investigation and one or more other product systems [8]. Where
avoidance was impossible in the system, allocation was considered
accurately. The concrete mixtures (five in total), the reinforcement
bars and strands and their respective ecological variant, were all
developed in the system as a process with a valuable output and a
waste output. Environmental impacts were allocated to these two
outputs on a mass basis. In contrast, for the outputs in the process
of cement replacing materials allocation was done on an econom-
ical basis. As is extensively explained in Van den Heede et al. [19],
the allocation of industrial by-products, like fly ash, is a compli-
cated matter. The decision of the economical allocation here is
based on the fact that economical allocation imposes less envi-
ronmental impacts to the industrial by-products than mass allo-
cation, which may encourage the concrete industry more to
continue using by-products as partial cement replacement. The last
process where allocation had to be applied, is the process of
cleaning the concrete mixers. This cleaning process results in two
outputs: the cleaning water and the concrete sludge. The
assumption is made that an allocation of 20% for the cleaning water
and 80% for the sludge is acceptable, because the concrete sludge
will be much more damaging to the environment in comparison to
the cleaning water.

Lastly, in the scope definition the life cycle impact assessment
(LCIA) methodology and the types of impacts have to be defined. In
this study the decision has been made to evaluate the results of the
life cycle inventory (LCI) with both a midpoint (problem oriented)
and an endpoint (damage oriented) impact assessment method, to
get a more complete picture of the results. The two assessment
methods adopted are respectively EPD 2008 [20] and Eco-indicator
99 [21].

4. Life cycle inventory
4.1. Traditional production

The data used for the life cycle inventory are chosen as accurate
as possible, based on the high importance of the data used for the
accuracy of the results in a life cycle assessment, as is stressed in
Gursel et al. [22]. A flow diagram (Fig. 1) of the production in the
company was made in order to get an overview of the different
processes and flows. Out of this diagram, inventory details were
collected along with their interrelationships. Several details and
figures were provided and were used for the input in the LCA
software. The different relations between the numerous processes
were respected according to the given information, and for more
specific data about input and output quantities was relied on the
Ecoinvent database. Here, the processes were as much as possible
chosen with a reference to Belgium or Europe.

4.1.1. Processes

The basis of the life cycle inventory is the build-up of the pro-
cesses. A short enumeration of the different types of processes used
is given in Table 1. The processes of the different raw materials for
the concrete mixtures occurring in the production chain of the
company were firstly developed in SimaPro. For these, the best
fitting processes in the Ecoinvent database according to the given
data about the raw materials, were combined with the distances
from the company to the different suppliers and the according
transport medium. In this way, it was possible to compose in
SimaPro each raw material-process of the specific company, based
on a process of the Ecoinvent database combined with the trans-
port to the concrete company.

Out of these raw material processes, the different concrete
mixtures could then be composed. In the company, five different
mixtures are used, these can be found in Table 2. The main raw
materials of an average concrete composition are coarse and fine
aggregates, cement and water, and often some additions.

Two reinforcement processes occur within the production chain
of the company. There is a process for steel bars and a process for
prestressing steel strands. Both are built up in an analogue manner
as the raw materials, so the transport from the supplier to the
concrete company is also accounted for.

The supply of materials to the company is done by four different
types of transport: transport by lorry (EURO 5), by barge, by ocean
bulk carrier and by ocean container ship. The values given in Table 1
for the transport to the company of raw materials should be seen
with a critical view. For all raw materials used in the LCA, except
one, the maximum occurring transport by road is 200 tkm and by
ship 100 tkm. For many raw materials these transport distances are
even much smaller. Only one kind of coarse aggregates has a
transport of 1800 tkm by bulk carrier over the ocean. The other
basic processes, cleaning water, working hours and energy, are all
based on information of the specific company. The processes were
developed according to information in the Ecoinvent database, and
have been adapted to reflect the actual data better.

4.1.2. Assemblies

Based on the various processes, the assemblies are composed in
the SimaPro7 software, according to the data associated with the
company. For each assembly there are three versions, one for each
type of structure manufactured in the concrete company (beams,
TT-elements and floor slabs). The different assemblies are listed in
Table 3. In each case, the different basic assemblies are combined to
compose the matching finished product assembly of the beams, the
TT-elements or the floor slabs. All these finished product assem-
blies in turn are composed to form the total production assembly of
the company.

The different output quantities reflect the actual numbers
occurring in the production chain of the company, or result from
the earlier processes. Of course, sometimes there are differences
between the assemblies of the beams, TT-elements and floor slabs.
Mostly these differences are a result of different dimensions or
material use. Next to this, for the production of floors, additional
energy is required for heating, and in these elements only pre-
stressing steel strands are used.

The company uses reusable steel formwork. The service life of
the formwork elements can be considered infinite, since in practice
the formwork never has to be replaced. In this way, the formwork
elements themselves do not have to be incorporated in the life cycle
assessment. Thus the traditional use of formwork consists in this
LCA only of an amount of non-recycled polystyrene and lubricating
oil.
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Fig. 1. Flow diagram of the analyzed concrete company.
Table 1
Processes used to build up the LCA.
Processes Output quantity Transport to concrete company Waste
Raw materials Tkgorlt 8—1800 tkm —
Transport 1 tkm — -
Concrete mixtures # kg/m? + # kg/m> waste - X
N1 2465 + 120.8
N2 2428 + 120.8
N3 2451 + 120.8
N4 2488 + 335.6
N5 2409 + 120.8
Reinforcement 1 kg + # kg waste 0.1 tkm X
- Bars + 0.303 kg waste
- Strands + 0.096 kg waste
Cleaning water 1 kg + 0.057 kg waste - X
Working hours 1h - -
Energy 1 kWh — —
— = not incorporated in the processes.
X = incorporated in the processes.
Table 2
Composition of the concrete mixtures [kg/m?].
N Cement Filler Water Coarse aggregates Fine aggregates Additives
CA1 CA2 CA3 Sand 1 Sand 2 Add 1 Add 2
1 349 30 140 0 0 1241 0 701 0 3.6
2 417 0 167 0 0 1155 0 683 0 5.3
3 355 0 149 0 1243 0 0 702 0 29
4 335 0 127 1194 0 0 832 0 0.8 0
5 452 0 181 0 0 853 917 0 0 5.9

CA 1, CA 2, CA 3 = three types of coarse aggregates (more specific details cannot be mentioned because of confidentiality).
Add 1, Add 2 = two types of additives (more specific details cannot be mentioned because of confidentiality).
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Assemblies used to build up the LCA (quantities according to the specified FU of one m® of finished concrete product with a service life of 50 years).

Assemblies Output quantity Difference beams, TT, floor Current practice
Energy 18 kWh/m? Floor: +heat (+3.165 kWh/m?) Electricity (+heat)
Formwork # kg/m> - 0% recycled polystyrene + lubricating oil
Beam PS: 0.039

0il: 0.04
T PS: 0.039

0il: 0.16
Floor PS: 0.108

0il: 0.11
Concrete # kg/m> # concrete mixtures® Result of processes
Beam 2435
TT 2409
Floor 2488
Reinforcement # kg/m> Floor: only strands® Result of processes
Beam Bars: 66.9

Strands: 74.4
T Bars: 43.5

Strands: 31.3
Floor Bars: —

Strands: 38.5
Cleaning 85.71 kg/m? - Result of processes
Maintenance # kg/m> - Alkyd paint
Beam 3.75
T 14.35
Floor 9.86
Transport to building site 500 tkm"” - Truck EURO 5
Waste # kg/m> # mixtures and reinforcement? Result of processes
Beam Concrete: 120.8

Steel: 27.4
T Concrete: 120.8

Steel: 13.7
Floor Concrete: 335.6

Steel: 3.7
Finished product #p/m> Use of different assemblies Result of assemblies
Total production #p/m3 N/A Result of assemblies
Beam 0.307
T 0.102
Floor 0.590

PS = Polystyrene.
Oil = Formwork oil.

p = summation (finished product) or percentage distribution (total production) per m? of all contributing assemblies.

N/A = Not applicable.

¢ These differences are a result of different proportions and dimensions/reinforcement quantity.
b The transport distance is assumed to be 200 km and the mass to be transported 2500 kg/m>.

4.2. Ecological alternative

4.2.1. Background

Many of the previous studies in literature have examined how
the composition of a concrete mixture can be made more sus-
tainable. The options suggested in literature were assessed on
feasibility for this study. Since cement is a large polluting factor, the
most frequent option is to substitute a part of the cement content in
the concrete mixture by a supplementary cementitious material
(SCM). Several options have been investigated such as partial
replacement by fly ash [23—26], limestone [27], blast-furnace slag
[28,29], fine bagasse ash [30], ... Next to this, using recycled ag-
gregates instead of natural aggregates might be a beneficial option.
For this purpose, research has been done about the use of glass
aggregates in concrete, which leads to the so-called ‘glascrete’
[31,32]. In addition, waste of the marble industry [33], the use of
construction and demolition waste (C&D waste) [34] or basalt ag-
gregates [35] can be considered for substitution of aggregates. Even
the use of wood [36] and shredded tires [37] has been studied.
Furthermore, there are a lots of reports available regarding the
recycling of water in concrete production [38—40].

Next to these options to make the concrete mixture itself more
sustainable, other options to reduce the environmental impact over
the total life cycle of a concrete product can be found in literature.

Reusing or recycling reinforcement steel [41,42], optimization of
the use of energy in the company [43,44], using another transport
medium or lowering the transport distances and changing waste
into recyclable materials [42] are among the numerous
possibilities.

A lot of options to obtain a more ecological production in the
specific concrete company have been considered. The choice
whether the different options could be applied, was made based on
the fact that every adjustment had to be achievable in the company.
For example, the compressive strength class of the concrete had to
be maintained.

4.2.2. Processes

The concrete compositions were adjusted by the substitution of
a part of the cement content by fly ash. Here, it is important to take
into account the k-value concept of the standard NBN EN 206:2014
[45], which limits the amount of replacement by fly ash. The newly
composed binder (cement + fly ash) was incorporated in the LCA by
a new process with an output of 1 tonne binder fabricated with
750 kg Portland cement and 250 kg fly ash. The process of Portland
cement was available in the Ecoinvent database and could be used
directly. In return, a new process for fly ash was developed in
SimaPro, based on information about different inputs and outputs
for the production and treatment of fly ash, listed in Chen et al. [46].
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The ecological variant of the reinforcement steel consists of
reinforcement steel made out of 80% recycled material. This applies
to both the steel bars and prestressing steel strands. The non-
ecological variant of both reinforcement processes is assumed to
consist of 100% virgin material. In this way, these last processes
consist of 100% standard reinforcement steel, of which no recycling
percentage was documented in the database.

For the electricity process, the ecological version exists of a
combination of electricity obtained from hydropower, nuclear en-
ergy, photovoltaic installations and wind power. The ecological
alternatives for the processes are summarized in Table 4.

4.2.3. Assemblies

In contrast to the traditional formwork with non-recycled
polystyrene, the ecological version of the formwork uses 100%
recycled polystyrene. The process of the maintenance uses a
solvent-based, or alkyd paint in the traditional alternative. This is
changed by acrylic varnish (water-based) in the ecological option.
The ecological versions of the remaining assemblies result from the
already discussed processes, as is listed in Table 5.

4.2.4. Waste scenarios

Two waste scenarios are composed in the LCA: a scenario with
almost no recycling and a scenario with as much recycling options
as possible. The treatment of waste is limited to the waste produced
during the concrete production phase. The chosen waste treat-
ments in each waste scenario are listed in Table 6 and Table 7. The
respective waste treatments were adjusted to fit the specificities of
the co-operating manufacturer and the cradle to gate system with
options. Therefore some remarks have to be made:

1. In contrast to the current practice in which the wastewater is
drained to the sewage, the cleaning water will be purified and
will be re-used for the production of concrete in the ecological
version of the model. In correspondence with these ecological
conditions, a wastewater treatment which incorporates a puri-
fication phase is chosen out of the databases, to obtain an esti-
mation of the possible impact of such an additional treatment.

2. In the traditional version of the model the production waste of
concrete is thought to be broken and reused for road con-
struction. The resulting positive impact is not accounted for
because this is not incorporated in the system boundaries. In the
ecological version, the concrete waste is reused in less
demanding concrete applications. This results in the waste
treatment into two recycled products: sand and coarse aggre-
gates. In relation to 1 kg of waste, an amount of 0.1 kg and 0.5 kg
respectively, are supposed to be obtained by recycling. These
amounts were added as output to the techno sphere in the
waste treatment “Disposal, building, concrete, not reinforced, to
recycling/CH S eco”.

Table 4
Ecological process alternatives.

Processes Ecological variant

Raw materials Cement + FA*
Transport -

Concrete mixtures —
Reinforcement 80% recycled
Cleaning water —

Working hours
Energy

? FA = fly ash.

b Ecological alternative for electricity: combination of electricity
obtained from hydropower, nuclear energy, photovoltaic energy and
wind power.

Xl)

3. The steel waste is considered as a recyclable product. For this
reason, 95% of the reinforcement steel is added to the ‘outputs to
the techno-sphere’ in the waste treatment of reinforcement
steel, and can in this way be recycled and reused. The remaining
5% is supposed to go to a landfill.

4.2.5. Lifecycles

The different traditional and ecological finished product as-
semblies were each time combined with the general and recycling
waste scenarios respectively, to compose the life cycles of the
beams, TT-elements and floor slabs. Additionally the same is done
with the total production assemblies to compose the total life cycle
of the cradle to gate system with options.

4.3. Comparison of main structure types

In addition to the previous mentioned assemblies, for each type
of structure there has been made a specific ‘calculation assembly’ to
be able to compare the different structures, based on their load
bearing capacity. As is mentioned in Habert et al. [47], it can be
useful to make for example a product with less volume, and hence a
lower cement content, but with a higher strength, so it can bear the
same load.

For each structure a medium sized element was chosen out of
the product range of the company. The payload, span and geometry
of these elements were combined into a parameter expressed in
kN/m?>. The applied values are listed in Table 8. By dividing the
functional unit of 1 m> by this parameter, it is possible to estimate
the ecological impact of a structure in terms of the m> of concrete
needed per kN load. This quantity is shown in the last column of
Table 8.

5. Life cycle impact assessment and interpretation

As is mentioned in the scope definition, the life cycle impact
assessment is based on both a problem oriented method (EPD
2008) and a damage oriented method (Eco-indicator 99) to get
better idea of the impact.

5.1. Assessment of the traditional production method

Regarding the traditional production, in Fig. 2 the relative
contribution of the different processes according to the Eco-
indicator 99 method is presented. Reinforcement steel (29%),
Portland cement (27%) and transport by lorry (20%) clearly have
most impact on the environment. In addition, maintenance, ag-
gregates, final disposal of concrete and fabrication may certainly
not be neglected as well. The fabrication component incorporates
electricity, process water, heat, polystyrene, lubricating oil and tap
water.

In Fig. 3 the impact is shown for the processes with the largest
effect according to both the traditional and the ecological pro-
duction method. For the global warming (GWP), ozone layer
depletion (ODP) and photochemical oxidation (PO), a cut-off factor
of 1% 1is chosen, and for the acidification potential (AP),
eutrophication (EP), non-renewable fossil energy (NrF) and
Eco-indicator 99 (Eco-ind 99) a cut-off factor of 2% is chosen. The
cut-off factors determine that the processes which contribute less
than 1% and 2% respectively to the total impact, are omitted in the
equations. In this way, the different impact categories and cut-off
factors allow to represent the contributing processes adequately in
the graphs.

Considering the various assessment methods in Fig. 3, the pro-
cesses of steel, Portland cement, transportation by lorry,
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Table 5
Ecological assembly alternatives.

Assemblies Traditional alternative Ecological alternative

Energy Electricity (+heat) Result of processes

Formwork 0% recycled polystyrene + lubricating oil 100% recycled polystyrene + lubricating oil
Concrete Result of Table 1 Result of Table 1

Reinforcement Result of Table 1 Result of Table 1

Cleaning Result of Table 1 —

Maintenance
Transport to building site
Waste

Alkyd paint
Truck EURO 5
Result of Table 1

Acrylic varnish

Result of Table 1

Result of Table 3
Result of Table 3

Finished product
Total production

Result of Table 3
Result of Table 3

— = no ecological alternative is provided.

Table 6
Waste scenario traditional.

Waste type

Waste treatment

Concrete wastes
Concrete sludge
Reinforcement wastes
Cleaning water

Disposal, building, concrete, not reinforced, to final disposal/CH S
Disposal, building, concrete, not reinforced, to final disposal/CH S
Disposal, building, reinforcement steel, to recycling/CH U
Treatment, sewage, to wastewater treatment, class 3/CH S

Table 7
Waste scenario recycling.

Waste type

Waste treatment

Concrete wastes
Concrete sludge
Reinforcement wastes
Cleaning water

Disposal, building, concrete, not reinforced, to recycling/CH S

Disposal, building, concrete, not reinforced, to recycling/CH S

Disposal, building, reinforcement steel, to recycling/CH U

Treatment, concrete production effluent, to wastewater treatment, class3/CH S

Table 8
Values for comparison main structure types.

Structure Payload [kN/m] Surface dimensions [m] Volume [m?] Total load [kN] Load/m® [kN/m?] Qty. used in assembly [m*/kN]
Beam 21 20 4.65 420 90.3 0.0111
TT 14 11x24 3.96 370 933 0.0107
Floor 8 11x1.2 2.06 106 513 0.0195

4%

2 2%
o

Reinforcement steel

29% Portland cement

10% Transport, lorry EURO 5

B Maintenance (paint)
B Aggregates

| Final disposal of concrete

20% .
W Fabrication

27% m Others

Fig. 2. Relative contribution to the overall ecological impact (according to Eco-
indicator 99) of the different processes according to the current practice.

maintenance of concrete (paint) and final disposal of concrete affect
the environment the most. This is true for all impact categories
shown.

5.2. Comparison of traditional and ecological production

To obtain a more ecological production in the concrete company,
it becomes clear from Fig. 3 that by using reinforcement steel with a
recycled component of 80%, lowering the amount of Portland
cement and altering the type of paint for maintenance, a significant
improvement can be achieved. Changing the transport by lorry to
transport by ship would also result in a reduction in impact on the
environment. Additionally, changing the final disposal of concrete
aggregates into a recycling phase is also of positive influence. All
these adaptions could result in a reduction of the impact on the
environment of 20—30%, depending on the assessment method
used.

Because of the chosen cut-off factors, the presentation of the
contribution of the aggregates in Fig. 3 is limited to coarse aggre-
gates 1 and 2, which are mentioned in Table 2. When counting all
coarse and fine aggregates together, the total of aggregates has an
impact of 6% on the total non-eco production in the company ac-
cording to the Eco-indicator 99 method, which is also shown in
Fig. 2. In the same way, electricity, process water, heat, polystyrene,
lubricating oil and tap water can be combined to an overall impact
of the fabrication component of 2% on the total system. The pro-
cesses in this percentage distribution interchange when looking at
the environmental variant in Fig. 4. Transport by lorry together
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Fig. 3. Impact assessment with FU = ‘1 average m> of the total production’: a) Global warming potential (GWP), b) Ozone layer depletion (ODP), c) Photochemical oxidation (PO), d)
Acidification potential (AP), e) Eutrophication potential (EP), f) Non renewable fossil (NrF) and g) + h) Eco-indicator 99 (Eco-ind 99) (cut-off factor for GWP, ODP, PO = 1%, for AP, EP,

NrF, Eco-ind 99 = 2%).

with Portland cement (and fly ash) have gained in importance since
the use of recycled metals for reinforcing steel significantly lowers
in impact on the environment.

5.3. Comparison of beams, TT-elements and floors

In Fig. 5 the Eco-indicator 99 method is used to compare the
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higher impacts than floor slabs. The reason for this can be found in
the earlier mentioned fact that beams contain on average twice as
much reinforcement than TT-elements and four times as much in
comparison with floor slabs. This is also the explanation for the
higher absolute values of the impact of waste treatment of beams
relative to the impacts of TT-elements and floor slabs.

Floors have a higher impact on the environment in terms of
formwork (followed by TT-elements) and they also need an extra
amount of energy for heating during fabrication. Next to this,
looking at the aspect of maintenance, TT-elements have the largest
impact followed by floor slabs. In this respect, one might presume
that beams would have the lowest environmental footprint,
compared to TT-elements and floors. However, the opposite seems
true, because of the higher amount of reinforcement steel per cubic
meter in beams. This highlights the fact that the amount of rein-
forcement steel in each structure type is of great significance in this
study.

Table 9 presents the total average values of one cubic meter of a

= Beam

= Beam eco
mTT

W TT eco

# Floor

7] Floor eco

AN\
=

S

Others

==HE.. E—— —=mE

Transport by  Aggregates Fabrication

ship

Fig. 5. Impact per process and per main structure type (Eco-Indicator 99 [Pt]).

standard and eco version of the beams, TT-elements and floor slabs
based on their material content. Also in this case, reinforcement
steel, Portland cement, transport by road, maintenance and ag-
gregates occur as very important processes. Beams contain on
average twice as much reinforcement as TT-elements and four
times as much as floor slabs. This is clearly reflected in the results of
the reinforcement impact.

The impacts of the categories of transport by lorry and aggre-
gates result in higher values for floor elements in comparison to the
impacts for beams and TT-elements. The reason for this can mainly
be found in the fact that in floor elements the use of a certain kind
of coarse aggregates is a lot higher. For this material a longer road
transport is needed and the processing of it causes a larger impact
on the environment than the other used aggregates.

The results of the maintenance process reflect the sizes of the
surfaces of the different structures that need to be covered with
paint. In the ‘others’ category, it is remarkable that there is an
amount of impact left that is caused by the ecological variants of the
structures. The main reason for this result can be found in the fact
that in each ecological variant the production chain of fly ash causes
an additional impact on the environment.

When comparing beams, TT-elements and floors in Fig. 6, it
becomes clear that the waste treatments often create a negative
impact in the different categories, mostly because of the recycling
of steel. In this way the total impact of the different end products
decreases. The impact of beams is most of the times higher than the
impact caused by TT-elements, and these have in turn mostly

beam, TT-element and floor. In this way it is possible to calculate an
approximate average value of a specific beam, TT-element or floor
used in buildings/structures composed of these types of pre-
fabricated elements, by multiplying its volume with these values.

When considering the overall production of structures in the
considered concrete company during an average year, another
sequence of the results can be noticed compared to Fig. 6. Since
floors are produced a lot more in this company, and beams second
most, especially floors contribute to the environmental impact of
the concrete company, followed by beams.

Using the calculation assemblies mentioned in Section 4.3 and
their respective life cycles, it is possible to compare the three main
structure types (beams, TT-elements and floor slabs) according to
their load bearing capacity. In Fig. 7 it is clearly seen that floor el-
ements are the least suitable, regarding their high impact on the
environment. TT-elements however can be seen as the best choice.
The reason for these results is found in the fact that there is
generally more need for material in floor elements to obtain the
same load bearing capacity than in beams or TT-elements.

6. Conclusions

Throughout this study, life cycle assessment was used to eval-
uate the environmental impact of the different processes in the
production of a high strength concrete element manufacturer. The
rather unique close collaboration with industry allowed for envi-
ronmental impact calculations that are based on very reliable
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Fig. 6. Impact assessment of beams, TT-elements and floor slabs with the EPD 2008 method and Eco-indicator 99 method.
Table 9
Impact assessment of beams, TT-elements and floor slabs with the EPD 2008 method and Eco-indicator 99 method.
Beam Beam eco TT TT eco Floor Floor eco
Global warming 655 529 612 500 521 436
[kg CO2 eq]
Ozone layer depletion 3.2E-05 1.9E-05 3.5E-05 2.3E-05 3.4E-05 2.6E-05
[kg CFC-11 eq]
Photochemical oxidation 0.42 0.26 0.40 0.24 0.35 0.24
[kg C2H4 eq]
Acidification 1.63 1.27 1.51 1.15 1.18 0.94
[kg SO2 eq]
Eutrophication 0.27 0.18 0.27 0.18 0.22 0.16
[kg POA4(3-) eq]
Non renewable, fossil [M] eq] 6748 4966 6156 4840 5420 4604
Eco-indicator 99 43.54 26.83 38.66 25.56 34.08 25.70
(Pt]
Eco-indicator 99 [Pt] |G I
Non renewable, fossil [MJ eq] N -
Eutrophication [kg PO4 (3-) eq] N I
Acidification [kg SO2 eq] | IEEEEEEG_—G I
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Fig. 7. Evaluation of the different types of structure based on their load bearing capacity.
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information regarding the operation of an actual precast concrete
plant directly provided by the manufacturer. Based on production
site specific data obtained as such, the life cycle inventory was built
and LCA calculations were performed accordingly. This most
certainly contributed to the accuracy of the reported environmental
scores. Moreover, the study provides a set of comprehensive envi-
ronmental profiles for three types of commonly used precast con-
crete elements (beams, TT-elements and floors) which can serve as
direct input for LCA studies that focus on whole buildings/
structures.

The main conclusions of the impact assessment show that the
reinforcing and prestressing steel (29%) and the cement (27%)
dominate the impact contributions, but other factors such as
transport by road (20%), maintenance (10%), aggregates (6%),
fabrication (2%), and concrete waste production during fabrication
(2%) are also non-negligible. A further impact study shows that the
use of cement replacing materials, the use of recycled reinforce-
ment steel, recycling aggregates from the production waste and
several smaller adaptions can potentially reduce the impact on the
environment with 20—30%, depending on the assessment method
used.
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