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Abstract
Purpose Green manufacturing (GM) is the environmental benign manufacturing of products with a minimal negative impact on
the natural environment. Research studies on GM have increased in the last years with attention to the application of life cycle
assessment (LCA). However, the manufacturing industry still faces some barriers and challenges that hinder a proper practical
integration of GM using LCA. Accordingly, this paper performs an LCA-based GM case study of a wood-based industry that
produces particleboards to investigate environmental hotspots and suggests GM indicators and solutions for a hot-pressing
machine tool.
Methods A case study of a wood-based industry that produces particleboards in Brazil was designed. A LCA-based GM
framework was developed and applied according to its three phases: pre-assessment, environmental assessment and monitoring,
and post-assessment. Each phase is composed of specific stages and each stage has its own activities and goals. To quantify the
environmental life cycle impacts, the ILCD midpoint method with 13 impact categories was selected. Based on these environ-
mental impacts, a set of indicators and solutions was designed to improve the product life cycle impacts through a greener
manufacturing process of particleboards. A cradle-to-grave approach was used to model the particleboard life cycle and the
manufacturing phase was modeled based on the unit process life cycle inventory (UPLCI) methodology.
Results and discussion The particleboard manufacture was designed into five unit processes and results of the pre-assessment
showed that the hot-pressing unit was the most relevant process because of its direct and indirect impacts mainly to human
toxicity cancer effects, global warming, and photochemical ozone formation. During the environmental assessment and moni-
toring phase, the hot-pressing machine was then investigated based on the main contributors to the caused environmental
impacts, i.e., electricity consumption and air emissions of free formaldehyde, as well as in terms of its most relevant process
parameters: pressure (P) and temperature (T). Opportunities to reduce up to 21% upstream impacts and up to 41% downstream
impacts were identified frommaking simple changes to the hot-pressing parameters. Further investigation in the post-assessment
revealed that environmental impacts can be estimated based on the applied P and T values and GM indicators were suggested.
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Conclusions The proposed GM framework can be used in other case studies to integrate GM + LCA in practice. Results of the
case study application showed that the hot-pressing machine was a hotspot into the cradle-to-grave life cycle impacts of
particleboards and the proposed GM indicators can be used to predict life cycle impacts at manufacturing level.

Keywords Green manufacturing of particleboards . Green manufacturing indicators . Assessment criteria and indicators . Life
cycle assessment of manufacturing

1 Introduction

Green manufacturing (GM) is a rather new research topic
which has made remarkable advances in the last few years.
GM is concerned about the environmental impacts of
manufacturing processes, which for Garetti and Taisch
(2012) is crucial for a sustainable development as a whole.

The concern with sustainability issues in manufacturing
became more prominent in the 1990s. In fact, the concept of
GM was first introduced more than two decades ago as envi-
ronmentally conscious manufacturing (Florida 1996). Since
then, scientific publications have intensified mainly from
2010 (Silva et al. 2016), with focus on topics such as life cycle
assessment (LCA) (Kellens et al. 2012a, b; Kim et al. 2015),
real-time and online monitoring of manufacturing environ-
mental aspects (Filleti et al. 2014, 2017; Silva et al. 2018;
Vikhorev et al. 2013), and the selection of GM technologies
(Jin and Noh 2014; Li et al. 2010a, b) and GM indicators
(Joung et al. 2012).

1.1 Typical gaps in GM using LCA

Dornfeld (2014), Li (2015), and Shin et al. (2015) explain that
the manufacturing industry still faces some barriers and chal-
lenges that hinder a proper practical integration of GM using
LCA. Some typical gaps are as follows:

& Literature reviews show that so far, no relevant efforts
have been made to enable manufactures to make decisions
on their environmental performances through primary da-
ta collected from their own shop floor operations. Further,
additional efforts are needed to develop comprehensive
theoretical propositions (e.g., models, tools) that encom-
pass assessment, diagnosis, and optimization for environ-
mental improvements in manufacturing processes and in a
product’s life cycle perspective as well (Shin et al. 2015).

& To support an effective implementation of GM at the shop
floor area, Kellens et al. (2012a, b) have contributed to the
development of a systematic methodology for inventory-
ing manufacturing unit processes to support industrial
groups and researchers to use datasets with high quality
in LCA applications—the unit process life cycle inventory
(UPLCI) methodology. However, the UPLCI only con-
siders the part production phase and its corresponding

manufacturing unit processes and it does not cover the
complete product’s life cycle perspective.

& Environmental assessment and monitoring should be de-
signed considering experiments and simulations at the
shop floor area by collecting real-time data in manufacture
phase of products in order to select relevant GM scenarios
(Chompu-inwai et al. 2015; Filleti et al. 2017; Silva et al.
2015; Singh et al. 2015). However, many GM studies are
still based only on general LCA results.

& Joung et al. (2012) point out that the manufacturing indus-
try needs an open, simple, and neutral set of indicators to
measure and monitor sustainability of manufactured prod-
ucts and manufacturing processes. However, most GM
indicators still focus on monitoring environmental aspects
of manufacturing unit processes (resource consumption,
waste, and emissions) instead of environmental impacts
of them (climate changes impacts, human health impacts,
ecotoxicological impacts, etc.). The use of statistical tools
is also desired here in order to predict the overall life cycle
impacts of products (Gloria et al. 2014; Igos et al. 2019)
according to a manufacturing unit process under interest.

To overcome these managerial gaps, an in-depth evaluation
of manufacturing unit processes is needed, as the LCA-based
GM approach proposed on this paper and described in
Section 2.

1.2 GM initiatives in the wood-based sector

Another relevant issue is that GM studies are still more fo-
cused on machining processes (Aurich et al. 2013; Silva et al.
2016), such as grinding (Filleti et al. 2014, 2017; Linke and
Overcash 2012; Silva et al. 2018), turning (Araujo and
Oliveira 2012; Jeswiet and Kara 2008), milling and drilling
(Jiang et al. 2012; Zendoia et al. 2014), and additive
manufacturing (Kellens et al. 2017a, b). On the other hand,
GM studies for the wood-based sector are less numerous.

In the wood sector, reconstituted wood panels are those that
are manufactured with small pieces of wood or other ligno-
cellulosic materials (e.g., chips, flakes, strands, shreds, or fi-
ber) agglomerated with a resin type as binder and controlled
by a set of temperature and pressure parameters. Among the
different types of wood panels, the particleboard is one of the
most consumed and produced in the world. Brazil stands out
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among the world’s largest producers, since it has advanced
technology in the production of particleboards. It is also the
country with the largest number of state-of-the-art factories
due to the continuous investments in technology and automa-
tion as well as the modernization of existing plants (Weber
and Iwakiri 2015). The uses of wood panels are mostly ap-
plied in the production of furniture, such as tabletops, ward-
robes, cupboard sides, shelves, and dividers and secondarily
in civil construction applications such as wood floors (Iritani
et al. 2015; Silva et al. 2013; Ferro et al. 2018a, b).

There are various LCA studies to determine the environmen-
tal profile of products within the wood-based sector (Klein et al.
2015). However, these LCA studies show many differences
concerned to the definition of the system boundaries (cradle-
to-gate vs cradle-to-grave) as well as to the life cycle inventory
and data quality (primary or secondary data). Table 1 summa-
rizes the LCA studies with focus on particleboards. Most of the
studies are from 2010’s and from the USA and Brazil.

Some GM initiatives can be identified from studies in
Table 1, such as substitution of wood by residues to produce
particleboards (Santos et al. 2014; Silva et al. 2013), changes
on energy supply for the factory (Garcia and Freire 2014;
Rivela et al. 2006; Silva et al. 2013; Wilson 2008, 2010),
and suggestions to reduce free formaldehyde air releases com-
ing from the hot-pressing manufacturing processes (Nakano
et al. 2018; Silva et al. 2013). On the other hand, none of these
studies has evaluated the effect of manufacturing unit

processes under the overall life cycle impacts of particleboards
including upstream and downstream life cycle impacts. None
of these studies have used the UPLCI methodology for the life
cycle inventory of manufacturing unit processes and neither
suggestions of GM indicators were found until now.

Thus, the current paper aims at filling this gap by providing
a detailed LCA-based GM case study of particleboards in
Brazil, with focus on an in-depth evaluation of manufacturing
unit processes to indicate forms to reduce life cycle hotspots
and suggests GM indicators.

The novelty of this paper is the proposal of a GM framework
(see Section 2) by including the following topics: integration of
LCA with real-time monitoring of manufacturing environmen-
tal aspects and generation of GM indicators based on life cycle
perspective and impacts of products for decision-making.

2 Methodology

A single case study was designed for a wood-based industry in
Brazil, which produces particleboards for the domestic mar-
ket. The step-by-step activities for the case study execution are
described below:

& Literature review: as presented in Table 1, publications
involving studies on LCA for the particleboards produc-
tion were searched and reviewed to collect relevant

Table 1 List of recent LCA papers focusing on particleboards production

Authorship Year Country Goal of the study Approach Functional unit

Silva et al. 2013 Brazil LCA of particleboard produced in Brazil Cradle-to-gate 1 m3 of
particleboard

Silva et al. 2014 Brazil Comparative LCA of particleboards made
with and without aggregation of sugarcane
bagasse residues

Cradle-to-gate 1 m3 of
particleboard

Santos et al. 2014 Brazil Comparative LCA of particleboards made of
residues from sugarcane bagasse (Saccharum spp.)
and pine (Pinus elliottii)

Cradle-to-grave 1 m2 of
particleboard

Rivela et al. 2006 Spain Life cycle inventory of particleboards Cradle-to-gate 1 m3 of
particleboard

Kouchaki-Penchah
et al.

2016 Islamic Republic
of Iran

LCA of flat pressed particleboard production in the
Islamic Republic of Iran

Cate-to-gate 1 m3 of
particleboard

Garcia and Freire 2014 Portugal Carbon footprint of particleboards produced in Portugal Cradle-to-gate and
cradle-to-grave

1 m3 of
particleboard

Wilson 2010 USA Life cycle inventory of particleboards in terms of
resources, emissions, energy, and carbon

Cradle-to-gate and
cradle-to-gate

1 m3 of
particleboard

Wilson 2008 USA Life cycle inventory of particleboards Cradle-to-gate 1 m3 of
particleboard

Puettmann et al. 2013 USA LCA of US particleboards production Cradle-to-gate 1 m3 of
particleboard

Nakano et al. 2018 Japan LCA of wood-based boards produced in Japan and
impacts of formaldehyde emissions during the use
stage

Cradle-to-gate and
cradle-to-grave

1 m3 of
particleboard
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literature data for this study. The literature results were
used within Section 3 to support suggestions of green
manufacturing alternatives to produce particleboards.

& Pre-assessment of the company: a prioritization matrix
was used to support the selection of a standard particle-
board model to be used as a baseline for the LCA. This
step was important because there is a mix of different
particleboards as described in more detail in Section 2.2.
After that, a field data collection was performed at the
company level to analyze its documentation about mate-
rials and energy consumptions as well as waste generation
and emissions to produce the selected particleboard. The
main strategies for the field data collection include a semi-
structured questionnaire with open-ended questions sent
to the technical team of the particleboard company.
Results of the field data collection were used to complete
the life cycle inventory of particleboards in Section 2.3.

& A general LCA of the standard particleboard: the ISO
14040 and 14044 standards (ISO 2006a, b) were used to
evaluate a cradle-to-grave LCA for the standard particle-
board as described in Sections 2.2, 2.3, and 2.4.

& Environmental assessment and monitoring: from the gen-
eral LCA results, environmental hotspots were identified,
and green manufacturing scenarios are set up in
Section 3.1. A manufacturing unit process was selected
because of its representativeness on the general LCA re-
sults and experiments and simulations were designed for
the definition of GM scenarios and indicators. For this, the
UPLCI methodology (Kellens et al. 2012a, b) and a mul-
tivariate regression model evaluated by analysis of vari-
ance (ANOVA) were applied.

& Post-assessment: selection of greenmanufacturing scenar-
ios and indicators in Section 3.2, in order to reduce the life
cycle environmental hotspots at manufacturing level.
Most of the GM indicators are still focused on both mon-
itoring resource consumption and manufacturing emis-
sions (Joung et al. 2012) instead of the monitoring of
environmental impacts. Thus, this paper suggests the use
of regression models to predict the overall life cycle im-
pacts of products according to the manufacturing unit pro-
cess under interest.

2.1 Key points for the case study

The study has been performed in collaboration with a parti-
cleboard producer, with a production capacity of 35,000 m3/
month, located in the São Paulo State in Brazil. This company
is one of the biggest ones in the country representing approx-
imately 40% of the market share and its products are mainly
consumed by furniture producers for commercial and residen-
tial use. Figure 1 shows an overview of the product and its
main applications.

The evaluated product in Fig. 1 refers to the particleboard (or
medium-density particleboard—MDP), a type composite ma-
terial made of a synthetic adhesive binder and a reinforcement
phase of wood particles arranged in three layers. The adhesive
is composed of urea-formaldehyde resin and additives (paraffin
emulsion, catalysts), while the particles come from reforested
species of eucalyptus wood in Brazil (Silva et al. 2013).

For the case study, the data collection protocol is listed in
Table 2 based on Yin (2015) and detailed information about
data of particleboards was collected via the questionnaire
available in Appendix I.

From the case study results, the most relevant manufactur-
ing unit process was selected for an in-depth assessment and
monitoring of environmental aspects and impacts. According
to results that will be presented in Section 3, this process was
the hot-pressing machine. The study of this manufacturing
unit process was not carried out directly in the respective
particleboard producer due to limitations such as lack of hu-
man resources in the company to follow the tests and unavail-
ability of free time for tests at that moment. Thus, an equiva-
lent hot-pressing machine tool was selected for the study, as
detailed in Section 3.1. The selected machine is comparable to
the hot-pressing machine used by the industrial partner in
terms of efficiency, management of the manufacturing pro-
cesses parameters, and quality of the manufactured products.

Also, multivariate regression model evaluated by ANOVA
was designed based on Montgomery (2008) and a set of ex-
periments and simulations were carried out for a hot-pressing
machine tool. The outcome of these analyses will be detailed
in Section 3.2. It is important to note that the combination of
ANOVA and LCA for green manufacturing studies is an im-
portant strategy to support decision-making processes towards
an environmentally benign manufacturer of products
(Chompu-inwai et al. 2015; Filleti et al. 2017; Silva et al.
2015; Singh et al. 2015).

Fig. 1 Overview application of particleboards for furniture manufacture
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2.2 Goal and scope definition

Particleboards are marketed based on their nominal thickness
and type of finishing coat. Table 3 shows the prioritization
matrix used to select the product configuration of interest
and the four criteria of R, T, C, and E (Silva et al. 2018) are
as follows:

& Representativeness (R): Relative importance of a product
in the total revenue of the company. 1, low contribution; 3,
intermediate contribution; 5, high contribution

& Trend (T): What is the market trend for the product sales
volume? 1, decay or withdrawal from the market; 3, keep
at the same level; 5, increasing sales

& Cost (C): Cost of production (from acquisition of raw
materials to product shipment): 1, low cost; 3, intermedi-
ate cost; 5, high cost

& Environment (E): Expected environmental impact that a
product can generate from its whole life cycle: 1, low
impact; 3, intermediate impact; 5, high impact

From Table 3, the priorities were the panel with 15 mm
nominal thickness, with and without coating. However, the
studied company selected the uncoated panel because of its
representativeness R in the sales volume. Therefore, the se-
lected product was the 15 mm particleboard without coating.

Particleboards are intermediate products and to cover its cradle-
to-grave life cycle, awardrobemodel studied by Iritani et al. (2015)
was chosen. The wardrobe with 2670 mm×606 mm×2323 mm
dimensions is made of particleboards and weighs 257 kg.

The LCA goal was defined as the identification of environ-
mental improvements for the particleboard’s life cycle. Once
the product was defined, the functional unit and reference flow
are established in Table 4 and the next step was to define a
product system in Fig. 2. The LCA study was divided into
four steps as defined by ISO (2006a, b): goal and scope def-
inition, life cycle inventory analysis (LCI), life cycle impact
assessment (LCIA), and interpretation.

The product system in Fig. 2 shows four life cycle
stages. Raw material supply, provide inputs required for
the manufacturing stages, use of particleboards to

Table 2 Data collection protocol
for the case study Main procedures for data collecting

Visited location For reasons of confidentiality, the name of the company and people have been
preserved on this research. In a beginning contact phase, a cover letter was
prepared and sent to the company to show a summary of potential results with
the research agenda. After that, a first meeting was scheduled with the
particleboard company and its representatives, and activities of A2 were
designed.

Activity schedule A schedule of activities was set up as follows below. Four technical visits have
been performed to finish the case study’s data field collection:

1. A first technical visit for general presentation of the research project, its
agenda and needs in terms of data collection and information

2. A second visit to collect data according to the Appendix I questionnaire

3. A third visit for remaining data collection and presentation of partial results of
the study

4. One last visit to present consolidated results of the case study

Each technical visit lasted an average of 6 h.

Data source and tools for
data collection

Data sources and tools for data collection were diversified. However, the main
data source was from semi-structured interviews. The interviews were con-
ducted with professionals from various areas within the visited company,
such as engineers, supervisors, industrial managers, environment engineers,
quality analysts, and product development engineers.

All interviews were carried out with attention for the following topics:

1. Selection of a product of interest for the company

2. Mapping of all the manufacturing processes for the chosen product

3. Quantification of direct materials and energy inputs and outputs to/from the
manufacturing processes

4. An in-depth study of one manufacturing unit process

Other sources of data supporting the interviews were documentation analyses
and direct observations of the researchers. Documentation analyses were
important to cover topics 3 and 4. Finally, a panorama questionnaire (see
Appendix I) was designed to guide the interviews.
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assemble the wardrobe model, and use and post-use
phases of the furniture, as well as for some activities
of transportation.

A process flow diagram is given in Fig. 3 to represent the
manufacturing unit processes in details. Quantification of in-
put and output flows for each unit process will be further
discussed in Section 2.3.

In Fig. 3, some intermediate flows are highlighted; for ex-
ample, wood particles generation produces 205.6 kg of parti-
cles, while hot-pressing produces 234.9 kg of particleboards.
These intermediate flows are examples of individual reference
flows of each manufacturing unit process, which refer to the
LCA functional unit from Table 4. Further information about
technologies applied in the production of particleboards can
be obtained fromRivela et al. (2006), Silva et al. (2013, 2014),
and Wilson (2010).

2.3 Life cycle inventory analysis

For the LCI step, data was obtained from primary and second-
ary sources. Primary data was collected according to the case
study protocol description in Table 2. Direct inventory flows
are given in Table 5, where the main inputs to produce parti-
cleboards were the consumption of electricity, wood, water,
and urea-formaldehyde resin. Secondary LCI data were

extracted from available LCA databases and literature, as de-
scribed in Table 6.

Table 6 shows that most of the indirect flows were obtained
by using the GaBi 6.5 LCI database and software tool.
Background data were gathered considering a based-mass
cut-off criterion of 95% of all direct flows of the product
system. In addition, most of these secondary data were col-
lected for Brazilian conditions, while a smaller portion were
from foreign countries due to the unavailability of national
respective data for steel, polyethylene, cardboard, and paints
and varnishes. Indirect flows due to the capital goods were not
included due to the complexity of including this information
for each of the five manufacturing unit processes from Fig. 3.
On the other hand, in Section 3.2, this information was raised
with focus on the manufacturing unit process selected for the
GM scenarios and indicators study.

The main assumptions for the inventory of the manufactur-
ing phase were as follows:

& Silva et al. (2013) showed data of electricity consumption of
507 MJ/m3 associated with the particleboard produced in
Brazil. Yet, only 70% of this consumption is directly linked
to the product manufacturing processes, therefore, 355 MJ/
m3. Thus, according to the reference flow of 235 kg of par-
ticleboard (panel density 630 kg/m3), a total consumption of
132.4 MJ of electricity was inventoried. This electricity

Table 3 Matrix for prioritization of products

List of products R T C E R × T × C × E Ranking

1. Particleboard without coating, 15 mm nominal thickness 5 5 3 3 225 1°

2. Particleboard without coating, 7–12 mm nominal thickness 3 3 3 3 81 3°

3. Particleboard without coating, 18–25 mm nominal thickness 3 5 3 3 135 2°

4. Particleboard without coating, > 25 mm nominal thickness 3 3 3 3 81 3°

5. Particleboard with melamine coating, 15 mm nominal thickness 3 5 5 3 225 1°

6. Particleboard with melamine coating, 7–12 mm nominal thickness 3 3 5 3 135 2°

7. Particleboard with melamine coating, 18–25 mm nominal thickness 3 3 5 3 135 2°

8. Particleboard with melamine coating, > 25 mm nominal thickness 3 3 5 3 135 2°

9. Particleboard with finish foil coating, 15 mm nominal thickness 3 3 3 3 81 3°

10. Particleboard with finish foil coating, 7–12 mm nominal thickness 1 1 3 3 9 5°

11. Particleboard with finish foil coating, 18–25 mm nominal thickness 1 3 3 3 27 4°

12. Particleboard with finish foil coating, > 25 mm nominal thickness 1 3 3 3 27 4°

R representativeness, T tendency, C cost, E environment

Table 4 Particleboard: function, functional unit, and reference flow

Product Function Functional unit Reference flow (RF)

Particleboard without coating,
15 mm nominal thickness

Raw material to compose structural
parts of wood-based furniture

The use of a wardrobe model made
of particleboard, with storage capacity of
40 kg (or 3.7 m3) of goods for 5 years

The production of
235 kg of
particleboard

1064 Int J Life Cycle Assess (2020) 25:1059–1077



consumption was stratified among the five manufacturing
unit processes of Fig. 3, based on the nominal power of the
machine tools and operation time of each unit process.

& The consumption of 256.4 kg ofwood logs occurs during the
wood particle generation. However, to calculate the

environmental impacts in Section 2.4, the total amount of
wood was proportionally divided among all the manufactur-
ing unit processes according to their generated amount of
wood waste. For example, in Table 5, wood particle
generation produces 14.4 kg of bark and more 36.3 kg of

Wood AdditivesElectricity

Urea-formaldehyde 
resin

Water

Paints and 
varnishes

Cardboard

Border tape

1. RAW MATERIALS SUPPLY

2. MANUFACTURE

Wood particles 
generation

Drying and classification

Blending and mat 
forming

Hot pressing
Finishing and 

packaging

3. USE

Use 1: 
Furniture use

Use 2: Final 
consumer

4. POST-USE

Landfill

Wardrobe made of 
particleboard

Product 
distribution

Wood 
particles

Dried and classified particles

Wood mattressParticleboard

Raw materials 
transportation

Wardrobe final 
destination

Metallic 
accessories 

R
aw
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aterials transportation

Plastics 
accessories

Diesel

noitatropsnart slaireta
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Sandpaper

Life cycle 
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Transport 
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Fig. 2 Particleboard cradle-to-
grave product system

- Electricity (53.0 MJ)
- Wood logs (256.4 kg)

INPUT OUTPUT

Wood particles generation

Drying and classification

- Wood barks (14.4 kg)
- Other types of wood waste  
(36.3 kg)

- Electricity (6.6 MJ)
- Volatile organic compounds 
(VOCs) (0.13 kg)

Blending and mat formation

- Water (32.3 kg)
- Additives (2.6 kg)
- Electricity (6.6 MJ)
- Urea-formaldehyde resin 
(26.7 kg)

- Liquid effluent (32.1 kg)
- Suspended solids (0.003 kg)

Wood particles 
(205.6 kg)

Dried and classified 
particles (205.5 kg)

- Electricity (39.7 MJ) Hot pressing - Free formaldehyde (0.05 kg)

Particleboard 
(234.9 kg)

- Electricity (26.5 MJ)
- Border tape (0.07 kg)
- Sandpaper (0.02 kg)
- Cardboard (0.08 kg)

Finishing and packaging - Used sandpaper (0.02 kg)

Packaged particleboard 
for shipment
(235.0 kg)

Wood mattress
(235.0 kg)

Fig. 3 Process flow diagram of
particleboard manufacture
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wood waste, so its contribution to the overall impacts of the
wood supply chain would be (14.4 kg + 36.3 kg)/256.4 kg of
wood. This assumption is important; otherwise, all impacts
of the wood supply chain would be attributed only to wood
particle generation, overestimating its environmental im-
pacts. Likewise, impacts due the consumption of 26.7 kg

of urea-formaldehyde resin were also apportioned between
the blending and mat formation unit process and the hot-
pressing unit process, in order to share the resin impacts
according to the associated manufacturing unit processes.

& In order to model the product system in Fig. 2 in the GaBi
6.5 software, some transport activities of rawmaterials were

Table 5 Direct inventory flows of
the particleboard life cycle Inputs Outputs

Manufacture ▪ Diesel (transportation of raw
materials)a

0.6 kg ▪ Carbon dioxide (CO2)
a

▪ Carbon monoxide (CO)a
1.9 kg

0.002 kg

Wood particles generation

▪ Electricity 53 MJ ▪ Wood barks 14.4 kg

▪ Wood logs 256.4 kg ▪ Other types of wood
waste

36.3 kg

Drying and classification

▪ Electricity 6.6 MJ ▪ Volatile organic
compounds

0.1 kg

Blending and mat formation

▪ Water 32.3 kg ▪ Liquid effluent 32.1 kg

▪ Additives (catalyst, paraffin) 2.6 kg ▪ Suspended solids 0.003 kg

▪ Electricity 6.6 MJ

▪ Urea-formaldehyde resin 26.7 kg

Hot pressing

▪ Electricity 39.7 MJ ▪ Free formaldehyde 0.05 kg

Finishing and packaging

▪ Electricity 26.5 MJ ▪ Used sandpaper 0.02 kg

▪ Border tape 0.07 kg ▪ Particleboard 235 kg

▪ Sandpaper 0.02 kg

▪ Cardboard 0.08 kg

Use Use 1: furniture use

▪ Plastic accessories 9.1 kg ▪ CO2
a 2.1 kg

▪ Metallic accessories 15.7 kg ▪ COa 0.003 kg

▪ Adhesives and glue 0.7 kg ▪ Particleboard solid waste 8.4 kg

▪ Diesel (particleboard distribution)a 0.7 kg ▪ Paint and varnish residues 0.7 kg

▪ Electricity 333.6 MJ ▪ Wardrobe 278.7 kg

▪ Particleboard 235 kg

▪ Cardboard 22.2 kg

▪ Paint and varnishes 4.8 kg

Use 2: wardrobe use

▪ Diesel (wardrobe distribution)a 4.9 kg ▪ CO2
a

▪ COa

14.8 kg

0.03 kg

▪ Wardrobe 278.7 kg ▪ Cardboard waste 22.2 kg

▪ Wardrobe (end-of-life) 256.5 kg

Post-use Post-use

▪ Diesel (wardrobe final destination)a 0.8 kg ▪ CO2
a

▪ COb

2.6 kg

3.3 kg

▪ Wardrobe (end-of-life) 256.5 kg ▪ Methane (CH4)
b

▪ COa

4.9 kg

0.004 kg

aAir emissions of CO2 and CO due to diesel consumption
bAir emissions of CO2 and CH4 due to particleboard decomposition in landfill
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included according to the transport distances assumed by
Silva et al. (2013). The “GLO: Truck PE” process, Euro 3,
with 27 t payload was chosen to represent most of the
existing transport activities. As a result, a final consumption
of 0.6 kg of diesel per functional unit was calculated.

For the product’s use phase, the following main consider-
ations were made:

& To model product distribution from the particleboard
company to the furniture assembler, the “GLO: Truck
ELCD / PE-GaBi” process, Euro 3, and 12 t payload from
the GaBi 6.5 software tool were selected. The transport
distance was assumed to be 200 km. Thus, the total diesel
consumption per functional unit was 0.7 kg.

& All input and output flows in Table 5 for use 1 were ex-
tracted from Iritani et al. (2015). However, the original
data of solid waste generation was changed from 29.9 to
8.4 kg for mass balance accuracy.

& Use 2 was modeled assuming 1200 km for the wardrobe
distribution phase in Brazil. This activity was modeled in
the GaBi software using the “GLO: Truck ELCD/PE-
GaBi” process, Euro 3, and with 12 t payload. The main
destination of the studied product is the south region of
Brazil, responsible for 60% of the wardrobe sales.

& Use 2 also included the generation of 22 kg cardboard
waste from the packaging process in use 1. For a 5-year
product life, maintenance activities of the wardrobe must
be based on its cleaning by only using a soft dry cloth and
the use any liquids or solvents is no advisable. Thus, en-
vironmental aspects related to the wardrobe maintenance
were not considered in the model.

Finally, regarding the post-use phase:

& In the end-of-life, it was assumed the final disposal of the
wardrobe in a sanitary landfill located 100 km away from

the final consumer. This scenario was modeled based on
estimates from the manufactured particleboard.

& In the “GLO: Truck PE” process, Euro 3 with 12 t payload
was used as a reference for the transportation of the ward-
robe to a landfill. For the distance of 100 km, a total diesel
consumption of 0.8 kg per functional unit was calculated
with the GaBi software tool.

& Particleboard decomposition in sanitary landfill was as-
sumed using a landfill without biogas recovery (meth-
ane—CH4), and CO2 and CH4 emissions were calculated
from Micales and Skog (1997). Generation of CO2 and
CH4 were, respectively, equivalent to 1.3% and 1.9% of
the panel dry weight (Micales and Skog 1997).

2.4 Life cycle impact assessment and interpretation
of results

The recommended ILCD v.1.06 method (European
Commission/Joint Research Council/Institute for Environment
and Sustainability, EC/JRC/IES, 2010) was used in an attribu-
tional approach and Fig. 4 shows the results of the LCIA. The
focus was to analyze the overall LCA results for the cradle-to-
grave life cycle of particleboards; after which, the LCA results
are interpreted with focus on the manufacturing stage.

Thirteen midpoint impact categories were evaluated based on
Klein et al. (2015) and Iritani et al. (2015): acidification, accumu-
lated exceedance (AC); ecotoxicity for aquatic freshwater (EAF);
freshwater eutrophication (FE); IPCCGlobalWarming, incl. bio-
genic carbon (GW); ionizing radiation (IR); marine eutrophica-
tion (ME); resource depletion, fossil and mineral (RD); ozone
depletion (OD); particulate matter/respiratory inorganics (PM);
photochemical ozone formation (POF); terrestrial eutrophication,
accumulated exceedance (TE); human toxicity cancer effects,
recommended (HTCE); and human toxicity non-canc. effects,
recommended (HTNCE). LCIA results were also normalized

Table 6 Indirect inventory flows of the particleboard life cycle

Description Data source Nation of origin

Steel sheet production (to produce metallic accessories) GaBi software 6.5 Global

Diesel production mix at refinery GaBi software 6.5 Brazil

Electricity mix supply chain GaBi software 6.5 Brazil

Wood logs (eucalyptus species) Silva et al. (2013) Brazil

Wax/paraffin production at refinery GaBi software 6.5 Brazil

Urea-formaldehyde resin production Silva et al. (2015) Brazil

Corrugated board boxes (cardboard) production GaBi software 6.5 Europe

Polypropylene granulate production (to produce plastic accessories) GaBi software 6.5 Europe

Ammonium sulfate (as catalyst) production Ribeiro (2009) Brazil

Water supply (to produce paints and varnishes) GaBi software 6.5 Germany
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following the “PEF Pilot, incl. biogenic carbon [person equiva-
lent]” factors available at the GaBi 6.5 software tool.

Results of Fig. 4 show that 81% of the impacts occurred for
GW, RD, HTNCE, POF, AC, and HTCE. For these categories,
the impacts were mainly due to the manufacturing phase of
particleboards, use 1, and post-use. Hotspots in the particleboard
manufacture were air emissions of free formaldehyde during the
hot-pressing unit process; gaseous emissions of nitrogen oxides
and sulfur dioxides, both from the urea-formaldehyde resin pro-
duction and the wood production (forest operations driven by
diesel-based machines); and GHG emissions due to the electric-
ity supply chain and wood production. For use 1, the main
hotspots were air emissions of heavy metals due to steel parts
production used in the manufacture of metallic accessories of the
wardrobe model and GHG emissions from the electricity supply
chain. In the post-use, CH4 releases from the panel decomposi-
tion in landfill were identified as the main hotspot.

Details of the main impacts for each manufacturing unit
process are explained in Section 3.

3 Environmental hotspot analysis
in particleboard manufacturing

Results in Fig. 5 point out that hot-pressing showed the
greatest impact contributions followed by wood particles gen-
eration, and the blending and mat formation. It is also impor-
tant to note that the sum of environmental impact percentages
of all unit process from the particleboard manufacture repre-
sents 16.8% of the total life cycle impacts of the wardrobe.

However, results in Fig. 6 show that impacts were mostly
due to direct impacts in the hot-pressing process. Figure 6 shows

that indirect impacts accounted for about 6% and they were due
to upstream impacts of electricity and materials (wood, urea-
formaldehyde resin, etc.) consumed at manufacture.
Nevertheless, hot-pressing was responsible for 11.3% of the
impacts as a result of airborne free formaldehyde emissions.

Based on the obtained results, it was clear that the hot-
pressing process was the most prominent manufacturing pro-
cess to be studied in-depth in order to verify the potential to
reduce the particleboard’s upstream and downstream life cycle
impacts at manufacture level. Therefore, the hot-pressing pro-
cess was selected for the assessment of the green manufactur-
ing scenarios described in Section 3.1.

3.1 Green manufacturing scenarios to reduce
environmental hotspots

The hot-pressing process is a hydraulic pressing machine
Marconi RA098/50AUSP model and its main components
and subunits are presented in Fig. 7. The machine is a vertical
hydraulic press composed of two plates (upper and lower
plates), with maximum press capacity of 50 tons, maximum
working temperature of 300 °C, a 200-V three-phase electrical
supply, a pressing speed of 168 mm/min, and a total weight of
290 kg. The machine is located at the Wood and Timber
Structures Laboratory (LaMEM) of the Department of
Structural Engineering from the São Carlos School of
Engineering (EESC), University of São Paulo (USP), Brazil.

The hydraulic press in Fig. 7 was selected because it shows
the same basic operating parameters of a conventional ma-
chine used by particleboard companies, i.e., working pressure,
pressure time, and temperature. However, its scale of produc-
tion is for laboratory purposes.
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effects, recommended (HTNCE)
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For the selected hot-pressing machine, the system bound-
aries were set according to the UPLCI methodology applica-
tion (Kellens et al. 2012a). Operation modes A (initiation), C
(pressing), and D (standby) and three different subunits were
investigated as illustrated in Fig. 8.

From analyzing Fig. 8, it is possible to check that the main
environmental aspects to be monitored were electricity con-
sumption and free formaldehyde air emissions, as they were
the main environmental hotspots from the general LCA study.
Indirect flows due to electricity consumption were included
into the system boundaries from using the GaBi software tool.

Infrastructure flows due to the pressing machine construction
were also included into the system boundaries modeling based
on the tree diagram in Fig. 9.

In Fig. 9, the hydraulic pressing machine weighs 290 kg,
and 230 kg are represented by the following materials and
components: cast iron (125 kg), stainless steel (40 kg), hy-
draulic pump (45 kg), and hydraulic oil (20 kg). For these
materials and components, the GaBi 6.5 software tool was
used to include their respective indirect inventory flows of
material production and manufacturing of components.
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An analysis of variance of the regression model was de-
signed for the studied process and 12 manufacturing condi-
tions were selected as shown in Table 7. This set of
manufacturing scenarios was established from results of the
case study data collection at the particleboard’s company.

Environmental monitoring of the hot-pressing was carried
out and results showed that the consumption of electricity ranged
from 1.16 to 2.00kWh for the reference flow of 235 kg of par-
ticleboards, while formaldehyde air emissions varied from 40.14
to 55.85 g over the different scenarios. Electricity consumption
on the hot-pressing process was monitored according to the

1

2

3

• Temperature controllers with digital
reading of setpoint values.

• Upper and lower pressing plates
made of stainless steel. Heating
system by electric resistance.

• Electrical supply cables 220V to
supply energy for the hydraulic
subunit and heating subunit.

• Detail of hydraulic oil unit,
consisting of pump, motor and oil
reservoir.

• Control panel of the hot pressing
machine.

• Control panel of the hydraulic oil
unit with analogic manometer.

4

5

6

Fig. 7 Overview of the hot-pressing machine and its main components and subunits
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power study of the machine, following the UPLCI methodolo-
gy. A digital ammeter Minipa ET-3200A with a precision of
0.01 A was installed at the hot-pressing power supply to mea-
sure current consumption. In order to monitor the air emissions
of free formaldehyde, estimates were made as a function of the
weight and moisture content of each particleboard produced
based on the perforator method (EN 120 1992).

A total number of 36 particleboards were produced during
the tests with the hot-pressing machine under the conditions
presented in Table 7.

Figure 10 shows a profile of electricity power vs. time for
the scenario with P = 4MPa and T = 160 °C. Other equivalent
curves were found for the remaining 11 manufacturing condi-
tions as well. Although the power consumed in the initiation
mode is greater than in other operation modes, it is important
to note that the initiation mode occurs only once a day. The
heating, hydraulic, and pressing subunits can be seen in
Fig. 10 and they are all activated when the pressing mode is
working. Initiation mode (or start-up) lasts more than 1 h due
to the slow process of heating the press machine, while the
pressing mode lasts approximately 10 min, and standby mode
takes about 5 min before and after each pressing process.

In this sense, Fig. 11 shows a scenario analysis to reduce
the life cycle environmental hotspots with focus on GW im-
pacts because it was one of the most representative impact
categories according to the normalized impacts in Figs. 4

and 5. The reference scenario was 3 MPa; 160 °C and the
following alternatives were drawn:

& Scenario 1: reduction of the particleboard density up to
0.53 g/cm3;

& Scenario 2: reduction of the pressing heating time by 10%.

Scenario 1 was important as the higher the particleboard
nominal densities are, the higher the GW impacts, because of
the higher energy requirements for the hot-pressing process.
For each of the 36 manufactured particleboards, the densities
were quantified varying from 530 to 790 kg/m3. According to
the literature indicated in Table 1, the density of particleboards
can vary from 500 to 800 kg/m3, and this parameter can di-
rectly affect the wood consumption (Santos et al. 2014; Silva
et al. 2014). Scenario 2 was defined based on the results from
Fig. 10, as high idle times can be observed and, therefore, this
scenario could eliminate part of the wasted energy by adopting
faster setup activities.

Figure 11 also presents a combined scenario based on re-
sults of scenarios 1 and 2. In addition, the 4.5 MPa; 170 °C
scenario, which refers to the situation with the highest results
of environmental impacts, is included. Thus, it is possible to
verify a potential reduction of upstream impacts for GW by up
to 21% (raw materials supply) and up to 41% in the post-use

Hot pressing machine
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Fig. 9 Tree diagram for the hydraulic pressing machine
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for the manufacturing condition 3 MPa; 160 °C—combined
with scenarios 1 and 2.

3.2 Green manufacturing indicators
for the hot-pressing machine

Life cycle performance indicators for the evaluated hot-pressing
machinewere defined based on the hot-pressing parameters. The
use of regression models for the definition of environmental
performance indicators can be advantageous since such models
are statistically developed and adjusted based on experimental
results of the process monitoring. Additionally, it is also possible
to know the reliability level of the models based on R2 coeffi-
cients of determination. Individual models should be developed
for each impact category under interest.

For this, a regression model was delineated and tested
using variance statistic analysis (see Table 8). The indicators
were generated for the GW impact category.

From Table 8, results are explained in large part by the P2

parameter. It should be noted that the complete quadratic model
was considered significant by ANOVA and the adjusted R2 co-
efficient was 86.7%. The regression model is expressed in Eq. 1.

GW ¼ −4101:06þ 42:24P þ 49:88 T−1:1333P � T

þ 25:78P2–0:13T2 ð1Þ

From Eq. 1, it is possible to determine life cycle impacts of
particleboards based on the hot-pressing main parameters, P
and T. As GW impacts are explained basically by the square of
pressure values, it is possible to obtain a simpler model
expressed by Eq. 2. To do so, a new regression model was
generated in the determination of GW impacts as a function of
P2 values only. Such adjustment was considered significant
by ANOVA (p value = 0.000), with a coefficient of determi-
nation equal to 71.80%.

GW ¼ 322þ 6:55P2 ð2Þ

The optimum solution of Eq. 2 consists of assuming
P = 0; however, that is not possible due to the problem
domain (3 MPa ≤ P ≤ 4.5 MPa). As GW increases with
P > 0, P values should be 3 MPa, as expected. It is also
interesting to note the dependence of GW on the pressure
values. Hence, if the pressing pressure is known, it is
possible to estimate GW impacts for the whole particle-
boards’ life cycle. Equation 2 is an important result to
promote green manufacturing at the company studied,
since it should better control its environmental perfor-
mance for GW impacts. This strategy gives attention on
monitoring the environmental impact category instead of
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Table 7 Manufacturing conditions for environmental monitoring at the
hot-pressing unit process

Process parameter Unit Minimum value … Maximum value

Temperature (T) °C 160 165 170

Pressure (P) MPa 3 3.5 4.0 4.5

Condition Combination of P and T

P × T: 1 P = 3 MPa; T = 160 °C

P × T: 2 P = 3 MPa; T = 165 °C

P × T: 3 P = 3 MPa; T = 170 °C

P × T: 4 P = 3.5 MPa; T = 160 °C

P × T: 5 P = 3.5 MPa; T = 165 °C

P × T: 6 P = 3.5 MPa; T = 170 °C

P × T: 7 P = 4.0 MPa; T = 160 °C

P × T: 8 P = 4.0 MPa; T = 165 °C

P × T: 9 P = 4.0 MPa; T = 170 °C

P × T: 10 P = 4.5 MPa; T = 160 °C

P × T: 11 P = 4.5 MPa; T = 165 °C

P × T: 12 P = 4.5 MPa; T = 170 °C
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monitoring environmental aspects that could not be relat-
ed to the life cycle hotspot analysis.

4 Conclusions

The use of LCA is a relevant tool towards green manufactur-
ing and a case study was used within this paper to investigate
GM alternatives to produce particleboards in Brazil. The topic
of LCA + GM has been growing in terms of number of pub-
lications and interest by the LCA community; however, few
initiatives evaluate this topic in the wood sector.

Most of the available LCA + GM studies still do not look at
the effect of manufacture of products into upstream and down-
stream life cycle impacts and this paper showed a detailed anal-
ysis of that based on the particleboard production disaggregation
into unit process level. LCIAwas performed based on the ILCD
recommendation method and its 13 midpoint impact categories
and normalization factors. Each of the five manufacturing unit
processes was investigated and it was found that the overall
contribution of the manufacture phase represented 16.8% of
the particleboard life cycle impacts. However, those impacts
were mostly due to direct impacts in the hot-pressing process
(11.3%) because of airborne free formaldehyde emissions and

on-site electricity consumption. Most of the hot-pressing im-
pacts are attributed to the GW impact category.

A detailed analysis of the hot-pressing process was de-
signed based on ANOVA and the UPLCI methodology appli-
cation. In total, 12manufacturing conditions were set up based
on varying temperature and pressing parameters of the hy-
draulic press machine. Thirty-six particleboards were
manufactured at the hot-pressing machine under investigation
and some green manufacturing scenarios were defined.

It was found that up to 41% of the environmental impacts
for GW can be avoided by the introduction of simple
manufacturing changes, such as the reduction of idle times
of the hot-pressing unit process and by minimizing the panel
density up to 0.53 g/cm3. Such suggestions described in sec-
tion 3.1 are technically feasible and the studied company was
interested in putting them into practice in the near future.

Other improvements in the particleboard industry should focus
on reducing free formaldehyde emissions at the hot-pressing pro-
cess. Urea-formaldehyde resin should be replaced by alternative
resins, for example, resins from renewable sources. However,
such improvement opportunities were not evaluated on this paper.

Some green manufacturing indicators for the hot-pressing
monitoring were established based on regression models and
results showed that GW impacts are basically attributed to the
press parameter. A simplified version of the model was ad-
justed with R2 coefficient = 71.80%. The developed indicator
should be used by particleboard companies to predict particle-
board’s GW life cycle impacts. The evaluated model can be
adjusted to predict other environmental impacts for different
impact categories as in literature most of the GM studies still
focus only on the monitoring of environmental aspects based
on resource consumption and emissions in manufacturing.

Finally, the proposed GM framework can be used in other
case studies to integrate GM + LCA in practice. The frame-
work can be adapted for other case studies in order to properly
investigate life cycle impacts from a greener manufacturing
perspective.
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Table 8 Results of the
quadratic regression
models for GM impacts

Process parameters P values for GW

P 0.805

T 0.418

P × T 0.241

P2 0.006

T2 0.484

cte 0.421

Regression 0.000

R2 86.67%
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APPENDIX I – Case study questionnaire

Part 1: Identification of the visited company

Date:_______________________
Company:__________________________________State:_______City:__________________________
Address:_____________________________________________________________________________
People for contact/interviewees:___________________________________________________________
Produced products:_____________________________________________________________________
Annual production of products:___________________________

Part 2: List of general questions for the selected company and product of interest

1. Have any previous LCA studies been done by/for the company? If yes, request a copy of it.
2. Provide a Process Flow Diagram of the manufacture processes for the product of interest.
3. What are the main technologies applied in the production process based on the Process Flow Diagram in Question 2?

Describe machines and industrial equipment details, recycling/recovery processes, etc.
4. Product specification
a) Technical description of the selected product and its main function. Product’s Tree Diagram and/or Bill of Materials can be

used in this process as well as a product’s user manual or its instructions for use.
b) List product’s quality requirements for the product of interest, i.e., make a list of its main physical, mechanical, and

chemical properties.
5. Based on the product’s function, define a Functional Unit (UF) and a Reference Flow (RF) according to the LCA standards

ISO 14040 and 14044.
6. How do the distribution, use, and end-of-life of the selected product occur after manufacture?
a) Distribution: Describe logistical aspects from the manufacture gate to the consumer gate (type of vehicles, distances, type

of fuel, vehicles specification, etc.). Use the template model below:

Description of inputs for transportation Transport system details (vehicle, payload, fuel):

Distance (km) Cargo (ton) Return empty?
(yes/no)

b) Use: What is the product’s useful life? Which are the main maintenance activities during the product’s use phase?Make a
list of relevant environmental aspects at the product’s use phase.

c)End-of-life: Which strategies of end-of-life are applied to the product of interest?What is the predominant strategy?Make a
list of relevant environmental aspects at the product’s post-use phase.

Part 3: List of questions about the main inputs and raw materials

7. Which inputs and raw materials are consumed during the product manufacture?
a) Provide an organized list with values of each flow adjusted for the reference flow defined in Part 2.
b) Provide additional information about average values of the inputs and raw materials’ main properties (chemical, physical,

and mechanical properties), if necessary.
c) Describe how inputs and raw materials are transported to the factory. Use the same template from Question 6a.
8. What is the energy demand for the manufacture process defined in Question 2, as well as for the factory facilities? Which

types of energy are consumed (e.g., biomass, oil, gas) and how are they internally managed by the company?
9. Which are the main emissions and waste generated during the product manufacture?
a) Provide an organized list with the values of each flow adjusted for the reference flow defined in Part 2.
b) Provide additional information about average values of the outputs main properties (chemical, physical, and mechanical

properties), if necessary.
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c) Describe how solid waste and emissions are transported from the factory to the final disposition (e.g., landfill, incineration,
recovery). Use the same template from Question 6a.

10. What is the reference year for the collected data from Questions 1 to 9?
11. Provide a list of the main limitations and assumptions for the collected data from Questions 1 to 10.

Part 4: List of questions about the selected manufacturing process of interest

12. Description of the manufacturing unit process of interest:
_______________________________________________________________________________
_______________________________________________________________________________
_______________________________________________________________________________
_______________________________________________________________________________
_______________________________________________________________________________
_______________________________________________________________________________
13.Which process parameters are used to control the manufacturing process of interest? Specify average values and maximum

and minimum tolerated values for each process parameter.
14. Based on Question 4b, which product quality requirements are most important for the manufacturing process of interest?

How can the manufacturing process affect the product’s quality requirements?
15. Specify operation modes and machine subunits for the selected manufacturing unit process.
16. What is the time of operation for the selected manufacturing process to produce one unit of the studied product? Stratify

this time in level of operation modes and machine subunits too.
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