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Preface

Eco-functional assessment is a pretty new concept, developed by us to evaluate
any consumer product belonging to different categories such as textiles, plastics
and paper. A product commences its life cycle from raw material extraction and
spans through other phases such as manufacturing, consumer use and finally ends
its life at end-of-life phase. Evaluation of the environmental impacts of a product
in its entire life span is of pivotal importance in order to to reduce them and this
can be deciphered by the life cycle assessment technique. Life Cycle Assessment
(LCA) is one of the widely used and well-known concepts to evaluate the potential
environmental impacts of a product, process or service. LCA can be carried out in
many stages and some of the most familiar stages include cradle to gate and cradle
to grave.

Influence of functionality in each life cycle phase of a product and consequently
the life cycle impacts of the product under question is of significant importance.
Similarly, the influence of consumer behaviour in deciding the life cycle impacts is
crucial as well and has to be included in assessing the environmental impacts of a
product. Current LCA methods and models do not aid a way to include these
aspects, which will be fulfilled by our research entitled, ‘‘Eco-Functional
Assessment’’. In this assessment, any product on earth can be evaluated in terms of
functional and ecological aspects and consumer behaviour in a single platform. We
did develop the basic principle and theoretical framework of eco-functional
assessment. Based on the theoretical framework, an eco-functional model was
developed. This model comprises of four inputs namely raw materials, process of
manufacture, functional and ecological properties and five outputs namely quality,
functionality, Reduce, Reuse and Recycle (3R’s), environmental and human
impacts. Any environmental impact from the long list of impacts detailed in LCA
models can be studied such as carbon footprint, ecological footprint and envi-
ronmental damage. The toughest task was to connect these inputs and outputs,
which we did by using certain rules, sub models, equations and formulae.

Shopping bags are one of the essential entities in our daily life and their
environmental impacts are indispensable. Every individual and every country is
keen on this topic and every one is aware of the potential impacts created by a
shopping bag. Thanks to media and many governments who have already
implemented ban on use of plastic bags, through which even common public is
aware of the environmental impacts of shopping bags to some extent and they are
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encouraged to bring their own bags for grocery shopping. However, there is no
proper literature in book format or even in a monograph format, dedicated only for
shopping bags talking about their different types, manufacturing processes, their
environmental impacts. Hence we decided to write this book and this book, first of
its kind, will fulfil this need and bridge this literature gap.

Once we decided the framework of eco-functional model, we were thinking of
selecting a suitable product to demonstrate the applications of this framework. We
started this research in 2008, during that time and even now shopping bags used
for grocery shopping is a debatable a topic in terms of their eco-impacts. In 2008,
China government has banned HDPE bags and started levying LDPE bags. In 2009
July HKSAR government has started introducing the levy on plastic shopping bags
and people were encouraged to go for alternative reusable bags and they were
forced to bring their own bags. Understanding this scenario, we decided to utilise
different shopping bags used for grocery shopping bags as a base product to
demonstrate our framework and the eco-functional model. This certainly was a
correct choice to test the suitability and robustness of our framework and model to
test different kinds of materials and products made out of different technologies.
We did choose shopping bags made out of plastic (HDPE, LDPE), paper, poly-
propylene nonwoven bags, polyester nonwoven bags and cotton woven bags for
our assessment. This list formed the wide array of materials and different tech-
nologies to evaluate the concept and these bags were categorised into two main
groups namely single use and reusable bags.

Influence of consumer behaviour is the key in deciding the environmental
impacts of any product, especially for products such a shopping bags, which
portray the symbol of throw-away society. So far, different LCA studies conducted
on shopping bags included an assumption to model the use and disposal phases,
which are certainly very far from reality. Hence, we decided to study the consumer
behaviour by means of administering a questionnaire survey in China, Hong Kong
and India and derived the values pertaining to use and disposal of shopping bags
amongst various user groups. These values can directly be plugged in LCA cal-
culations and we did employ these values in our eco-functional model. Likewise,
influence of functionality is an important element to be included in LCA calcu-
lations and this was also done in our assessment.

This book is the first book on earth dealing with the functionality part of
shopping bags. The parameters of functionality for shopping bags and the test
results of different grocery shopping bags in the light of functional parameters are
well discussed. Similarly, this book covers different aspects in the entire life cycle
phases of shopping bags starting from cradle to grave stages. This book reviewed
the novel models developed by us to evaluate different raw materials in terms of
environmental impact and ecological sustainability. We did develop a concept that
defines recyclability and a model to quantify the recyclability of different raw
materials in terms of their environmental and economic gains. This concept and
model is also briefed in this book.

There are no scientific equipments and methods available yet to test the reus-
ability, holding capacity and impact strength of different shopping bags. We did
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develop a novel tester named, ‘‘Eco-Functional Tester’’ to quantify these param-
eters of different shopping bag. This tester and the testing results from this
equipment are briefly discussed. Results from these different models and this tester
were included in our eco-functional assessment model.

Polypropylene nonwoven bags are gaining popularity since the introduction of
ban on plastic bags. We did study the life cycle inventory of polypropylene
nonwoven bags from a nonwoven bags manufacturing factory and quantify the life
cycle impacts of these bags. We also found out the hot-spots in the manufacturing
processes of polypropylene nonwoven bags. We did attempt an innovative way to
quantify the life cycle impacts of different grocery shopping bags pertaining to the
consumers living in China. For this, well-known LCA equations to characterise the
impacts were used along with the characterisation and normalisation factors for
China. These innovative pieces of work done by us are included in this book.

All these innovative aspects are included in our eco-assessment framework and
the eco-functional model and this book deals with all these in a comprehensive
way. This book can elaborate the details of entire life cycle phases of shopping
bags and the functional aspects of shopping bags, along with the detailed concept
of eco-functional assessment methodology. This book can be a very good refer-
ence for students and researchers.
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Chapter 1
Basic Introduction to Shopping Bags
and Eco-Functional Assessment
of Shopping Bags

1.1 Introduction

No product’s life cycle starts and ends without leaving its impact on our living planet.
Manufacturing, consumption and disposal of every product create environmental
impacts. Degree of environmental impacts varies from product to product and it is
largely influenced by many factors, among them the useful life of the product
deserves significant importance. In general, products with short span of life create
more impacts than the ones which last longer. Again, this cannot be generalized, but
as a matter of fact, functional life is the key to decide the eco-impacts of any product.
Assessment of functional life coupled with its life cycle impacts is defined by us as,
‘‘Eco-functional Assessment’’. The concept of ‘‘Eco-functional assessment’’ is
important for all products and it finds its suitability of application for all products
produced on earth; however it is crucial for products with short span of life to be
assessed in terms of their eco-functionality. One of the key products regarded as the
symbol of throw away society which has very short span of life and has to be assessed
in terms of eco-functionality is shopping bags used for grocery purposes.

Shopping bags are one of the essential items of one’s life these days and it has
become so inevitable with the change in shopping cultures compared to the pre-
vious decades. These days, one cannot live without supermarkets and hence the
shopping bags. Super and hyper markets are found in every corner of any city
now-a-days and every market uses grocery shopping bags. There are many dif-
ferent variety of shopping bags used for grocery purposes worldwide. In this long
list, plastic bags, paper bags, reusable bags made out of plastic and cotton are the
most widely used and they top the entire list. Shopping bags can be categorized
into two types generally as single use and reusable ones. When it comes to
shopping bags, single use plastic bags flicker into every one’s mind and they
represent a huge quantity and take over their rivals.

Life cycle of shopping bags starts from raw material extraction followed by
other phases as shown in Fig. 1.1 and ends at the disposal phase. Every phase
needs deployment of a lot of resources such as energy, chemicals, other acces-
sories and water and each phase of life cycle is responsible for the creation of
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multiple life cycle impacts. These impacts go to peak when the life of the product
under question is very short, since an immediate new product has to replace the
current product after its life ends. And the very important thing is most of such
short shelf life products especially made out of plastic pose huge environmental
threats at the disposal phase. This is why single use shopping bags, which are
perceived to be a symbol of throw-away society, are given serious consideration in
order to reduce the eco-impacts made by them. It does not mean that the reusable
bags made out of either plastic (polypropylene) or cotton is completely environ-
mental friendly either and they create no environmental impacts in their entire life
cycle. They also create eco-impacts, however, they try to alleviate the impacts to
certain level by means of being reused many more times till disposed, when
compared to single use grocery bags. Reusable bags compensate the environmental
impacts by means of their reusability. If the reusable bags are thrown after the first
use, their life cycle impacts will be very higher than the single use ones. The entire
crux of life cycle assessment is to assess the impacts in the whole life cycle.

Raw material Extraction & 

Acquisition of other materials

Manufacturing processes of 

shopping bags

Distribution and Retail

Consumer Use

Decision of disposal – End-of-life

Recycle Reuse Landfill Incineration

Primary 

Reuse

Secondary 

Reuse

Fig. 1.1 Life cycle model of grocery shopping bags
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This chapter discusses about the different types of shopping bags in detail along
with the eco-impacts of shopping bags and the functionality of shopping bags used
for grocery purposes. This chapter also deals with the concept of eco-functional
assessment in detail and how it can be applied for grocery shopping bags.

1.2 Shopping Bags-Different Types and Purposes

Web based dictionaries define shopping bags as follows. Since there are many
dictionaries available on-line today, a sample of three definitions is given below:

• A shopping bag is a strong container with one or two handles, used to carry
things in when you go shopping [1];

• A bag made of plastic or strong paper (often with handles); used to transport
goods after shopping [2];

• A bag (as of strong paper) that has handles and is intended for carrying pur-
chases [3].

All the three definitions given above (and even in any dictionary for that matter)
specify two main identities of shopping bag namely a bag with handles and
intended for carrying purposes. Shopping bag serves all the functions of packaging
namely contain and protect the product [4], where the functional aspects of the
shopping bags play a vital role. Apart from the functionality aspects, shopping
bags are also intended to be used for promotional purposes, showcase as a status
symbol and for branding as well [4–6].

Shopping bags can be classified into two main types based on the purpose
namely grocery shopping bags and non-grocery shopping bags. Size of the bag
which decides the volume is a critical parameter to determine this distinction
between grocery and non-grocery bags. Grocery shopping bags are generally in
medium size in the range of 2.5–5 gallons in volume and for non-grocery purposes,
much larger volumes are used [7]. This entire book revolves around the shopping
bags used for grocery purposes.

Grocery shopping bags are primarily classified in terms of the number of times
they can be used. This classification is very important, since it is the base to decide
the eco-impacts made by different shopping bags. Depending on the number of
times a bag can be used, shopping bags are classified into single use bags (also
termed as disposable bags) and reusable bags.

Grocery shopping bags are also classified by means of the material content or
material type. As per this classification, grocery bags are grouped into four cate-
gories namely plastic bags, paper bags, textile woven bags, reusable nonwoven
bags. This classification also separates different bags according to the technology
used to manufacture them.

Polyethylene in low density (LDPE), linear low density (LLDPE) and high
density forms are used to produce plastic bags. As the name implies, paper bags are
made out of paper material. Textile woven bags are made out of cotton essentially,

1.1 Introduction 3



produced by weaving technology. Other materials such as polypropylene are also
used to produce woven bags. Nonwoven bags are made out of non-woven tech-
nology non-woven by employing polypropylene or polyester essentially to make
reusable bags. Polypropylene nonwoven bags are very common in reusable
category.

1.3 Eco-Impacts of Shopping Bags

Environmental impacts created by any product is of huge concern these days. All
products produced on earth have environmental risk. The concern becomes very
serious when a product has a short span of life, such as grocery shopping bags.
Environmental damage created by grocery shopping bags is a well known issue
and also a widely discussed topic by media, governments, NGO’s, researchers and
even consumers.

All types of grocery bags create environmental impacts, however with varied
magnitude and point of time. Life cycle environmental impacts created by single use
bags are critical compared to reusable ones. Reusable ones try to compensate impacts
created during their manufacturing phase by being reused many times. However, due
to the functionality issue or customer attitude if the reusable bags are thrown away
before their desired number of use, the magnitude and severity of environmental
concerns are really huge and they even surpass the impacts of single use bags.

Plastic, paper, cotton, linen are the widely used raw materials to produce
grocery bags of different types using various bag manufacturing techniques.
Extraction of raw materials, manufacturing processes of bags, transportation both
internally within the factory and externally from the factory to ware house, dis-
tribution, retail and finally disposal stage of bags create multiple environmental
impacts. Depending upon the raw material and manufacturing techniques, life
cycle impacts will vary amongst different types of grocery bags. Use and disposal
phases are critical in deciding the life cycle impacts. The disposal options of bags
also determine the degree of magnitude of impacts; this issue is further influenced
by the biodegradation of various raw materials employed for grocery bags, if they
are opt to be disposed at landfills.

Eco-impacts of plastic grocery bags are well known to everyone including end
customers. One of the main reasons behind this is, plastic bags being inexpensive
and given by almost every supermarket for free. Marketing and promotional
interests are also built into this. When this issue has become so big after every
country realized the potential issues pertaining to plastic grocery bags, environ-
mental levy has been introduced. This levy has been introduced in almost all
countries now and this was implemented in different countries at various points of
time. Followed by this issue, reusable bags have become more familiar; conse-
quently to address the eco-impacts created by single use bags. Eco-impact of
various grocery bags will be discussed in necessary depth in the forthcoming
chapters.
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1.4 Functionality of Shopping Bags

Functionality means the functional attributes or properties of products, which
decide their ultimate useful life time of them. For any product, functionality is the
key, since it is directly linked to the life of the product. Different products have their
own attributes, which decide their functionality and consequently the life of those
products. Life of the products is decided by the combination of functional attributes
and the consumer’s attitude. However, at many instances, the influence of func-
tionality surpasses the consumer’s attitude and moreover, functionality is one of the
key aspects which govern the consumer’s attitude towards disposing a product.

Shopping bags used for grocery purposes have their own functional attributes.
They have a long list of functional properties beginning from material composition
and extend to areal density, thickness, various strength related properties, per-
meability attributes, color fastness tests and safety. This list also includes various
safety parameters such as pH, formaldehyde, heavy metals, azo dyes. This com-
prehensive list consists of basic functional parameters; however, certain special
parameters such as impact strength and load bearing capacity of bags also have to
be added in the list to decide the functionality of the shopping bags.

1.5 Eco-Functional Assessment of Shopping Bags

Another property which assumes equal significance as functional properties is
ecological properties, which relates to the life cycle of products under question.
Ecological properties attempt to trace the entire life cycle of products from the
beginning till the end of life cycle chain. These properties deserve emergent
attention due to the alarming environmental issues surrounding us. Similar to
functional properties, there is a long list of aspects which govern the ecological
properties of a particular product.

Amongst various parameters that decide ecological attributes of shopping bags,
3R’s (reduce, reuse, recycle) and biodegradation deserve special attention. It’s
pivotal to combine functional and ecological properties together in a single plat-
form to decide the environmental impacts made by any product, which includes
shopping bags as well. There are no attempts made so far and reported in the
literature to amalgamate these properties under one roof. It is worthwhile to
combine these two properties of shopping bags, which is the heart of this ‘‘Eco-
functional Assessment research.’’ The reason behind combining of these two
properties together is that they go hand in hand in all circumstances. They are
interrelated to each other in the sense that the functional properties govern the
ecological properties. Both can be merged with each other in various ways. For
instance, if a product is bestowed with better functional attributes, it will even-
tually last long and adjourns the arrival of a new product and its associated life
cycle impacts. This book will enumerate such links in detail and explore the
concept of eco-functional assessment with necessary depth and breadth.
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1.6 Concluding Remarks

This introductory chapter highlighted the eco-impacts of shopping bags used for
grocery purposes. General life cycle model of shopping bags was discussed in this
chapter. Various shopping bag types and their purposes were introduced briefly.
Functional and ecological properties of shopping bags were also discussed. The
importance of eco-functional assessment and its rationale were also briefed in this
chapter.
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Chapter 2
Manufacturing Processes of Grocery
Shopping Bags

2.1 Introduction

For the products which do not last long or the products which do not create
impacts in the use phase in their total life cycle, the manufacturing sequence or the
process of manufacture would be a chunk in contributing towards major
environmental impacts. This analogy holds good especially for grocery shopping
bags, whose shelf life is pretty small and almost, do not have use phase impacts
except for woven shopping bags, which do require washing between intermittent
uses. Four major variety of shopping bags are mainly used for grocery purposes
namely plastic, paper, nonwoven and woven shopping bags. This chapter deals
with the manufacturing processes of these four types of shopping bags used for
grocery shopping.

2.2 Plastic Bags

Plastic bags occupy a significant proportion of grocery shopping bags. Plastic bags
are preferred mostly for grocery shopping, since they are more convenient to carry
by customers for grocery purposes and also are inexpensive. Plastic bags are more
appealing to consumers and retailers owing to these two factors [1].

Out of many types of polyethylene, high density polyethylene (HDPE) is used
significantly for manufacturing plastic bags. Majority of the plastic grocery bags
are produced by HDPE. There are two more variants of polyethylene used to
produce plastic grocery bags apart from HDPE, which are low-density polyeth-
ylene (LDPE) and linear low-density polyethylene (LLDPE). Glossy bags used in
shopping malls as carry bags are made out of LLDPE and a filmy type of very thin
bags are made out of LDPE [1, 2].

Plastic bags, made out of any of the three types discussed above, are made
from non-renewable resources, where the key ingredients are petroleum and
natural gas [2]. Plastic is obtained as a by-product from the oil refining process
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and the oil used for manufacturing plastic bags accounts to 4 % of the world’s
total oil production [3]. Detailed production steps of plastic bags manufacturing
process is outlined in Fig. 2.1.

Plastic bag manufacturing process starts from oil cracking process followed by
many other processes to obtain polyethylene. Resin form of polyethylene is utilized
to manufacture plastic bags by blown film extrusion, which is also termed as,
‘‘Tubular film process’’. While processing polyethylene to manufacture plastic
bags, many additives such as anti-block (prevents the sticking of plastic bag layers),
slip (enables the plastic bag to open easier) and Ultra Violet Inhibitor (UVI to
prevent the weakening of strength and fading of colour by UV rays) are added [4].

As depicted in Fig. 2.1, polyethylene is fed into the hopper and the hopper in
turn transfers the resin feed into the extruder. Resin is being melted with the aid of
heating constituents and the turning movement of extruder screw. Molten form of
resin is forced through the extruder and flows up and over the circular die in a
uniform fashion. Then it passes through the bag manufacturing elements of blow
moulding part as described in Fig. 2.1 [4]. An air-filled plastic bubble is created
once the air is blown through the plastic, which is responsible to move the plastic

Molten form 

Air Bubbles 

Poly film 

Polyethylene Resin 

Hopper 

Extruder 

Circular die 

Cooling tower 

Nip Rollers 

Lay flat form 

Poly film Roll 

Fig. 2.1 Plastic bags
manufacturing process
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upward into a tube-shaped die. The control exercised by the manufacturers over
the blown extrusion process help them to get the desired size and thickness of
plastic bags in terms of shaping a plastic bag [5]. Finally, the produced plastic tube
enters into a bag making machine directly or with the aid of rollers. This machine
heat seals one end of the tube together to prepare the bottom part of a bag, at the
same time a cutter at the other end does a precise form of opening [5].

2.3 Paper Bags

Paper bags are produced out of a renewable resources, vis-à-vis plastic bags.
Pulpwood from trees is utilized to produce paper grocery bags. Paper bags man-
ufacturing process constitutes three phases namely [6]:

• Preparation of paper
• Bag preparation process
• Bags assembly process.

These three phases and different processes involved in each phase are dia-
grammatically presented in Fig. 2.2.

In the first phase, after the trees are cut down, they are transported to a paper
industry. Bark removal is the first process in a paper mill, followed by cutting the
trees into small pieces. Those cut pieces will be treated with chemicals to remove
the cellulose fibres from the remaining wood. Cellulose fibres will then be washed,
bleached and dried before being rolled into flat sheets.

In the second phase, as shown in Fig. 2.2, paper bags will be applied with a
coating by spray application followed by preparing the bags to the desired shape
with printing of company name. Third phase comprises of activities related to
assembling of bags, as indicated in Fig. 2.2 [6].

2.4 Nonwoven Bags

The third category of grocery bags is nonwoven bags which come under the
category of reusable bags. Non-woven bags can be made from various raw
materials namely polypropylene and polyester. Nonwoven grocery bags made
from Polypropylene (PP) are the most commonly used in the market for grocery
shopping.

Similar to plastic bags made out of HDPE/LDPE, nonwoven bags manufac-
turing process also starts with the oil refining process to obtain the raw material,
i.e. polypropylene. The entire process of producing a PP grocery bag constitutes
three steps. The first step is the production of PP, which is derived from non-
renewable resources where the key ingredients used to produce it are petroleum
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and natural gas. PP is produced by the polymerization process of propylene.
Propylene, again, is a gaseous by-product obtained during petroleum refining. This
production process happens in the presence of a catalyst under carefully controlled
heat and pressure [7].

Phase 1 

Phase 2 

Phase 3 

Felling down of trees 

Bark removal 

Removal of cellulose 

Washing of cellulose 

Bleaching and Drying 

Rolling into flat sheets 

Coating Application 

Shaping & Printing  

Bottom folding  

Glueing of folds  

Attachment of handles 

Fig. 2.2 Paper
manufacturing process [6]
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The second step is the spun bonding process, where spun bonded nonwoven
fabrics are produced from PP resin. Spun bonding is a one step process of
producing fabrics from plastic resin and it one of the commercially available
polymer-laid processes [7, 8]. Different processes involved in spun bonding
include polymer melting, filtering and extrusion, quenching, drawing, lay down on
forming screen followed by the bonding process and finally the produced spun
bonded fabric is rolled up.

The next stage constitutes different processes namely cutting, screen printing
and sewing. These stages are outlined in Fig. 2.3.

Oil Acquisition & Refining 

Cracking - Polypropylene Cracking - Polypropylene 

Polypropylene Chips 

Spun bonding process 

Cutting 

Screen Printing/ Printing 

Sewing process 

Packaging 

Fig. 2.3 Outline of
nonwoven bags
manufacturing process
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Ginning 

Spinning 

Weaving 

Bleaching 

Dyeing 

Cutting 

Printing 

Sewing

Packing

Fig. 2.4 Outline of woven
(cotton) bags manufacturing
process
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2.5 Woven Bags

The next category of reusable bags is woven bags, which are named by the process
of manufacture, i.e. weaving process. Woven bags are produced by both renewable
and nonrenewable source of raw materials. Polypropylene is also employed to
produce woven reusable bags. Very common type of woven bags is made by
natural textile fibres such as cotton and hemp.

The production process of a woven bag is lengthy and involves a longer supply
chain compared to a non-woven bag. For cotton woven bags, the manufacturing
sequence starts from growing of cotton (either conventional or organic cotton),
followed by separation of cotton fibres from seed cotton. Further, cotton fibres are
spun into a yarn by spinning process and the yarns are converted into fabrics by
weaving process. Fabrics are further processed by chemical processes such as
bleaching and dyeing.

Further to which processes of garmenting such as cutting, screen printing and
sewing will be completed to produce a woven bag. Production process of woven
bags is outlined in Fig. 2.4. The outline remains same for other natural textile
fibres such as hemp employed to manufacture woven bags.

2.6 Concluding Remarks

Though there is plenty of shopping bag categories available, plastic, paper, non-
woven and woven bags top the list and are widely used for grocery shopping.
Plastic and paper bags belong to single use bags category. The nonwoven bags
made out of polypropylene and polyester, cotton woven bags are the important
ones in the reusable bags category. In the life cycle of shopping bags, manufac-
turing processes play a major role in terms of occupying significant life cycle
impacts. This is very much true especially in case of single use bags category.
Each bag has its unique production process and method. In this chapter, manu-
facturing processes of different shopping bags used for grocery purposes were
discussed in detail.
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Chapter 3
Life Cycle Assessment of Grocery
Shopping Bags

3.1 Introduction

Any product produced on earth, including shopping bags begin their journey after
depletion of enormous resources and its associated environmental impacts. From
the beginning of life cycle till the product is disposed, every product is responsible
to create many vulnerable impacts on our living planet. Degree of impacts vary
between different products depending on many factors such as type of raw
materials used, employment of renewable or non-renewable materials to produce
them, length of supply chain link involved in the entire production process, energy
requirement, demand of different consumables, and very importantly the length of
life. These factors influence the environmental impacts created by various grocery
bags namely plastic, paper, nonwoven and woven bags. Magnitude of environ-
mental impacts is different between single and reusable shopping bags, due to the
difference in the points discussed above. This chapter reviews the concept of life
cycle assessment and the study of life cycle assessment of various shopping bags
used for grocery shopping.

3.2 Concept of Life Cycle Assessment

Quatifying the environmental impacts produced by various products produced on
earth is essential to reduce those impacts. Among the different techniques used to
study the environmental impacts created by a product, life cycle assessment (LCA)
is one of the most widely used and popular techniques. LCA examines the product
from the initial (cradle) to the final stage (grave) and quantifies the environmental
impacts created by a product in its entire life cycle.

Since the detailed explanation of life cycle assessment is out of the scope of this
book, this chapter briefly discusses the concept of life cycle assessment. A life-
cycle assessment (LCA) is an analytical tool which helps us to understand the
environmental impacts from the acquisition of raw materials to final disposal [1].

S. S. Muthu and Y. Li, Assessment of Environmental Impact
by Grocery Shopping Bags, EcoProduction, DOI: 10.1007/978-981-4560-20-7_3,
� Springer Science+Business Media Singapore 2014
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As defined by The Society of Environmental Toxicology and Chemistry (SETAC),
LCA is an iterative process being employed to evaluate the environmental burdens
associated with a product, process or activity. It works by identifying and quan-
tifying the energy and materials used and the wastes released to the environment,
in order to assess their environmental impact and identify and evaluate opportu-
nities to effect environmental improvements. The assessment includes the entire
life cycle of the product, process or activity, encompassing extracting and pro-
cessing raw materials; manufacturing, transportation and distribution; use, reuse,
maintenance, recycling and final disposal [2].

A product’s life cycle begins from the extraction of the potential raw materials
for its manufacture, followed by the manufacturing process of the product in
question with the aid of energy, chemicals, water and other required inputs.
Manufacturing stage is followed by transportation to the consumer, the use phase
and finally the life cycle of a product ends at disposal stage. Life cycle assessment,
includes all these stages in order to trace the impacts created by the product over
its lifetime.

Life cycle assessment can be performed in different stages such as cradle to gate
or cradle to grave or cradle to cradle stages. Cradle to gate is a partial life cycle
study, covers the impacts from cradle to the production gate (distribution, use and
disposal stages are excluded). Cradle to grave is a full life cycle study which
includes all life cycle stages till disposal stage. Cradle to cradle is an explicit
category of LCA, where the disposal stages involve recycling process from which
an identical raw material is produced and the process becomes a closed loop.

According to the standards earmarked by ISO to conduct LCA, i.e. ISO 14040
and ISO 14044, an LCA study essentially consists of four interconnected steps/
phases given below [3, 4]:

• Goal and scope definition
• Inventory analysis
• Impact assessment
• Interpretation.

In the first step (goal and scope definition), the term ‘goal’ is used to specify the
application of the study, to state the very purpose of pursuing the study and also to
identify the target audience. The ‘scope’ prescribes the breadth, the depth and
complete details of the study. It is vital to define a functional unit as the object of
the life cycle assessment study and the boundaries of the system under investi-
gation with clear specifications for data quality requirements. This step and the
following inventory analysis correspond to ISO 14040 and ISO 14044 [3, 4].

The second step, Inventory Analysis, (LCI—Life Cycle Inventory) focuses on
analyzing the different flows of material and energy corresponding to the pro-
duction process and the environment. Input flows refer to the various resources like
raw materials, energy, land or indeed any factor in the production process. Output
flows refer to any sort of emissions to air, water or to land.

The next step—Impact Assessment (LCIA—Life Cycle Impact Assessment),
explores the results of the inventory analysis in terms of the environmental impact.
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The effects identified in this step can be compared to create an overall assessment
of the products under investigation. In the impact assessment phase, LCIA consists
of both obligatory and optional elements in accordance with ISO 14040. In brief,
this step consists of selecting and defining impact categories such as global
warming, acidification, eutrophication, human toxicity, ozone depletion, photo-
oxidant formation, depletion of abiotic resources and aquatic and terrestrial tox-
icity measures, and classifying them by assigning the results of the Impact
Assessment to the relevant impact categories. The final step in the LCA process is
interpretation, which is in accordance with ISO 14040 and ISO 14044 [3, 4] and
aims to draw conclusions from the study and make suitable recommendations to
mitigate the major impacts encountered.

3.3 Environmental Impact Assessment of Raw Materials
used for the Production of Shopping Bags

This section deals with an unique model developed by authors to quantify the
environmental impact made by various raw materials used for shopping bags and
to position them in terms of ecological sustainability. This model was developed to
evaluate a wide range of textile raw materials and also other raw materials used for
the production of a popular variety of shopping bags by considering the major
contributing factors in terms of environmental impact during the manufacturing
phase (starting from growth /extraction stage to production of a useful fibre which
can be spun). Consideration of environmental impact and ecological sustainability
involved analysis of the following factors:

• The amount of oxygen produced/ carbon dioxide absorbed consequently con-
tributing to off-set global warming during the production phase of a fibre;

• Utilization of renewable resources;
• Usage of land;
• Usage of fertilizers and pesticides;
• Utilization of renewable resources;
• Consumption of energy, water in the production phase;
• Amount of green house gases emitted during production;
• Fibre/raw material recyclability;
• Biodegradability of the material under question.

This model was developed by Muthu et al., in 2012 [5] to fill the gap of no
unique model availability to evaluate the different textile raw materials and other
raw materials used for shopping bags in terms of their environmental impact and
ecological sustainability. This assessment included a long list of major textile
fibres such as conventional cotton, organic cotton, hemp, polyester, nylon and
other raw materials, such as paper, low and high density polyethylene (LDPE,
HDPE) used to produce shopping bags.
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Significant factors, which govern the environmental impact during the manu-
facturing stage of raw materials from the extraction stage, were focused to develop
this model. This model was developed in three stages, as shown in Fig. 3.1.

In the first stage, the following factors were considered: the amount of oxygen
produced/carbon dioxide absorbed consequently contributing to off-set global
warming during the production phase of a fibre, utilization of renewable resources,
land use, usage of fertilizers and pesticides, fibre recyclability and biodegradability
of chosen fibres and other raw materials employed to produce grocery shopping
bags.

In the second stage, a different consideration to environmental impact was
given with the aid of life cycle assessment. With the consideration of very
important factors namely the amount of energy consumed, quantity of water uti-
lized and amount of green house gases emitted as life cycle inventory (LCI), a life
cycle impact assessment (LCIA) study, which will elucidate the characteristics of

1. CO2 absorption/ O 2

emission 

2. Renewable 

resources

3. Land use

4.  Fertilizers & 

Pesticides 

5.  Recyclability 

6. Biodegradability

Stage-1 Stage -2

A. Energy needs

B. Water consumption

C. CO2 Emissions 

Life Cycle Impact 

Assessment– 

Calculation of Certain 

Impact Indicators

Scoring System 

Stage -3 

Environmental impact Index (EI) & 

Ecological Sustainability Index (ESI) 

Fig. 3.1 Development of EI, ESI derivation model for raw materials [5]
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ecological sustainability was conducted to derive certain impact categories per-
taining to the damage caused to human health, ecosystem quality and resources.

In the third stage, a scoring system based on the above mentioned factors,
which predominantly determine ecological sustainability was framed, from which
an Environmental Impact Index (EI) was developed. Further, an Ecological Sus-
tainability Index (ESI) was derived from the EI values for the chosen fibres and
other raw materials. The ecological sustainability index can be mathematically
expressed as follows [5]:

EI ¼
X

ajYj ¼ a1Y1 þ a2Y2 þ a3Y3 þ a4Y4 þ a5Y5 þ a6Y6 þ a7Y7: ð3:1Þ

ESIk ¼ 1� EIk=EImaxð Þ � 100: ð3:2Þ

where,
EI Environmental Impact index
EIk Environmental impact index of the kth fibre under consideration
EImax The gained maximum scores of Environmental impact index among the

selected fibres
ESI Ecological Sustainability Index
ESIk Ecological Sustainability Index of the kth fibre under consideration
aj Weighting coefficient for the jth factor
Y1 CO2 absorption/ O2 emission in fibre production ready for textile

processing
Y2 Use of renewable resources in fibre production
Y3 Land use in fibre production ready for textile processing
Y4 Usage of fertilizers and pesticides in fibre production
Y5 Fibre recyclability
Y6 Fibre biodegradability
Y7 EILCIA–LCIA Impact categories, which is defined asY7 =

P
bi Xi = b1 X1

+ b2X2 + b3X3(X1,…X3) = f (x1, x2, x3), i.e. X1 = f1(x1, x2, x3)
bi Weighting coefficient for the ith LCIA indices
X1 Damage to Human Health
X2 Damage to Eco System Quality
X3 Damage to Resources
x1 Energy consumption in fibre production ready for textile processing
x2 Water consumption in fibre production ready for textile processing
x3 CO2 Emissions in fibre production ready for textile processing.

According to the developed model, organic cotton was the most preferred raw
material and acrylic the least. Other raw materials for grocery bags such as LDPE,
HDPE and paper lie between organic cotton and acrylic. A sensitivity study was
also conducted to check the robustness of the developed model.
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3.3.1 Details of Stage 1

3.3.1.1 Amount of Oxygen Produced/CO2 Emitted

One of the principal factors that decides the ecological sustainability is the quantity
of oxygen released to the atmosphere, hence it is considered in this model with
topmost priority. It is a renowned fact that there exists a process which converts
CO2 into organic compounds such as sugar, by consuming energy from sunlight in
the presence of water, during this process besides sugar; oxygen is released as a
byproduct and it is pivotal for life on earth for all living organisms [6].

This is a priceless gift to humanity from plants (so are the fibres and other
materials derived from these plants). This effect primarily needs to be taken into
account for determining ecological sustainability. CO2 is eventually absorbed
during the whole process and this consequently reduces global warming. These
effects are calculated for textile fibres and other raw materials made out of such
resources. According to literature, cotton releases 8,000 Kgs of Oxygen / Hectare
[7] and absorbs 23,404 Kgs of CO2 /acre [7]. Hemp absorbs 5,319 Kgs of CO2 /
acre [8]. Viscose releases 2,800 Kgs of O2/acre/year [8]. Viscose and the paper raw
material be used for shopping bag production absorbs 1,000 Kgs of CO2 /acre [9].
The whole effect of photosynthesis is quite applicable to fibres and raw materials
extracted from natural resources such as plants and trees. All other fibres of both
animal and synthetic origins do not come into picture and they only emit green
house gases such as CO2 and methane (sheep [10]), which largely contribute to
global warming. Keeping these factors in mind, the scoring system pertaining to
this category is shown in Fig. 3.2 and the relevant score of each fibre for this
category (Y1) is listed in Table 3.1.

3.3.1.2 Renewable Resources Utilisation

This second category examines the utilisation of resources, whether they are
renewable or non-renewable for the production of fibres and other raw materials.
Renewable resources are the ones which are replaced by natural processes at a rate
comparable or faster than their rate of consumption by humans [11]. With this
background, textile fibres obtained from natural resources say plants, trees and
animals are renewable (cotton [12], viscose [13], hemp [12], wool [12] and paper)
and on the other hand fibres from petroleum sources and other resources (nylon,
polyester, polypropylene, LDPE, HDPE and acrylic) [12] which cannot be
renewed again are non-renewable. The scoring scheme for this category and the
corresponding value of each raw material is given in Fig. 3.2 and Table 3.1
respectively.
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CO2 absorption /emission
Amount of CO2 absorbed /
Hectare/year Score

<1000 -1
1000-5000 -2
5000-10000 -3
10000-20000 -4
>20000 -5

Negative contribution
– CO2 emission 5

Resources Utilization

Resources Score
Renewable -5
Non-renewable 5

Land Usage

Usage of Land Score
Direct 5
Indirect 1

Usage of synthetic fertilizers
and pesticides

Usage Score
Yes 5
No 1

Recyclability

Recyclability Score
With Ease 1
With Difficulty 5

Biodegradability

Biodegradability Score
Yes 1
No 5

Fig. 3.2 Scoring system
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3.3.1.3 Land Use

Usage of land as a resource for fibre or raw material growth is the third factor
considered. Land use is applicable for natural fibres of cellulosic and animal
origin, since they need land for their growth and as well for further processing of
fibres into a useful textile product. As a matter of fact, even synthetic fibres need
land for their production, for instance the infrastructure of a production base
including industrial plants is an indirect usage of land. This category considers
both direct and indirect usage of land for growth/ production of fibres. With this
background, the scoring scheme and the score of each raw material is given in
Fig. 3.2 and Table 3.1.

3.3.1.4 Usage of Synthetic Fertilizers and Pesticides

This category considers the usage of fertilizers and pesticides for the growth of
fibres and takes into account for the calculation of EI and ESI. This factor is
relevant for natural fibres only, again fibres of plant origin and animal origin
(Sheep for instance, needs pesticides in feed or on the pasture land). Scoring
scheme and the relevant value of each raw material is given in Fig. 3.2 and
Table 3.1.

Table 3.1 Values for Y1–Y6

Fibre Value of Y1 Value of Y2 Value of Y3 Value of Y4 Value of Y5 Value of Y6

Cotton -5 -5 5 5 5 1
Organic

Cotton
-5 -5 5 1 5 1

Wool 5 -5 5 5 1 1
Hemp -3 -5 5 5 5 1
Nylon 6 5 5 1 1 1 5
Nylon 66 5 5 1 1 1 5
Polyester 5 5 1 1 1 5
PP 5 5 1 1 5 5
Acrylic 5 5 1 1 5 5
Viscose -2 -5 5 1 5 1
Paper -2 0 5 0 5 0
LDPE 5 5 2.5 0 5 5
HDPE 5 5 2.5 0 5 5
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3.3.1.5 Fibre Recyclability and Biodegradability

The last set of factors represents the behaviour of raw materials in the end-of-life
stage. The first one is fibre recyclability, which refers to the ability of the fibre to
be recycled and converted to a useful product. Recycling refers to the conversion
of the old ones into new products which is discarded after use or otherwise will go
to landfill. This aids in the reduction of wastage of materials which has the
potential to be used again and to reduce the consumption of fresh raw materials
and results in other associated benefits like reduced cost, energy, pollution, etc.
Fibres such as cotton, paper and viscose are difficult to recycle and fibres like
wool, nylon and polyester are easy to recycle [12]. PP, LDPE, HDPE and acrylic
are also difficult to be recycled [14].

Next factor in this category is biodegradability. After use, when textiles are
buried in soil, soil-resident microorganisms participate in the degradation of textile
materials, which is called biodegradation, and the biodegradability is often used as
a standard measurement of the environmental friendliness of textile products [15].
Fibres of natural origin such as cotton, wool, paper and viscose are biodegradable
[12]. Nylon and Polyester are non- biodegradable [12]. PP, LDPE, HDPE and
acrylic are also belong to non-biodegradable category [14].

Fibre recyclability and biodegradability refer to end-of-life option at the grave
stage of products and largely contribute to solid waste management and enable us
to dispose/ recycle them in a safe manner. Hence a special consideration is given
here in this model for these two factors. Scoring scheme developed and the cor-
responding value of raw materials under discussion is given in Fig. 3.2 and
Table 3.1.

3.3.2 Details of Stage 2

Next stage deals with the quantification of LCIA (life cycle impact assessment).
Suitable selected impact categories were earmarked which can reflect the envi-
ronmental impact and ecological sustainability. As stated earlier, factors such as
energy needs, water requirements and CO2 emissions in fibre production stage
were considered as LCI and LCIA was performed with the aid of Simapro 7.2
version of LCA software.

3.3.2.1 Artificial Energy Needs

Confining to the discussion of the artificial energy sources employed in fibre
production (natural source of energy from sun light in fibre growth stage was not
included), the amount of energy needed to produce one kilogram of fibre is tab-
ulated in Table 3.2 for various fibres.
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For natural fibres, amount of energy in mega joules required till the production
of a particular fibre in mill (field to mill gate) and in case of synthetic fibres, this is
the energy utilised from raw material extraction to polymerisation stage until
converted to a spinnable fibre.

3.3.2.2 Water Requirements

One more factor which is equally significant as energy needs in determining
sustainability is the water quantity needed for the production of raw materials.
Table 3.2 enumerates the water requirements to produce one kilogram of different
raw materials under question. Here water requirements till the conversion of useful
fibre or raw materials are indicated. For fibres of natural—plant and animal origin,
the water requirements from initial stage till mill stage and in case of synthetic
fibres water needs from raw material extraction to fibre production stage are
indicated here. Water requirements listed in Table 3.2 include both processing and
cooling needs.

3.3.2.3 CO2 Emission from Fibres (Cradle to Gate of Fiber)

In this part, the CO2 emission from fibres in their ‘‘cradle to gate stage’’ only is
considered as a factor to determine sustainability and they are tabulated in
Table 3.2.

By considering energy needs, water requirements and CO2 emissions in the
production stage of different raw materials considered for this study, life cycle

Table 3.2 Energy, Water needs and CO2 emission of various raw materials (cradle to gate)

Fibre Energy use in
MJ per kg of fibre

Water requirement
Per kg of fibre

CO2 Emission kg
CO2 Per Kg of Fiber

Nylon 6 120.47 [19] 185 kg [19] 5.5 [19]
Nylon 66 138.65 [19] 663 kg [19] 6.5 [19]
Viscose 100 [18] 640 L [20] 9 [21]
Acrylic 175 [18] 210 L [20] 5 [21]
PET 125 [18] 62 kg [19] 2.8 [19]
Organic Cotton 54 [16] 24,000 kg [16] 2.5 [16]
Wool 63 [18] 125 L; 5–40 L (Scouring) [23] 2.2 [21]
Conventional Cotton 60 [16] 22,000 kg [16] 6 [16]
Hemp 10 [17] 214 L [20] 3.8[22]
PP 115 [18] 43 kg [19] 1.7 [19]
Paper 21.6 [23] 300 L [23] 3.24[23]
LDPE 78.08 [19] 47 kg [19] 1.7 [19]
HDPE 76.71 [19] 32 kg [19] 1.6 [19]
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impact assessment was calculated by using SIMAPRO 7.2 version of LCA soft-
ware. Among the various impact assessment methods available, Eco-indicator’99
(Hierarchist version) method was selected to calculate the damage created by the
fibres and other raw materials in the following categories, which can help to
evaluate the environmental impact and the sustainability of the fibre production
process:

• Damage to Human Health (DALY) (Disability-Adjusted Life Years)
• Damage to Eco System Quality (PDF*m2 yr) (Potentially Disappeared Fraction

of plant species)
• Damage to Resources (MJ Surplus) (Additional energy requirement to com-

pensate lower future ore grade).

LCIA was performed using Eco-indicator’99, H/H version method and the
results of the same are shown in Table 3.3. The scoring system based on the LCIA
impact categories/indicators are depicted in Fig. 3.3 and the corresponding indices
of this category are listed in Table 3.3.

3.3.3 Stage 3

According to the scoring schemes explained in Figs. 3.2 and 3.3 scores were
calculated for the chosen textile fibres and other raw materials used for shopping
bags, which are represented by the values of Y1, Y2 ….Y7. According to Eq. (3.1),
summation of all the scores in each category results in an index called, ‘‘Envi-
ronmental Impact index (EI)’’. The EI values of ten fibres and other raw materials

Table 3.3 Life cycle impact assessment results

Fibre Damage to human
health (DALY)
(scale:1000:1)

Damage to eco
system quality
(PDF*m2 yr)

Damage to
resources (MJ
Surplus)

Value of Y7

Result Score Result Score Result Score Score

Cotton 0.5 2 3.2 2 9.4 2 6
Organic Cotton 0.4 2 2.9 2 8.5 2 6
Wool 0.5 2 3.4 2 9.9 2 6
Flax 0.08 0 0.5 0 1.6 0 0
Nylon 6 1 4 6.5 4 18.9 4 12
Nylon 66 1.1 4 7.5 4 21.7 5 13
Polyester 1 4 6.8 4 19.6 4 12
Polypropylene (PP) 0.9 3 6.2 4 18 4 11
Acrylic 1.4 5 9.5 5 27.4 5 15
Viscose 0.8 3 5.4 4 15.7 4 11
Paper 0.17 2 1.2 1 3.4 1 4
LDPE 0.63 3 4.23 3 12.2 3 9
HDPE 0.62 3 4.15 3 12 3 9
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under consideration are listed in Table 3.4 by considering all weighing co-effi-
cients as equal. Table 3.4 gives information about Ecological Sustainability Index
(ESI) derived for each fibre from EI values using Eq. (3.2). Both EI and ESI values
of all ten fibres and other raw materials under discussion are listed in Table 3.4.

The interpretation of EI value goes like this: higher the value, greater the impact
the fibres have on the environment. From Table 3.4, it is well evident that organic
cotton causes the lowest impact and acrylic causes the highest impact on the
environment. As regards to other raw materials for the production of shopping
bags such as paper, LDPE and HDPE, paper scores much ahead of its counterparts.
Paper stands at an equal position of that of flax and a better next position of organic
cotton, because of its merits being a natural, renewable and biodegradable
resource, apart from scoring on other considered factors. LDPE and HDPE scored
equally and their position lie between PP and nylon 66.

As far as the synthetic fibres like nylon6, 66, polyester, polypropylene, LDPE,
HDPE and acrylic are considered, because of their non-biodegradability, utilisation
of non-renewable resources and large CO2 emissions, they could not score as good

Damage to Human Health (DALY)

<0.1                                           0

0.11- 0.3                                   1

0.31-0.6                                     2

0.61-0.9                                    3

0.91-1.2                                    4

>1.21                                         5

Damage to Eco System Quality (PDF*m2yr)

<0.5                                        0

0.6-2                                      1

2.1-4                                     2

4.1-6                                      3

6.1-8                                      4

>8.1                 5 

Damage to Resources (MJ Surplus)

<2                                                0

2.1-5                                           1

5.1-10                                         2

10.1-15                                      3

15.1-20                                      4

>20.1                                        5

Fig. 3.3 Scoring system
based on LCIA indicators
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as fibres made of biodegradable materials derived from natural renewable resources
in terms of EI values. Although at times, they prevail over natural fibres in certain
areas considered in this research work, the above mentioned qualities make them
earn high EI scores, such as 29.5 by nylon 6 and polyester, 30.5 by nylon 66, 33.5 by
polypropylene, 31.5 by LDPE, HDPE and 37.5 by acrylic which implicate a very
high environmental impact. Despite their lower amounts of water requirements,
their higher energy needs and CO2 emissions result in higher Y7 values.

Natural fibres and other raw materials such as conventional cotton, organic
cotton, paper, flax, wool score better than the synthetic fibres in terms of ESI
values. Among these, organic cotton tops the list among the chosen fibres with an
ESI of 71 followed by paper and flax, which gained an equal ESI of 68.

Synthetic fibres like nylon6, 66, polyester, polypropylene, LDPE, HDPE and
acrylic scored less ESI values, since they are not as ecologically sustainable as
fibres made out of biodegradable materials derived from natural, renewable
resources. They obtained low ESI values such as 17 by LDPE, HDPE, 19 by Nylon
66, 21 by nylon 66 and polyester, 11 by polypropylene and 0 by acrylic which
implicate low ecological sustainability. In this category, nylon 6 and polyester are
found to be better, followed by nylon 66 [24].

3.4 Environmental Impact Assessment of Manufacturing
Processes of Shopping Bags

A generalized picture of life cycle assessment and different phases involved in a
LCA of a grocery shopping bag is depicted in Fig. 3.4. The previous section dealt
with the environmental impact assessment of raw materials. This section deals
with the next phase of life cycle of a shopping bag, i.e. manufacturing process.

Table 3.4 EI and ESI of
textile fibres/other raw
materials

Fibre EI ESI

Cotton 16 57
Organic cotton 11 71
Wool 21 44
Flax 12 68
Nylon 6 29.5 21
Nylon 66 30.5 19
Polyester 29.5 21
PP 33.5 11
Acrylic 37.5 0
Viscose 19 49
Paper 12 68
LDPE 31.5 17
HDPE 31.5 17
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Grocery Shopping bags, being perceived as a symbol of throw-away society,
demand LCA to assess their environmental impacts. A large number of studies
have been conducted to explore the life cycle impacts created by various shopping
bags [25–37]. Most of the studies focused on plastic and paper bags, but very little
focus on LCA has been given for nonwoven and woven bags [38].

Life cycle inventory details for various types of grocery bags collected after
investigation of various secondary data sources and a further life cycle impact and
eco-fucntional assessment of different grocery bags will be dealt with in the
forthcoming chapters. This section aims at discussing about a LCA study con-
ducted by collecting primary data in a nonwoven shopping bag manufacturing
plant in south china. This LCA study examined the environmental performance of
the nonwoven polypropylene shopping bags and its different variants and also
highlights the investigated hot-spots in the production process of shopping bags.

A comprehensive life cycle inventory analysis was conducted in a factory
manufacturing nonwoven shopping bags for about a week’s time. The study was
conducted in one of the leading nonwoven manufacturing companies in China,
‘‘National Bridge Industrial (Shenzhen) Co., Ltd’’, situated in Shenzhen, China.
This production facility of nonwoven bags has two manufacturing set-ups. One
set-up produces nonwoven fabrics (primarily spun bonded) which are transported
to another set-up, where the garment manufacturing operations take place, such as
spreading, cutting, screen printing, sewing and packaging. This factory has a
patented technology, utilizing thermal means to attach the cut pieces of fabrics to
produce a shopping bag. This was aimed to replace the conventional sewing
technology.

In the production processes of shopping bags, sewing is one of the widely used
techniques used to join the separated (cut) parts with stitches to form a complete
shopping bag. In case of shopping bags, two sides of a bag are sewn together and
also the handles are attached to the body of the bag at sewing stage. The same

Production of 

Materials

Acquisition of 

Resources

Manufacture of 

Bags

Packing & 

Transportation

Customer’s 

Usage

Decision of 

disposal

Fig. 3.4 Different life cycle assessment phases of grocery shopping bags
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operation can be replaced by a thermal technology with the aid of a patented
method used by this factory, where very high temperature is used as a means to
achieve this operation. Since it is a technology patented by the industry, where the
field study took place, details of this technology cannot be disclosed here in
accordance with the request of the industrial partners. This research work
describes the environmental performance assessment of nonwoven polypropylene
shopping bags produced by the two methodologies discussed above.

As stated earlier, a large number of studies have been conducted in the area of
environmental performance of shopping bags to investigate their Life Cycle
Assessment (LCA). However, as said earlier, very little work has been done on
nonwoven and woven bags compared to plastic and paper bags [38]. Even among a
very few studies published about nonwoven bags, a comprehensive life cycle
inventory is not available for nonwoven bags exclusively and there is a dearth of
articles analysing the hot-spots in the production processes of nonwoven bags [39].
Being the first work of this kind, this present study outlined the detailed life cycle
inventory of nonwoven shopping bags manufacturing process and also explained
the results. The following product types are considered for this LCA study and
their processing sequence is explained in Figs. 3.5, 3.6.

Oil Acquisition 

& Refining

Cracking - 

Polypropylene

Polypropylene 

Chips

Spunbonding

CuttingScreen PrintingSewing

Fig. 3.5 Manufacturing process of nonwoven bags—sewing technology Product A [39]
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Polypropylene

Polypropylene 

Chips

Spunbonding
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Fig. 3.6 Manufacturing process of nonwoven bags—thermal attachment Product B [39]
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1. Product A—Sewn bag, (Fabric weight: 100 g/m2; Size: 43(L)*38(H)*24(D)
cm;)

2. Product B—Thermo bonded with Cutting (Fabric weight: 75 g/m2; Size:
36(L)*42.5(H)*19.5(D) cm;)

3.4.1 Life Cycle Assessment of Nonwoven Shopping Bags

This study primarily aimed at collecting the inventory details of cradle to gate
stage of production processes of two selected products produced by two different
manufacturing techniques. This study also wanted to quantify the environmental
impacts created by these two selected products and also to locate the hot-spots
which were responsible for major environmental impacts. This study also aimed at
making a comparative analysis between sewing and thermal technologies in terms
of environmental impacts made.

This study spans from cradle to gate stages including the procurement of PP
(Polypropylene) chips, master batch, spun bonding process, transport to cutting
process, apparel manufacturing processes such as spreading, cutting, screen
printing, sewing/thermal attachment, packaging. Inventory data for the production
of PP, master batch and other associated materials were obtained from the eco-
invent dataset library from SIMAPRO software. Original transportation details of
PP and master batch from the manufacturing plants to this factory were not
included in this study. Final transport of shopping bags to customers was also out
of scope of this study.

The life cycle inventory (LCI) of both products A and B considered in this
study is given in Table 3.5. For both the products, a transportation distance of
6 kms from spun bonding factory and 15 kms for chemicals and other ancillaries
for cutting, screen printing process was applicable and considered accordingly into
the calculation. Road transport by means of diesel trucks was applicable to both of
the products in this study [39].

Environmental Performance assessment (Eco-damage by Eco-indicator’99
method and carbon footprint by IPCC GWP method) was performed with the aid
of SIMAPRO 7.2 software. In Eco-Indicator’99, a hierarchist version (V2.06) was
used to quantify the life cycle impacts. Carbon footprint assessment was simulated
to calculate the global warming potential (GWP) for 100 and 20 years.

The results of the eco-damage assessment by eco-indicator’99 and carbon
footprint assessment are presented in Figs. 3.7, 3.8.

Life Cycle Impact Assessment includes different steps such as characterization,
normalization, weighing and single score assessment. Figure 3.7 depicts the final
step of this assessment, i.e. single score measurement of two types of shopping
bags selected for this study. Single score is the measure used to deduce the final
result of analysis after comparing different products in a LCA study. Though it
cannot be used as a measure to market/display the environmental characteristics of
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Table 3.5 Inventory of 1 unit of Products A and B [39]

Inventory details Product Aa Product Bb

1. Spun-bonding process:
Inputs:
PP chips 82.12 g 64.2 g
Master batch 1.16 g 0.91 g
Electricity

Manufacturing 0.0892 kWh 0.0697 kWh
Lighting 0.00163 kWh 0.00127 kWh
Cleaning 0.0002 kWh 0.00015 kWh

Water (cleaning) 1.01 g 0.79 g
NaOH (cleaning) 0.0021 g 0.0016 g
Paper tubes 2.97 g 2.32 g
Plastic sheet (PE) 0.58 g 0.45 g
Outputs:
Fabrics—standard quality 79.7 g 62.3 g
Fabrics in low quality and multi colour ones 2.37 g 1.85 g
Fabrics-waste 3.6 g 2.82 g
2. Cutting
Inputs:
Spunbonded fabrics 79.7 g 62.3 g
Electricity 0.00267 kWh 0.00267 kWh
Outputs:
Cut pieces of fabrics 75.4 g 51.67 g
Waste fabrics 4.26 g 10.58 g
3. Screen printing
Inputs:
Fabrics (PET mesh) for screen 1.44 grams 0.72 grams
Aluminum for screen 3.34 inches 1.67 inches
Wood for screen 0.0001 inches 0.00005 inches
PE film 0.3 g 0.2 g
Printing ink 3.3 g 3.73 g
Electricity (lighting and fan) 0.0178 kWh 0.0178 kWh
Silicone spray 0.16 g 0.16 g
ABS-Cyanoacrylate 0.06 g 0.06 g
Cyclohexanone 3 g 3 g
Autotype plus 7,000 direct emulsion 0.4 g 0.4 g
Isophorone 0.65 g 0.65 g
Adhesive 2.5 g 2.5 g
Water (cleaning) 0.63 g 0.63 g
Fluid waste (water) 45.8 g 45.8 g
Solid waste (chemicals and others) 4.17 g 4.17 g
4. Sewing:
Electricity 0.0081 kWh NA
Thread used 0.5 g NA
5. Thermal bonding:

Electricity NA 0.0305 kWh

(continued)
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comparable products, it certainly can provide an indication of different products’
environmental scores.

While comparing products A and B in terms of eco-indicator damage points, the
former scores out the later in terms of the environmental damage created, because

Fig. 3.7 Eco-damage assessment of two products A and B [24]
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Table 3.5 (continued)

Inventory details Product Aa Product Bb

Fabric waste NA NIL
6. Packaging:
Paper box 8.21 g 8.21 g
Plastic sheet (PE) 0.5 g 0.5 g

a Weight of 1 bag: 79.2 g
b Weight of 1 bag: 55.4 g
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of the lower level of energy consumed during the manufacturing phase and owing
to the lower quantity of waste fabric produced during manufacturing process.
Product A surpasses B in terms of various inputs for its comparative unit weight,
which is well evident from Table 3.5. It is evident and can be understood from the
results that the sewing technology seems to be more efficient and less energy
intensive compared to the thermal technology.

When it comes to major hot-spots for eco-indicator assessment, the following
elements attributed to the major level of impacts in order of hierarchy (with 1 %
cut-off) in eco-damage measurement.

1. Distillate Fuel oil
2. Diesel truck
3. Polypropylene chips manufacturing process
4. Electricity from hard coal
5. Other processes.

The order and elements remain same for both products A and B except for the
amount of impact varies for different elements for both of the products.

The life cycle impact assessment results for carbon footprint are shown in
Fig. 3.8.

From the results displayed in Fig. 3.8, it can be noticed that product A produced
by conventional sewing technology created a significantly lower carbon footprint
results than product B, produced by thermal means. For both the products studied,
transportation by diesel trucks and the consumption of electricity for the pro-
duction process of shopping bags as well as the energy intensive PP chips man-
ufacturing process were found to be the major threats to global warming [39].

In this study, a comparative life cycle inventory (cradle to gate) was obtained
for two polypropylene nonwoven bags manufactured by two different technolo-
gies—conventional sewing technology and thermal attachment from a manufac-
turing setup located in Southern China. The hot-spots in the manufacturing
processes of the two selected products and also a comparative life cycle impact
assessment study to assess the eco-damage and carbon footprint created by two
types of bags were also performed. Environmental impacts were quantified from
the cradle to gate stage of polypropylene nonwoven bags and within certain
boundaries indicated earlier.

Out of the two major technologies involved in manufacturing nonwoven
shopping bags in the attachment phase assessed in this study, it was clear that
sewing technology was better in terms of environmental damage and carbon
footprint than thermal technology. Product A, though it assumes more inputs in the
spun-bonding process due to its higher unit weight, outscores B due to its lower
energy requirements, low level of waste creation and other related factors in terms
of comparative unit weight.

With regards to major hot-spots, transportation by diesel truck, manufacturing
process impacts of polypropylene and the consumption of electricity are the major
elements that impact the environment. As far as the production of polypropylene
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and the printing colour/dye used, nothing much can be done at the user’s end,
except advising the supplier from whom these are procured to take care of the
environmental issues pertaining to the manufacturing impacts of the respective
products. Also it was advised to procure from the closest manufacturers, though
transportation impact is not included in this study.

Local transportation was found to be one of the major threats of environmental
impacts and this is a two-fold issue. One is transporting the spun bonded fabrics to
the cutting factory and the other one is procuring chemicals and other essential
items for production. Though it is obligatory to transport spun bonded fabrics from
one station to the other, it was strongly recommended to look for alternative
renewable energy measures to curtail the negative impacts on the environment. It
was also advised to look for a nearest dealer to reduce the transportation impact as
far as procurement of chemicals and other items are concerned. In general, it is
worthwhile implementing better alternatives/technologies to reduce energy con-
sumption and hence its corresponding environmental impacts [24, 39].

Though the majority of fabric waste is recycled, this study does not include the
usage of recycled PP in its manufacturing phase, since it is difficult to account for
calculations. If this was included, the impact assessment results may well be
different and the impacts will certainly be reduced.

It was recommended to seek for alternative technologies in order to reduce
power consumption, to reduce the energy impacts and an energy audit was also
recommended for this factory, where the study was conducted.

3.5 Life Cycle Assessment of Shopping Bags: Manual
Calculation of LCA Values for Chinese Factors

In life cycle assessment, while quantifying impacts, there are many mandatory and
optional elements involved as indicated in ISO 14040 standard. It is an expectation
of any reader/assessor/ consumer to understand the impacts of any product per-
taining to his or her home country he is from. Environmental impacts pertaining to
a particular country is different from others on various grounds and certain impacts
are pertinent to only specific countries as well, which will not be applicable to
other countries.

In this study, as discussed in previous section, quantification of environmental
impacts was performed by one of the well reputed commercial softwares called
Simapro, which was produced by PRE Consultants of the Netherlands. Since this
simapro software originates from Europe, all the impact values calculated from it
are very much relevant to Europe and to people living there. Although SIMAPRO
can quantify different impacts worldwide in addition to the specific impacts for
Europe, there is no method available till date to explicitly quantify the impacts of
consumers in China from any of the LCA softwares available today. This is the

34 3 Life Cycle Assessment of Grocery Shopping Bags



case with most of the LCA packages, since many of them originated primarily
from Europe. However, it is possible to select the inventory details pertaining to
China from different datasets inbuilt with SIMAPRO. However, it is not possible
to quantify the characterization and normalization impact values for China alone.
Hence an attempt has been made to perform the LCA calculations without the aid
of LCA software [24] and the details of this attempt are discussed here. This
attempt involved utilization of the well known equations used for the character-
ization step in LCA to calculate manually the impact values in this section. The
characterization and normalization values used in this section are solely applicable
to China. Inventory details directly related to China are referred from the latest
data source and the details are discussed below.

3.5.1 Life Cycle Inventory Details

This study revolves around the life cycle impact assessment of five different types
of shopping bags primarily used for grocery purposes. They were chosen to cover
the major categories of shopping bags such as plastic, paper, nonwoven and woven
shopping bags and it was a cradle to gate stage study. LCI data for this study were
obtained from the secondary data sources and Table 3.6 lists the LCI data for the
production of one unit of shopping bag. As it is evident from Table 3.6, major
areas covered in LCI are the primary energy used to produce shopping bags and
the GHG emitted during the production phase of shopping bags. By considering
these two very important factors, the environmental impacts pertaining to the
impact values related to China were quantified.

The first and foremost requirement for the calculation of life cycle impacts is
the electricity input. To obtain this, the electricity inventory for China is referred to
quantify the impacts corresponding to generation of energy in China. The

Table 3.6 LCI of various shopping bags for one unit of bag [27, 28]

Alternative Weight/
bag (g)

Material
consumption (g)

Green house gas emissions
(CO2 eq.) (g)

Primary
energy

Plastic bag
(HDPE)

6.0 6.0 11.6 0.40 MJ
(0.11 kWh)

Paper bag (kraft
paper)

42.6 42.6 22.7 1.40 MJ
(0.39 kWh)

Boutique plastic
(LDPE)

18.1 18.1 45.8 1.47 MJ
(0.41 kWh)

Woven cotton
bag

125.4 125.4 277.0 17.58 MJ
(4.88 kWh)

PP fibre
nonwoven
bag

65.6 65.6 472.0 11.15 MJ
(3.1 kWh)
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corresponding data pertaining to the electricity generation were taken from the
latest possible source [40]. The electricity inventory, i.e. life cycle inventory for
electricity generation in China to produce 1 kWh of energy is listed in Table 3.7.

The emission inventory values were calculated from the electricity inventory
from the values listed in Table 3.8 for different types of shopping bags in terms of
the energy requirement values listed in Table 3.6. The second important input to
be considered for this LCA calculation in Table 3.6 is GHG emissions. Merging
these two inputs discussed above, Table 3.9 lists the quantified total inventory for
the production processes of shopping bags. The results are expressed in kilograms
per unit of bag.

Table 3.7 Electricity inventory for China

Emission inventory for electricity in China kg/kWh g/kWh

Consumption of coal 0.457 457
Consumption of oil 0.0088 8.8
Consumption of gas 0.00795 7.95
Consumption of enriched uranium 0.0000000903 0.0000903
CO2 0.877 877
SO2 0.00804 8.04
NOx 0.00523 5.23
CO 0.00125 1.25
CH4 0.00265 2.65
Nonmethane volatile organic compound (NMVOC) 0.000395 0.395
Dust 0.0163 16.3
As 0.00000162 0.00162
Cd 0.0000000103 0.0000103
Cr 0.000000137 0.000137
Hg 0.0000000711 0.0000711
Ni 0.000000203 0.000203
Pb 0.00000142 0.00142
V 0.00000233 0.00233
Zn 0.00000194 0.00194
Emissions of waste water 1.31 1310
COD 0.0000602 0.0602
Coal fly ash 0.0834 83.4
Slag 0.0187 18.7
Halogen 37.4 Bq 37400 Bq
Gasoloid 0.161 Bq 161 Bq
Tritium 42.2 Bq 42200 Bq
Non-tritium 0.0406 Bq 40.6 Bq
Radioactive solid waste 0.000000000268 m3 0.000000268 m3

36 3 Life Cycle Assessment of Grocery Shopping Bags



T
ab

le
3.

8
E

m
is

si
on

in
ve

nt
or

y
fo

r
sh

op
pi

ng
ba

gs
fo

r
el

ec
tr

ic
it

y
in

pu
t

pe
r

ba
g

E
m

is
si

on
In

ve
nt

or
y

fo
r

el
ec

tr
ic

it
y

in
C

hi
na

g/
kW

h
P

la
st

ic
ba

g
(H

D
P

E
)

0.
11

kW
h

P
ap

er
ba

g
(k

ra
ft

)
0.

39
kW

h
P

P
fi

br
e

no
n-

w
ov

en
ba

g
3.

1
kW

h
W

ov
en

co
tt

on
ba

g
4.

88
kW

h
B

ou
ti

qu
e

pl
as

ti
c

(L
D

P
E

)
0.

41
kW

h

C
on

su
m

pt
io

n
of

co
al

45
7

50
.2

7
17

8.
23

1,
41

6.
7

2,
23

0.
16

18
7.

37
C

on
su

m
pt

io
n

of
oi

l
8.

8
0.

96
8

3.
43

2
27

.2
8

42
.9

44
3.

60
8

C
on

su
m

pt
io

n
of

ga
s

7.
95

0.
87

45
3.

10
05

24
.6

45
38

.7
96

3.
25

95
C

on
su

m
pt

io
n

of
en

ri
ch

ed
ur

an
iu

m
0.

00
00

90
3

0.
00

00
09

93
0.

00
00

35
2

0.
00

02
8

0.
00

04
41

0.
00

00
37

C
O

2
87

7
96

.4
7

34
2.

03
27

18
.7

42
79

.7
6

35
9.

57
S

O
2

8.
04

0.
88

44
3.

13
56

24
.9

24
39

.2
35

2
3.

29
64

N
O

x
5.

23
0.

57
53

2.
03

97
16

.2
13

25
.5

22
4

2.
14

43
C

O
1.

25
0.

13
75

0.
48

75
3.

87
5

6.
1

0.
51

25
C

H
4

2.
65

0.
29

15
1.

03
35

8.
21

5
12

.9
32

1.
08

65
N

M
V

O
C

0.
39

5
0.

04
34

5
0.

15
40

5
1.

22
45

1.
92

76
0.

16
19

5
D

us
t

16
.3

1.
79

3
6.

35
7

50
.5

3
79

.5
44

6.
68

3
A

s
0.

00
16

2
0.

00
01

78
0.

00
06

32
0.

00
50

22
0.

00
79

06
0.

00
06

64
C

d
0.

00
00

10
3

0.
00

00
01

13
0.

00
00

04
02

0.
00

00
31

9
0.

00
00

50
3

0.
00

00
04

22
C

r
0.

00
01

37
0.

00
00

15
1

0.
00

00
53

4
0.

00
04

25
0.

00
06

69
0.

00
00

56
2

H
g

0.
00

00
71

1
0.

00
00

07
82

0.
00

00
27

7
0.

00
02

2
0.

00
03

47
0.

00
00

29
2

N
i

0.
00

02
03

0.
00

00
22

3
0.

00
00

79
2

0.
00

06
29

0.
00

09
91

0.
00

00
83

2
P

b
0.

00
14

2
0.

00
01

56
0.

00
05

54
0.

00
44

02
0.

00
69

3
0.

00
05

82
V

0.
00

23
3

0.
00

02
56

0.
00

09
09

0.
00

72
23

0.
01

13
7

0.
00

09
55

Z
n

0.
00

19
4

0.
00

02
13

0.
00

07
57

0.
00

60
14

0.
00

94
67

0.
00

07
95

E
m

is
si

on
s

of
w

as
te

w
at

er
13

10
14

4.
1

51
0.

9
40

61
63

92
.8

53
7.

1
C

O
D

0.
06

02
0.

00
66

22
0.

02
34

78
0.

18
66

2
0.

29
37

76
0.

02
46

82

(c
on

ti
nu

ed
)

3.5 Life Cycle Assessment of Shopping Bags 37



T
ab

le
3.

8
(c

on
ti

nu
ed

)

E
m

is
si

on
In

ve
nt

or
y

fo
r

el
ec

tr
ic

it
y

in
C

hi
na

g/
kW

h
P

la
st

ic
ba

g
(H

D
P

E
)

0.
11

kW
h

P
ap

er
ba

g
(k

ra
ft

)
0.

39
kW

h
P

P
fi

br
e

no
n-

w
ov

en
ba

g
3.

1
kW

h
W

ov
en

co
tt

on
ba

g
4.

88
kW

h
B

ou
ti

qu
e

pl
as

ti
c

(L
D

P
E

)
0.

41
kW

h

C
oa

l
fl

y
as

h
83

.4
9.

17
4

32
.5

26
25

8.
54

40
6.

99
2

34
.1

94
S

la
g

18
.7

2.
05

7
7.

29
3

57
.9

7
91

.2
56

7.
66

7
H

al
og

en
37

,4
00

B
q

4,
11

4
B

q
14

,5
86

B
q

11
5,

94
0

B
q

18
2,

51
2

B
q

15
,3

34
B

q
G

as
ol

oi
d

16
1

B
q

17
.7

1
B

q
62

.7
9

B
q

49
9.

1
B

q
78

5.
68

B
q

66
.0

1
B

q
T

ri
ti

um
42

,2
00

B
q

4,
64

2
B

q
16

,4
58

B
q

13
0,

82
0

B
q

20
5,

93
6

B
q

17
,3

02
B

q
N

on
-t

ri
ti

um
40

.6
B

q
4.

46
6

B
q

15
.8

34
B

q
12

5.
86

B
q

19
8.

12
8

B
q

16
.6

46
B

q
R

ad
io

ac
ti

ve
so

li
d

w
as

te
0.

00
00

00
26

8
m

3
0.

00
00

00
02

95
m

3
0.

00
00

00
10

5
m

3
0.

00
00

00
83

1
m

3
0.

00
00

01
31

m
3

0.
00

00
00

11
m

3

38 3 Life Cycle Assessment of Grocery Shopping Bags



3.5.2 Life Cycle Impact Assessment

3.5.2.1 Characterisation

The assessment begins with the characterization and various environmental cate-
gories to be characterized.

Table 3.9 Total inventory for production processes of shopping bags per bag in kilograms

Inventory Plastic bag
(HDPE)

Paper Bag
(kraft)

PP fibre non-
woven bag

Woven
cotton bag

Boutique
plastic
(LDPE)

Consumption of
coal

0.05027 0.17823 1.4167 2.23016 0.18737

Consumption of oil 0.000968 0.003432 0.02728 0.042944 0.003608
Consumption of gas 0.0008745 0.0031005 0.024645 0.03879 0.032595
Consumption of

enriched
uranium

9.93E-09 3.52E-08 2.8E-07 4.41E-07 3.7E-08

CO2 0.10807 0.36473 3.1907 4.55676 0.40537
SO2 0.0008844 0.0031356 0.024924 0.0392352 0.0032964
NOx 0.0005753 0.0020397 0.016213 0.0255224 0.0021443
CO 0.0001375 0.0004875 0.003875 0.0061 0.0005125
CH4 0.0002915 0.0010335 0.008215 0.012932 0.0010865
Nonmethane

volatile organic
compound
(NMVOC)

0.00004345 0.00015405 0.0012245 0.0019276 0.00016195

Dust 0.001793 0.006357 0.05053 0.079544 0.006683
As 1.78E-07 6.32E-07 5.022E-06 7.906E-06 6.64E-07
Cd 1.13E-09 4.02E-09 3.19E-08 5.03E-08 4.22E-09
Cr 1.51E-08 5.34E-08 4.25E-07 6.69E-07 5.62E-08
Hg 7.82E-09 2.77E-08 2.2E-07 3.47E-07 2.92E-08
Ni 2.23E-08 7.92E-08 6.29E-07 9.91E-07 8.32E-08
Pb 1.56E-07 5.54E-07 4.402E-06 0.00000693 5.82E-07
V 2.56E-07 9.09E-07 7.223E-06 0.00001137 9.55E-07
Zn 2.13E-07 7.57E-07 6.014E-06 9.467E-06 7.95E-07
Emissions of waste

water
0.1441 0.5109 4.061 6.3928 0.5371

COD 6.622E-06 2.3478E-05 0.0001866 0.00029378 2.4682E-05
Coal fly ash 0.009174 0.032526 0.25854 0.406992 0.034194
Slag 0.002057 0.007293 0.05797 0.091256 0.007667
Halogen 4.114 Bq 14.586 Bq 115.940 Bq 182.512 Bq 15.334 Bq
Gasoloid 0.01771 Bq 0.06279 Bq 0.4991 Bq 0.78568 Bq 0.06601 Bq
Tritium 4.642 Bq 16.458 Bq 130.820 Bq 205.936 Bq 17.302 Bq
Non-tritium 0.004466 Bq 0.015834 Bq 0.12586 Bq 0.198128 Bq 0.016646 Bq
Radioactive solid

waste
2.95E-11 m3 1.05E-10 m3 8.31E-10 m3 1.31E-09 m3 1.1E-10 m3
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Environmental Burden
Environmental burden is being expressed in terms of environmental load units

(ELU) and depletion of abiotic resources. ELU is expressed separately for natural
resources, emissions to air, fresh water and sea water. The equation for the cal-
culation of environmental burden is as follows [41]:

Environmental Burden ¼
X

i

Factori �mi ð3:3Þ

The total environmental burden is expressed in Environmental Load Units. Factor i

(ELU.kg-1) is the valuation weighting factor for the EPS method for resource i,
while mi (kg) is the quantity of resource i used. The values for these impact
categories are tabulated in Table 3.10. All the values listed in Table 3.10 are taken
from the handbook of life cycle assessment [41], except the value of gas for ELU-
natural resources category, which is taken from another source of Ref. [42].
Table 3.11 lists the Chinese characterization and normalization factors for ADP
from the latest Ref. [43]. The equation for the calculation of ADP is as follows [41]:

Abiotic Depletion ¼
X

i

ADPi �mi ð3:4Þ

The indicator result is expressed in kg of the reference resource antimony.
ADPi is the Abiotic Depletion Potential of resource i, while mi (kg, except for
natural gas and fossil energy) is the quantity of resource i used.

The values for carbon footprint (GWP100), ozone depletion potential, human
toxicity for air, fresh water, sea water, agricultural soil and industrial soil are listed
in Table 3.12. Values for acidification, eutrophication, radiation and photo- oxi-
dant chemical potential are listed in Table 3.13. The equations for the calculation
of carbon footprint (GWP100), ozone depletion potential, human toxicity for air,
fresh water, sea water, agricultural soil and industrial soil are as follows [41]:

Carbon Footprint

Climate Change ¼
X

i

GWPa;i �mi ð3:5Þ

The indicator result is expressed in kg of the reference substance, CO2. GWP a, i

is the Global Warming Potential for substance i integrated over a specified number
of years, while m i (kg) is the quantity of substance i emitted.

Ozone Depletion Potential

Ozone Depletion ¼
X

i

ODPi �mi ð3:6Þ
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Table 3.10 Environmental Burden—ELU and depletion of abiotic resources

Inventory ELU for
natural
resources
(ELU/kg)

ELU for
emissions—
air (ELU/
kg)

ELU for
emissions—
fresh water
(ELU/kg)

ELU for
emissions—
sea water
(ELU/kg)

ADP (in kg
antimony
eq./kg)

Coal 0.05 0.0134 (hard
coal)

Oil 0.5 0.0201
Gas 1.1 [100] 0.0187 (natural

gas) (kg
antimony/
m3 natural
gas)

Uranium 1,260 0.00287
CO2 0.0636
SO2 0.0545
NOx 0.395
CO 0.191
CH4 1.56
NMVOC
Dust 0.0071

(PM10)
As 1,900 10 0.00917
Cd 23,000 21.2 0.33
Cr 33 0.8 0.000858
Hg 40,000 177 0.495
Ni 40 0.000108
Pb 240 291 0.0135
V 28.3 1.16E-6
Zn 49 0.000992
Waste water
COD 0.006
Coal fly ash
Slag
Halogen fluorine (F),

chlorine (Cl),
bromine (Br), iodine
(I), and astatine (At)

Gasoloid
Tritium
Non-tritium
Radioactive solid waste
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The indicator result is expressed in kg of the reference substance,CFC-11. ODP
i is the Ozone Depletion Potential for substance i, while m i (kg) is the quantity of
substance i emitted.

Human Toxicity Potential

Human toxicity ¼
X

i

X

ecom

HTPecom;i � mecom;i ð3:7Þ

The indicator result is expressed in kg 1, 4-dichlorobenzene equivalent. HTP
ecom, i is the Human Toxicity Potential (the characterisation factor) for substance i
emitted to the emission compartment ecom (= air, fresh water, sea water, agri-
cultural soil or industrial soil), while m ecom, i is the emission of substance i to
medium ecom.

The equations for the calculation of Acidification, Eutrophication, Radiation
and POCP are as follows [41]:

Acidification

Acidification ¼
X

i

APi �mi ð3:8Þ

The indicator result is expressed in kg SO2 equivalents. AP i is the Acidification
Potential for substance i emitted to the air, while m i is the emission of substance i
to the air.

Eutrophication

Eutrophication ¼
X

i

Pi �mi ð3:9Þ

Table 3.11 Chinese characterisation and normalization factors for ADP

Inventory ADP (in kg antimony eq./kg) Reserve kg Normalisation Figures

Coal 7.97 9 10-8 5.86 9 107 0.00214114
Oil 9.91 9 10-5 8.74 9 108 1.15E-07
Gas 8.89 9 10-8 3.85 9 108 0.00029217
Cr 6.31 9 10-2 6.17 9 108 2.57E-10
Hg 7.46 5.97 9 108 2.25E-11
Ni 5.65 9 10-2 4.21 9 108 4.20E-10
Pb 4.36 9 10-2 1.64 9 109 1.40E-10
Zn 1.16 9 10-2 1.12 9 109 7.70E-10
Total 0.002433423

4.67 9 10-11
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Table 3.13 Characterisation values for acidification, eutrophication, radiation and POCP

Inventory Acidification
potential
(in kg SO2

-eq./kg)

Eutrophication
potential
(in kg PO4

3-
eq./kg)

Ionising
radiation—
damage
factor
(Yr.KBq-1)
in Air

Ionising
radiation—
damage factor
(Yr.KBq-1)
in sea water

POCP
(in kg
ethylene
eq./kg)

Coal
Oil
Gas
Uranium
CO2

SO2 1 0.048
NOx 0.7 0.13 0.028
CO 0.027
CH4 0.006
NMVOC Benzene/

1,1,1-
trichloroethane

0.218/0.009

Dust
As
Cd
Cr
Hg—Mercury
Ni
Pb—Lead
V
Zn
Waste water
COD 0.022
Coal fly ash
Slag
Halogen fluorine (F),

chlorine (Cl),
bromine (Br),
iodine (I), and
astatine (At)

Gasoloid
Tritium 1.40E-11 6.9E-14
Non-tritium
Radioactive solid

waste
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The indicator result is expressed in kg PO4
3- equivalent. EPi is the Eutrophi-

cation Potential for substance i emitted to air, water or soil, while mi is the
emission of substance i to air, water or soil.

Photo-Oxidant Formation

Photo� oxidant formation ¼
X

i

POCPi �mi ð3:10Þ

The indicator result is expressed in kg of the reference substance, ethylene.
POCPi is the Photochemical Ozone Creation Potential for substance i, while mi

(kg) is the quantity of substance i emitted.

Ionising Radiation

Radiation ¼
X

ecomp

X

i

Damage Factorecomp;i � aecomp;i ð3:11Þ

The indicator result is expressed in yr. Damage Factor ecomp, i (yr.kBq-1) is the
characterisation factor substance i emitted to ecomp based on DALYs, while a
ecomp, i (kBq) is the activity of substance i emitted to compartment ecomp.

The characterization results were calculated according to the values given in
Tables listed above step by step and according to the well known life cycle
characterization equations discussed above. The results of the characterization step
are summarized in Table 3.14.

3.5.2.2 Normalization

The next step in life cycle impact assessment is normalization. Unlike charac-
terization, it is not a mandatory step, but it is very important step, since it nor-
malizes the characterized impact results to an average individual, making the
impact assessment results more meaningful. Normalization is done by the fol-
lowing equation [44]:

NP jð Þ ¼ EP jð Þ= T� ER jð Þð Þ ð3:12Þ

where
EP(j) is the environmental impact potential for impact category j,
NP(j) is the normalised environmental impact potential for impact category j,
T is the expected lifetime of the product in years,
ER(j) is the normalisation reference for impact category j.
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Thus, as a result of normalisation, all environmental impacts from the product
are expressed as a fraction of an average person’s yearly contribution to the
impact, and the unit is milliperson equivalents, mPE.

So;NP(j) ¼ EP(j)= 1� ER (j)ð Þ ¼ EP(j)=ER(j) ð3:13Þ

Table 3.15 lists the values for normalization and weighting pertaining to
China [44].

Chinese Factors for ADP are calculated by the following equation [43]:

N ¼ 1=
X

2004

Ri � ADPi ð3:14Þ

where N is normalization factor of abiotic resource depletion, Ri is reserves of the
resource i (kg), ADPi is characterization factors for the resource i (kg antimony
eq./kg), 2004 is the benchmark time the year of 2004.

Table 3.14 Results of characterization by manual calculation of LCA

Impact category Plastic bag
(HDPE)

Paper bag
(kraft paper)

PP fibre
nonwoven
bag

Woven
cotton bag

Boutique
plastic
(LDPE)

GWP 100 years 1.19E-01 4.03E-01 3.50E+00 5.04E+00 4.46E-01
Ozone depletion

potential
4.78E-06 1.69E-05 1.35E-04 2.12E-04 1.78E-05

Human toxicity 6.86E-02 2.45E-01 1.96E+00 3.08E+00 2.59E-01
Acidification 1.28E-03 7.27E-03 3.63E-02 5.71E-02 4.80E-03
Eutrophication 7.49E-05 2.66E-04 2.11E-03 3.32E-03 2.79E-04
Photo-oxidant

chemical formation
6.44E-05 2.28E-04 1.82E-03 2.86E-03 2.40E-04

Ionising radiation 6.55E-11 2.32E-10 1.84E-09 2.90E-09 2.44E-10
Radioactive solid

waste in m3
2.95E-11 1.05E-10 8.31E-10 1.31E-09 1.10E-10

Coal fly ash 9.17E-03 3.25E-02 2.59E-01 4.07E-01 3.42E-02
Slag 2.06E-03 7.29E-03 5.80E-02 9.13E-02 7.67E-03
Emissions of waste

water
1.44E-01 5.11E-01 4.06E+00 6.39E+00 5.37E-01

Depletion of abiotic
resources

7.10E-04 2.52E-03 2.00E-02 3.15E-02 3.19E-03

Environmental
burden-ELU-
emissions

7.69E-03 2.61E-02 2.26E-01 3.26E-01 2.88E-02

Environmental
burden-ELU-
resources

4.71E-03 1.67E-02 1.33E-01 2.09E-01 4.98E-02

ADP-Chinese factors 1.17E-06 4.16E-06 3.24E-05 5.21E-05 4.40E-06
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On the basis of relative reserves of China’s major resources, it can be calculated
that the total resource reserves in 2004 are equal to 2.14 9 1010 kg antimony
eq.and the normalization factor for resource depletion is therefore 4.67 9 10-11
[43].

Normalized Results
Tables 3.5, 3.6, 3.7, 3.8, 3.9, 3.10 below lists the normalized results for several

impact categories from the values taken from Table 3.15. Tables 3.5, 3.6, 3.7, 3.8,
3.9, 3.10, 3.11 shows the unnormalized results, for the impact categories where
normalization values for China are not currently available (Tables 3.16, 3.17).

Weighting
The next step in impact assessment is weighting, which is done by the following

equation [44]:

WP (j) ¼WF (j)� NP (j) ð3:15Þ

where
WP (j) is the weighted environmental impact potential for impact category j and
WF (j) is a weighting factor for environmental impact category j

The results of weighting are shown in Table 3.18.

Table 3.15 Normalization and weighting values for China [44]

Impact category Normalisation reference,
ER90c

Normalisation
reference unit

Weighting
factor
WFT2000d

East Central West China in
total

Global warminga 8,700e kg CO2 eq/person/
year

0.83

Ozone depletionc 0.20e kg CFC11 eq/person/
year

2.7

Acidificationb 35 33 41 36 kg SO2-eq/person/
year

0.73

Nutrient enrichmentb 57 60 67 61 kg NO3-eq/person/
year

0.73

Photochemical ozone
formationb

0.76 0.63 0.48 0.65 kg C2H4-eq/person/
year

0.4

Bulk wasteb 291 247 186 251 kg bulk waste/person/
year

0.62

Hazardous wasteb 22 17 15 18 kg hazard. waste/
person/year

0.45

Slag and ashesb 18 21 16 18 kg slag and ashes/
person/year

0.61

a Reference region: World. b Reference region: East China, Central China, West China or China
in total. c Reference year: 1990. d Target year: 2000. e Source [45]
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3.5.3 Verification of Results with SIMAPRO 7.2

The results from the manual calculation were verified by the results of SIMAPRO
7.2. Results of characterization were compared, since the equation and the values
for characterization are common. The results are shown in Figs. 3.9, 3.10, 3.11,
3.12, 3.13, 3.14, 3.15, which show the correlation of manually calculated and
software generated results.

Table 3.16 Normalized results (milliperson equivalents)

Impact category Plastic
bag
(HDPE)

Paper bag
(kraft
paper)

PP fibre
nonwoven
bag

Woven
cotton
bag

Boutique
plastic
(LDPE)

GWP 100 Years-kg CO2 eq/
person/year

1.37E-05 4.64E-05 4.02E-04 5.79E-04 5.13E-05

Ozone depletion potential—kg
CFC11 eq/person/year

2.39E-05 8.47E-05 6.74E-04 1.06E-03 8.91E-05

Acidification—kg SO2-eq/
person/year

3.56E-05 2.02E-04 1.01E-03 1.59E-03 1.33E-04

Photo-oxidant chemical
formation—kg C2H4-eq/
person/year

9.91E-05 3.51E-04 2.79E-03 4.40E-03 3.69E-04

Radioactive solid waste—kg
hazard. waste/person/year

1.64E-12 5.83E-12 4.62E-11 7.28E-11 6.11E-12

Slag and ash—kg slag and
ashes/person/year

5.19E-06 1.84E-05 1.46E-04 2.30E-04 1.93E-05

ADP Chinese factors 4.89E-03 1.73E-02 1.38E-01 2.17E-01 1.82E-02
ADP-Chinese factors for

norm—alisation figure of
4.67 9 10-11

2.51E+03 8.91E+03 6.94E+04 1.12E+05 9.42E+03

Table 3.17 Unnormalised results

Impact category Plastic bag
(HDPE)

Paper bag
(kraft paper)

PP fibre
nonwoven
bag

Woven
cotton bag

Boutique
plastic
(LDPE)

Human toxicity 6.86E-02 2.45E-01 1.96E+00 3.08E+00 2.59E-01
Eutrophication 7.49E-05 2.66E-04 2.11E-03 3.32E-03 2.79E-04
Ionising radiation 6.55E-11 2.32E-10 1.84E-09 2.90E-09 2.44E-10
Depletion of abiotic

resources
7.10E-04 2.52E-03 2.00E-02 3.15E-02 3.19E-03

Environmental
burden-ELU-
emissions

7.69E-03 2.61E-02 2.26E-01 3.26E-01 2.88E-02

Environmental
burden-ELU-
resources

2.33E-02 8.26E-02 6.57E-01 1.03E+00 8.69E-02

Emissions of waste
water

1.44E-01 5.11E-01 4.06E+00 6.39E+00 5.37E-01
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Table 3.18 Weighed results (milli person equivalents)

Impact category Plastic bag
(HDPE)

Paper bag
(kraft paper)

PP fibre
nonwoven
bag

Woven
cotton bag

Boutique
plastic (LDPE)

GWP 100 years 1.14E-05 3.85E-05 3.34E-04 4.81E-04 4.26E-05
Ozone depletion

potential
6.45E-05 2.29E-04 1.82E-03 2.86E-03 2.00E-04

Acidification 2.60E-05 1.47E-04 7.35E-04 1.16E-03 9.73E-05
Photo-oxidant

chemical
formation

3.96E-05 1.41E-04 1.12E-03 1.76E-03 1.48E-04

Radioactive solid
waste

7.38E-13 2.63E-12 2.08E-11 3.28E-11 2.75E-12

Slag and ash 1.27E-06 4.49E-06 3.57E-05 5.62E-05 4.72E-06
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Fig. 3.9 Carbon footprint
(results rounded-off) [24]
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Fig. 3.11 Eutrophication
(results rounded-off) [24]
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Fig. 3.12 Radiation (results
rounded-off) [24]
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chemical formation (results
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3.6 Concluding Remarks

This chapter reviewed the important aspect in eco-fucntional assessment, i.e. life
cycle assessment. Having introduced the concept of LCA briefly, this chapter
discussed the LCA aspects of shopping bags used for grocery purposes. This
chapter discussed an innovative attempt towards quantifying the environmental
impact and ecological sustainability of different raw materials being used for
making grocery shopping bags with the aid of a scientific model developed.
According to this model, organic cotton followed by paper raw material top the
entire list of raw materials used for shopping bags in terms of last environmental
impact and better ecological sustainability.

This chapter also dealt with the life cycle assessment of manufacturing pro-
cesses of shopping bags. This chapter discussed in detail about the environmental
performance of polypropylene nonwoven bags in terms of life cycle assessment.
Two types of bags manufactured by two production techniques namely sewing and
thermal attachment were assessed in this study by the primary data collected on-
site in a nonwoven manufacturing factory in southern china. Eco-damage by Eco-
indicator’99 method and global arming potential by IPCC 2007 methods were used
to quantify the environmental impacts made by these products. From the analysis it
was understood that sewing technology seems to be better in terms of better
environmental performance than its counterpart. Recommendations on feasible
grounds to reduce the life cycle impacts were also discussed.

This chapter also discussed the manual calculation of life cycle impacts per-
taining to Chinese consumers of shopping bags. Different impacts were charac-
terized, normalized and weighed pertaining to the impact values applicable to
people living in China and the results were also compared with software results.
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Fig. 3.15 Abiotic depletion
(results rounded-off) [24]
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Chapter 4
Assessment of Functional Aspects
of Shopping Bags

4.1 Introduction

Functionality of a product is the key factor in deciding its performance for the
application/s for which it is being intended. Functionality plays a vital role in life
cycle assessment or environmental impact considerations, since functionality is the
base on which the useful life of a product is decided. The functional properties/
aspects of a product can be defined as the properties related to the function of that
particular product for which it is intended.

The proposed concept of Eco-functional Assessment is coined from the com-
bination of Ecological and Functional aspects of any product, where the func-
tionality assumes equal significance as ecological properties. Functional aspects
differ from product to product. Every product has its unique considerations in
terms of Functional aspects and Functional limits. Functionality of a product
covers various aspects associated with that product such as physical, chemical,
mechanical, aesthetic and surface.

This chapter deals with the various Functional aspects applicable to grocery
shopping bags, test methods and standards as well as assessment of functional
aspects of shopping bags and results. This chapter also deals with the reusability
assessment of shopping bags with the aid of eco-functional tester developed by the
authors.

4.2 Different Functional Aspects of Shopping Bags

There are many properties which decide the functionality of shopping bags. A
functionality assessment must necessarily test all of them. Major functional
properties which need to be considered in evaluating the functionality of grocery
shopping bags are described below.

S. S. Muthu and Y. Li, Assessment of Environmental Impact
by Grocery Shopping Bags, EcoProduction, DOI: 10.1007/978-981-4560-20-7_4,
� Springer Science+Business Media Singapore 2014
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4.2.1 Material Composition

Firstly, material composition, which deals with the assessment of type of fibre or
raw material used in manufacturing a product under question. Composition may
consist of a single entity or a blended one. A wide range of fibres or raw materials
and combination of fibres or raw materials are generally employed to manufacture
shopping bags and it is very much essential to identify the composition of a par-
ticular shopping bag product. It is also a legal requirement for the manufacturer to
identify and label a material’s composition. This is also termed ‘‘Fibre identifica-
tion’’/‘‘Fibre content or composition determination’’/‘‘Fabric composition deter-
mination’’. There are many existing methods to identify fibre/material composition
and all help us to identify the type of fibre in the material being tested [1, 2]:

1. Microscopical examination of the longitudinal and cross-sectional views of the
fibre (Optical Test)

2. Burning test
3. The use of solvents and other chemical tests
4. Staining test
5. Fibre density
6. Miscellaneous methods such as melting point determination

These methods, listed above can determine the composition of single layer
fabrics/materials. Traditional methods listed above will aid in finding out the fibre
content alone, which alone will not be sufficient to cope with the pace of green
consumerism. Test methods for fibre composition must also be helpful to analyse
the products from the perspective of environmental impact assessment as well as
by incorporating eco-testing features to analyse various elements such as banned
azo colourants, formaldehyde content, heavy metal residues, ozone-depleting
chemicals, pesticide residues [2]. These requirements stipulate new methods for
material composition tests which are discussed below. Based on these require-
ments, many new methods have been developed for testing fibre composition,
including, but not limited to:

1. Environmental scanning electron microscope (ESEM) technology
2. Near infrared spectral image measurement system
3. Capillary electrophoresis/mass spectrometry (CE/MS) technique
4. Thermogravimetry (TG) analysis
5. Computer image processing technology [2].

4.2.1.1 Standards for Material Composition Test

Many standards have also been developed for the material composition test. Some
of the familiar and widely adopted ones include:
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1. AATCC Test Method 20A-2007: Fibre Analysis: Quantitative
2. AATCC Test Method 20-2007: Fibre Analysis: Qualitative
3. ASTM D276: Standard Test Methods for Identification of Fibers in Textiles
4. ISO 1833: Textiles—Quantitative chemical analysis

(a) ISO 1833-1:2006—Part 1: General principles of testing
(b) ISO 1833-3:2006—Part 2: Ternary fibre mixtures
(c) ISO 1833-3:2006—Part 3: Mixtures of acetate and certain other fibres

(method using acetone
(d) ISO 1833-4:2006—Part 4: Mixtures of certain protein and certain other

fibres (method using hypochlorite)
(e) ISO 1833-5:2006—Part 5: Mixtures of viscose, cupro or modal and cotton

fibres (method using sodium zincate)
(f) ISO 1833-6:2007—Part 6: Mixtures of viscose or certain types of cupro or

modal or lyocell and cotton fibres (method using formic acid and zinc
chloride)

(g) ISO 1833-7:2006—Part 7: Mixtures of polyamide and certain other fibres
(method using formic acid)

(h) ISO 1833-8:2006—Part 8: Mixtures of acetate and triacetate fibres
(method using acetone)

(i) ISO 1833-9:2006—Part 9: Mixtures of acetate and triacetate fibres
(method using benzyl alcohol)

(j) ISO 1833-10:2006—Part 10: Mixtures of triacetate or polylactide and
certain other fibres (method using dichloromethane)

(k) ISO 1833-11:2006—Part 11: Mixtures of cellulose and polyester fibres
(method using sulfuric acid)

(l) ISO 1833-12:2006—Part 12: Mixtures of acrylic, certain modacrylics,
certain chlorofibres, certain elastanes and certain other fibres (method
using dimethylformamide)

(m) ISO 1833-13:2006—Part 13: Mixtures of certain chlorofibres and certain
other fibres (method using carbon disulfide/acetone)

(n) ISO 1833-14:2006—Part 14: Mixtures of acetate and certain chlorofibres
(method using acetic acid)

(o) ISO 1833-15:2006—Part 15: Mixtures of jute and certain animal fibres
(method by determining nitrogen content)

(p) ISO 1833-16:2006—Part 16: Mixtures of polypropylene fibres and certain
other fibres (method using xylene)

(q) ISO 1833-17:2006—Part 17: Mixtures of chlorofibres (homopolymers of
vinyl chloride) and certain other fibres (method using sulfuric acid)

(r) ISO 1833-18:2006—Part 18: Mixtures of silk and wool or hair (method
using sulfuric acid)

(s) ISO 1833-19:2006—Part 19: Mixtures of cellulose fibres and asbestos
(method by heating)

(t) ISO 1833-20:2009—Part 20: Mixtures of elastane and certain other fibres
(method using dimethyl acetamide)
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(u) ISO 1833-21:2006—Part 21: Mixtures of chlorofibres, certain modacry-
lics, certain elastanes, acetates, triacetates and certain other fibres (method
using cyclohexanone).

4.2.2 Physical, Mechanical and Dimensional Properties

Followed by the material composition, the next important category of functional
aspects is the functional properties of shopping bags. Functional properties include
a long list of properties and test methods related to physical, dimensional and
mechanical aspects. Many kinds of tests are available for testing functional
properties which are given below, and not limited to:

1. Areal density;
2. Thickness;
3. Tensile strength;
4. Tear strength;
5. Bursting strength;
6. Permeability tests;
7. Colour fastness tests;
8. Water and oil proof tests.

The different testing standards, testing equipment and methods used for the
above functional properties are described in Table 4.1.

4.2.3 Safety Properties

Safety properties stand next to physical and mechanical properties in the func-
tional properties list. There are many tests, that can be conducted to assess the
human safety properties in different products. Some of the safety tests can be
conducted in grocery shopping bags are given below, and not limited to:

1. pH;
2. Formaldehyde;
3. Forbidden Azo-benzene colouring matter;
4. Flammability;
5. Non-toxicity;
6. Anti-static;
7. Heavy metals.

The different testing standards, testing equipment and methods used for mea-
suring human safety are listed in Table 4.2.
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4.3 Assessment of Functional Aspects of Shopping Bags

Eight types of shopping bags covering the majority of grocery shopping bag
variety were chosen to study the Functional aspects (24). Plastic bags made out of
Low and High Density Poly Ethylene (LDPE and HDPE), paper bags, nonwoven
bags made out of polypropylene and polyester, manufactured from sewn and
thermal technologies and cotton woven bags were selected for this study. Each
type of bag was prepared specially for this study in three weight categories namely
low, medium and heavy weight, based on the maximum possible weight that can
be produced in each category. Bags made out of low weight are equivalent to
40 grams/square meter or whichever is possible in low weight category. Similarly
medium and heavy weights are equivalent to 75 and 100 grams/square meter or
whichever is possible in medium and heavy weight categories. In total 23 types of
shopping bags were prepared under different weight categories as listed in
Table 4.3. Table 4.3 lists the actual areal density of different samples and weight
of 1 unit of bag.

Table 4.2 Human safety—test methods & standards

Name of the test parameter Standard/s applicable to test

pH • ISO 3071:2005—Textiles—Determination of pH of aqueous
extract

• AATCC Test Method 81-2006—pH of the water-extract from
wet processed textiles

Formaldehyde • AATCC Test method 112-2008—Formaldehyde release from
fabric, determination of: sealed Jar method

• ISO 14184-1:1998—Textiles—Determination of
formaldehyde—Part 1: Free and hydrolized formaldehyde
(water extraction method)

• ISO/DIS 14184-2—Textiles—Determination of formaldehyde—
Part 2: Released formaldehyde (vapour absorption method)

Forbidden Azo-benzene
colouring matter

• BS EN 14362-1:2003—Textiles. Methods for the determination
of certain aromatic amines derived from azo colorants

Detection of the use of certain azo colorants accessible without
extraction

• BS EN 14362-2:2003—Textiles. Methods for the determination
of certain aromatic amines derived from azo colorants

Detection of the use of certain azo colorants accessible by
extracting the fibres

Flammability • 16 C.F.R. Part 1610—Standard for the flammability of clothing
textiles

• ASTM D 6413—Standard test method for flame resistance of
textiles (vertical test)

• ASTM D1230—Standard test method for flammability of apparel
textiles

Non toxicity • OECD 201/202/203
Anti-static • JIS L 1094
Heavy Metals • EN 71 Part 3
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Different physical, mechanical, dimensional and other properties of shopping
bags that decide the functionality of the bags were earmarked to assess the
functionality, which are tabulated in Table 4.4.

The average result for each sample in the bunch of 23 samples selected for this
study is shown in Figs. 4.1, 4.2, 4.3 and explained below category wise.

4.3.1 Strength Properties

As per Table 4.4, each sample was tested for tensile, tear and bursting strengths.
Key parameters in each category such as maximum load in Newton for tensile
strength, tear strength in Newton and bursting pressure sustained in pound per
square inch (PSI) are expressed in Fig. 4.1.

From Fig. 4.1, it can be understood that cotton woven bags recorded maximum
tensile strength amongst all samples selected for this study. Among LDPE and
HDPE, HDPE surpassed LDPE in all weight categories in terms of tensile strength.

Table 4.3 Details of weight ranges of samples selected for the study [3]

Sample
number

Type of sample Areal density
(grams/sq.metre) (GSM)

Weight of one Unit
of bag in grams.

1. Paper 40 g 106.9 49.0
2. Paper 75 g 132.4 58.3
3. Paper 150 g 158.7 70.2
4. Woven Cotton -1 188.1 118.5
5. Woven Cotton -2 368.3 240.0
6. HDPE -1 50.8 22.0
7. HDPE -2 77.2 28.0
8. HDPE -3 83.5 30.0
9. LDPE -1 39.5 20.9
10. LDPE -2 76.0 26.0
11. LDPE -3 95.2 30.5
12. PP 40 g Sewn 36.7 9.2
13. PP 75 g Sewn 71.6 24.5
14. PP 100 g Sewn 104.6 30.3
15. PP 40 g Thermo 42.2 12.0
16. PP 75 g Thermo 74.3 23.0
17. PP 100 g Thermo 102.9 28.5
18. PET 40 g Sewn 39.0 9.5
19. PET 75 g Sewn 73.9 25.5
20. PET 100 g Sewn 109.9 29.7
21. PET 40 g Thermo 39.7 12.3
22. PET 75 g Thermo 84.9 23.5
23. PET 100 g Thermo 94.9 27.5

64 4 Assessment of Functional Aspects of Shopping Bags



T
ab

le
4.

4
D

es
cr

ip
ti

on
of

te
st

ed
pa

ra
m

et
er

s
an

d
m

et
ho

ds
fo

r
fu

nc
ti

on
al

pr
op

er
ti

es
[3

]

S
er

ia
l

N
um

be
r

T
es

t
pa

ra
m

et
er

T
es

ti
ng

S
ta

nd
ar

d
em

pl
oy

ed
T

es
ti

ng
m

ac
hi

ne
em

pl
oy

ed
T

es
ti

ng
pa

ra
m

et
er

s
de

fi
ne

d
N

o.
of

sa
m

pl
es

te
st

ed

1.
T

en
si

le
st

re
ng

th
A

S
T

M
D

50
34

(G
ra

b
T

es
t)

(A
S

T
M

D
50

34
-0

9)
In

st
ro

n
(C

R
E

)
30

0
m

m
/m

in
S

pe
ed

5

2.
T

ea
r

st
re

ng
th

A
S

T
M

D
14

24
&

19
22

(A
S

T
M

D
19

22
-0

9;
A

S
T

M
D

14
24

-0
9)

E
lm

en
do

rf
te

ar
in

g
te

st
er

M
ea

su
ri

ng
ra

ng
es

:
20

0
gf

,
40

0
gf

,8
00

gf
,1

60
0

gf
,3

20
0

gf
,

64
00

gf
.

(s
el

ec
te

d
ac

co
rd

in
g

to
ty

pe
of

sa
m

pl
e)

5

3.
B

ur
st

in
g

st
re

ng
th

IS
O

13
93

8-
2

(I
S

O
13

93
8-

2:
19

99
)

P
ne

um
at

ic
te

st
er

,
T

ru
bu

rs
t

B
ur

st
in

g
st

re
ng

th
te

st
er

(J
am

es
H

H
ea

l
&

C
o.

L
td

,
E

ng
la

nd
)

A
re

a-
7.

3
cm

2
;

D
ia

-3
0.

5
m

m
5

6.
T

hi
ck

ne
ss

A
S

T
M

D
17

77
(A

S
T

M
D

17
77

-
96

(2
00

7)
S

D
L

fa
br

ic
th

ic
kn

es
s

te
st

er
P

re
ss

ur
e-

5
gf

/c
m

2
5

7.
A

re
al

de
ns

it
y

A
S

T
M

D
37

76
(A

S
T

M
D

37
76

/
D

37
76

M
-0

9)
B

al
an

ce
5

8.
A

ir
pe

rm
ea

bi
li

ty
IS

O
92

37
(I

S
O

92
37

:1
99

5)
A

ir
pe

rm
ea

bi
li

ty
te

st
er

20
cm

2
su

rf
ac

e
ar

ea
an

d
10

0
P

a
pr

es
su

re
dr

op
5

9.
W

at
er

va
po

ur
pe

rm
ea

bi
li

ty
A

S
T

M
E

96
(A

S
T

M
E

96
/E

96
M

-
10

)
A

s
pe

r
th

e
st

an
da

rd
A

s
pe

r
th

e
st

an
da

rd
3

10
.

pH
te

st
IS

O
30

71
(I

S
O

30
71

:2
00

5
S

to
pp

er
ed

gl
as

s
an

d
m

ec
ha

ni
ca

l
sh

ak
er

an
d

ot
he

rs

A
s

pe
r

th
e

st
an

da
rd

3

11
.

F
or

m
al

de
hy

de
co

nt
en

t
IS

O
14

18
4-

1
(I

S
O

14
18

4-
1:

19
98

)
3

12
.

C
ol

ou
r

fa
st

ne
ss

to
li

gh
t

IS
O

10
5

B
02

(I
S

O
10

5-
B

02
:1

99
4)

X
en

on
ar

c
la

m
p

ap
pa

ra
tu

s
B

W
S

4
T

es
te

d
w

it
h

B
W

S

(c
on

ti
nu

ed
)

4.3 Assessment of Functional Aspects of Shopping Bags 65



T
ab

le
4.

4
(c

on
ti

nu
ed

)

S
er

ia
l

N
um

be
r

T
es

t
pa

ra
m

et
er

T
es

ti
ng

S
ta

nd
ar

d
em

pl
oy

ed
T

es
ti

ng
m

ac
hi

ne
em

pl
oy

ed
T

es
ti

ng
pa

ra
m

et
er

s
de

fi
ne

d
N

o.
of

sa
m

pl
es

te
st

ed

13
.

C
ol

ou
r

fa
st

ne
ss

to
ru

bb
in

g
IS

O
10

5
X

12
(I

S
O

10
5-

X
12

:2
00

1)
C

ro
ck

m
et

er
A

s
pe

r
th

e
st

an
da

rd
D

ry
an

d
w

et
st

at
e

14
.

C
ol

ou
r

fa
st

ne
ss

to
w

as
hi

ng
IS

O
10

5
C

06
-B

2
(I

S
O

10
5-

C
06

:2
01

0)
L

au
nd

ro
m

et
er

In
la

un
dr

o
m

et
er

30
m

in
,T

em
p

40
8C

,
25

st
ee

l
ba

ll
s,

4
gp

l
E

C
E

ph
os

ph
at

e
+

1
gp

l
S

od
iu

m
pe

rb
or

at
e

fo
r

15
0

m
l

T
es

te
d

w
it

h
m

ul
ti

fi
br

e

15
.

C
ol

ou
r

fa
st

ne
ss

to
pe

rs
pi

ra
ti

on
IS

O
10

5
E

04
(I

S
O

10
5-

E
04

:1
99

4)
T

es
t

de
vi

ce
s

as
ad

vi
se

d
by

th
e

S
ta

nd
ar

d
4

h
@

37
8C

,
ac

id
an

d
al

ka
li

ne
co

nd
it

io
ns

T
es

te
d

w
it

h
m

ul
ti

fi
br

e
16

.
C

ol
ou

r
fa

st
ne

ss
to

w
at

er
IS

O
10

5
E

01
(I

S
O

10
5-

E
01

:1
99

4)
T

es
te

d
w

it
h

m
ul

ti
fi

br
e

17
.

F
ib

re
C

on
te

nt
IS

O
18

33
-1

(I
S

O
18

33
-1

:2
00

6)
A

s
pe

r
th

e
st

an
da

rd
A

s
pe

r
th

e
st

an
da

rd
A

s
pe

r
th

e
st

an
da

rd

66 4 Assessment of Functional Aspects of Shopping Bags



Different Strength Properties
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Fig. 4.1 Different strength properties of shopping bags [3]

Permeability Properties
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Fig. 4.2 Permeability test results of shopping bags [3]
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In nonwovens category, PP sewn bag has got maximum strength than thermo
category in low and medium weights and in case of heavy weight, PP thermo
registered maximum strength than the one manufactured by sewn technology. The
case is entirely reverse for PET bags, i.e. PET thermo has got maximum strength
than sewn category in low and medium weights and in case of heavy weight, PET
sewn registered maximum strength than the one manufactured by thermal
technology.

As far as tear strength is concerned, PP bags of sewn technology have recorded
maximum tear strength than its counterpart. Paper and LDPE categories of bags
were found to have poor tear strength. In case of bursting strength, again, cotton
bags have registered maximum bursting strength. Similar to tear strength, paper
and LDPE possessed lower bursting strength.

pH, Formaldehyde  Tests

0 2 4 10

1. Paper 40g

2. Paper 75g

3. Paper 150g

4. Cotton -1

5. Cotton -2

6. HDPE -1

7. HDPE -2

8. HDPE -3

9. LDPE -1

10. LDPE -2

11 LDPE -3

12. PP 40g Sewn

13. PP 75g Sewn

14. PP 100g Sewn

15. PP 40g Thermo

16. PP 75g Thermo

17. PP 100g Thermo

18. PET 40g Sewn

19. PET 75g Sewn

20. PET 100g Sewn

21. PET 40g Thermo

22. PET 75g Thermo

23. PET 100g Thermo

pH Formaldehyde Content-mg/ kg

6 8 12 14 16

Fig. 4.3 pH, Formalehyde Tests [3]
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4.3.2 Dimensional Properties and Fibre Composition

Two type of dimensional attributes namely thickness and areal density and fibre
composition were tested as per the standards and other specifications given in
Table 4.4 and the tested results are tabulated in Table 4 5. As seen in Table 4.5,
sample no. 5 was found to have cotton blended with polyester, in contrast to what
was labeled. This is a critical issue affecting not only functional attributes, rather
subjected to a lot of legal issues. This will be discussed in detail in Eco-functional
assessment chapter.

4.3.3 Permeability Tests

Air and water vapor permeability characteristics of selected 23 samples were
tested as per the details furnished in Table 4.4. Results of these parameters are
shown in Fig. 4.2.

Table 4.5 Thickness and Areal Density results [3]

Sample
description

Thickness
in mm.

Areal density in
grams/sq. meter (GSM)

Fibre composition/content

1. Paper 40 g 0.08 106.9 100 % Paper
2. Paper 75 g 0.21 132.4 100 % Paper
3. Paper 150 g 0.24 158.7 100 % Paper
4. Cotton -1 0.54 188.1 100 % Cotton
5. Cotton -2 0.98 368.3 Cotton/Poly 52.5/47.5 (lining:

100 % cotton)
6. HDPE -1 0.10 50.8 100 % Polyethylene
7. HDPE -2 0.14 77.2 100 % Polyethylene
8. HDPE -3 0.18 83.5 100 % Polyethylene
9. LDPE -1 0.04 39.5 100 % Polyethylene
10. LDPE -2 0.09 76.0 100 % Polyethylene
11 LDPE -3 0.13 95.2 100 % Polyethylene
12. PP 40 g Sewn 0.35 36.7 100 % Polypropylene
13. PP 75 g Sewn 0.46 71.6 100 % Polypropylene
14. PP 100 g Sewn 0.61 104.6 100 % Polypropylene
15. PP 40 g Thermo 0.35 42.2 100 % Polypropylene
16. PP 75 g Thermo 0.55 74.3 100 % Polypropylene
17. PP 100 g Thermo 0.68 103.0 100 % Polypropylene
18. PET 40 g Sewn 0.30 39.0 100 % Polyester
19. PET 75 g Sewn 0.50 73.9 100 % Polyester
20. PET 100 g Sewn 0.55 109.9 100 % Polyester
21. PET 40 g Thermo 0.33 39.7 100 % Polyester
22. PET 75 g Thermo 0.52 84.8 100 % Polyester
23. PET 100 g Thermo 0.56 94.8 100 % Polyester
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From Fig. 4.2, it can be understood that paper, LDPE and HDPE recorded lowest
air permeability values and PP and PET nonwoven bags were found to have
maximum air permeability. Again, PP and PET nonwoven bags registered maxi-
mum water vapour permeability also compared to all other categories of bags
tested. LDPE and HDPE bags recorded lower amount of water vapour permeability.

4.3.4 Safety Tests

Two important parameters which portray safety aspect were tested, i.e. pH level
and the presence/absence (if present, the amount) presence and amount of form-
aldehyde. Test results are displayed in Fig. 4.3.

All the samples tested above found to have very low levels of formaldehyde
except cotton samples which have got slightly higher values compared to the other
21 samples. However, the result of formaldehyde test of all samples is in not
detected range. For pH, except cotton-2 sample, all have got less than 7 pH
(acidic), except one PP sample which recorded 7 value (neutral). Only one sample,
i.e. cotton of heavy weight recorded alkaline pH.

4.3.5 Colour Fastness Tests

Ability to resist colour fastness against different agents namely light, water, acid
and alkali perspiration, dry and wet rubbings were tested as per the specifications
detailed in Table 4.4. Colour fastness results were up to the mark for all samples.
All samples recorded fastness scale rating of 4 for light, washing (overall rating),
acid and alkali perspiration (overall rating), water (overall rating). Cotton-1 and 2
were found to have 3/4 and 2/3 rating for body (dry and wet respectively) and 4/5
for lining material in it against dry and wet rubbing. All 6 PP samples recorded 4/5
grading for both dry and wet rubbing. For paper, HDPE, LDPE and PET samples
rubbing fastness is not applicable [3].

4.4 Reusability Assessment: Development
of Eco-Functional Tester

Along with the functional properties discussed above, there are another important
set of properties, which we term here as eco-functional properties (since they
decide Functional and ecological properties of shopping bags) which influence the
functionality, consumption and disposal behaviors. A very important property,
which lies at the interface of ecological and functional properties, is the reusability
of shopping bags. Reusability of a shopping bag is a key factor which drives
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consumption behaviour primarily along with functionality and disposal aspects.
Other relevant properties in the eco-functional properties list include impact
strength and weight-holding capacity of grocery shopping bags. There is no
equipment and methods developed so far to assess these pivotal characteristics of
grocery shopping bags. Hence, an eco-functional tester was developed by authors
and their team to assess these properties of grocery shopping bags [3, 4]. The
developed tester can be utilized to assess these three properties (reusability, impact
strength and weight-holding capacity) of any type of shopping bag. This section
discusses the concept and development of an eco-functional tester for shopping
bags. It also discusses the test results of the reusability, impact strength and
weight-holding capacity of different types of shopping bags tested with the aid of
developed tester. Authors and their team decided to express reusability and impact
strength by two variants: absolute maximum capacity and comparative maximum
capacity.

Grocery Shopping bags made out of any material, such as polyethylene, paper,
cotton, polypropylene, jute, nylon, etc. and manufactured by any technique,
nonwoven, woven, knitting technologies, plastic and paper bag processes, and so
on, are primarily expected to be used many times for the benefit of economy and
environment. The primary functions expected from a grocery shopping bag are
given below, which decide the functionality of a bag and these functions decide the
life span of a shopping bag:

1. How much time and how much weight, a shopping bag can sustain;
2. How many times can it be reused to carry a specified amount of weight, as per

the claim of the manufacturer or in general according to the capacity of the bag;
3. How much impact can it withstand [3, 4].

3Rs has become a buzz word heard repeatedly worldwide in these days and it
consists of three important terms: Reuse, Recycle and Reduce. Amongst these
terms, the first and foremost one is, Reuse. This decides both the ecological and
functional properties of a shopping bag. In simple terms, if a shopping bag is
reused many times, due to its added functionality, its ecological benefits are
included in terms of avoiding/postponing the depletion of resources and other
pertinent environmental impacts to manufacture another bag. Again, preventing a
shopping bag being recycled (though it is advantageous, it also demands resources,
causes emissions and impacts) or sent to landfill earlier (which is a nightmare) also
limits environmental damage and hence eco-damage could be prevented. Hence
these important properties namely, reusability, weight-holding capacity and impact
strength decide the eco-functional properties of shopping bags [3, 4].

It is very much significant to quantify these properties to assess the eco-func-
tional characteristics of a shopping bag. As said earlier, there are no instruments
available so far to assess eco-functional characteristics scientifically, which will
aid both manufacturers and customers.

Results from this kind of instrument can be utilized for Life Cycle Assessment
(LCA) studies, which deal with the quantification of the environmental impact
made by any product/process in its useful time. The value of reusability obtained
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from eco-functional tester can be directly utilized for LCA calculations. Other
functions derived from this instrument are equally important, since they decide the
useful life time of a shopping bag and they assist the LCA practitioner to decide
the functional unit of the study. This unit is the base of any LCA study and upon
which comparisons are made [3, 4].

As discussed earlier in previous chapter, a large number of studies have been
conducted to investigate the LCA of various shopping bags and included an end-
of-life assumption in the modelling. With the aid of the developed instrument
under question, there is no need to assume the end-of-life values at least for the
reusability function, which is one of the crucial considerations in end-of-life
scenarios. Also with the aid of the developed instrument, it is possible to compare
the actual reuse values of shopping bags derived from the developed instrument
with the values derived from surveys of consumers (obtained from consumer
behaviour studies, which will be discussed later in the next chapter). From the
results of this equipment, it is possible to suggest consumers to modify their
behaviour to prevent the environmental impact arising from the early disposal of
shopping bags before their actual end-of-life [3, 4].

An eco-functional tester shown in Fig. 4.4 was developed to test the following
properties of shopping bags, which will be assessed by this new instrument:

1. Reusability—Number of times a bag can be reused;
2. Holding Capacity of a bag-Amount of weight a bag can withstand for a des-

ignated time period;
3. Impact Strength—Assessment of strength of a bag when a sudden impact is

applied [3, 4].

Fig. 4.4 Eco-functional Tester [3, 4]
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4.4.1 Assessment of Eco-Functional Properties

The working principle of the developed instrument is described below:

1. Reusability

Reusability will be tested by clamping the handle of the bag into the holding
mechanism of the instrument and maintaining a designated load on to the bag
under testing and subjecting it to a to and fro motion till the bag is broken. Specific
number of times a bag withstands the designated load and able to sustain the
motion will be recorded.

2. Holding Capacity of a bag

Holding capacity will be tested by clamping the handle of the bag into the
holding mechanism and maintaining a particular load onto the bag while keeping it
in a still state until it is broken. Alternatively, the bag is held for a certain period of
time say 1 or 2 min or more, as required. Keeping time as constant, one can play
with the maximum amount of load a bag bears for a fixed amount of time and that
can be recorded.

3. Impact Strength

This will be tested by dropping designated weights, say 1, 2…5 kg, etc. into the
bag from a certain distance (Since impact = mass*distance), thereby creating a
progressive impact force that tears the shopping bag. Number of impact cycles a
bag can withstand with a particular amount of load can be recorded.

All the required data can be acquired from the monitor installed in the
instrument through PLC. This machine is equipped with 16 active sensors and two
inactive ones. There are 6 load sensors, out of six, four sensors will sense the load
carried by a bag. Information regarding the load carried by these four sensors will
be transmitted to the PC and saved in Excel format and displayed as a graph. In
case of a failure of the handles of a bag, one of the four load sensors will stop the
machine due to the drop in the load. If there is a break in the body of the bag, the
drop safety sensor shown in Fig. 4.4 will stop the machine.

4.4.2 Experimentation of Eco-Functional Properties
of Shopping Bags

Selected 23 types of shopping bags were assessed for their eco-functional prop-
erties by the developed instrument. All the three functions were assessed for all 23
types of shopping bags.
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4.4.2.1 Weight Holding Capacity

All the shopping bag samples selected for the study were tested for their maximum
weight-holding capacity for 5 min. Within this selected 5-min period, samples
were observed for any kind of failure such as hole formation, crack formation,
propagation of tear/break in any part of the sample and failure of handles and
body. For each sample, 3 specimens were tested. Three individual readings were
taken and the averages of these three readings with error bars were reported. Each
sample was tested from the lowest level of weight to the highest weight by
gradually adding weights of 1 kg and the results at the maximum load for various
shopping bags were reported [3, 4]. From the test results, it was understood that the
cotton woven bags have the maximum weight-holding capacity in the list of
chosen samples. They withstood up to a maximum of 35 kg and paper bags were
found to have the lowest weight-holding capacity. It was found that even a heavy
weight paper bag could only hold a maximum 8 kg for 5 min. LDPE and HDPE of
various unit weights did record a maximum of 20 and 25 kg respectively. In case
of thermo-bonded nonwoven bags made from PET of 40 GSM recorded a maxi-
mum of 12.3 kg and a sewn bag of same type withstood around 15 kg. But, PP
thermo-bonded bags of the same weight withstood a maximum of 14 kg and
survived at 20 kg if sewn. Nonwoven bags of 75 and 100 GSM, survived a
maximum load of 25 kg without any failure, which is the maximum load they can
hold for their sizes.

4.4.2.2 Reusability

Reusability was tested for two variants- absolute maximum capacity and com-
parative maximum capacity. To assess the reusability of shopping bags under
absolute maximum capacity category, a fixed number of 100 cycles was chosen.
Keeping the number of cycles constant, this test was conducted by varying the
weights to determine the maximum reusability of a bag at different weight levels to
establish the maximum weight carrying capacity of the bag. Paper bags, being the
weakest of all samples selected here, recorded only 4 kg of weight even with their
heaviest weight sample. Woven cotton bags can withstand 35 kg, which is the
maximum load one call practically fill on to them. LDPE and HDPE bags can hold
a maximum of 15 kg and their medium and heavy weight bags can withstand this
load and complete 100 cycles.

Nonwoven PP bags in both the thermo and sewn categories withstood a max-
imum load of 15 kg for 100 cycles, while PET thermo bags fulfilled 0 and sewn
bags fulfilled an average of 35 cycles at 15 kg of load. All nonwoven bags of 75
and 100 GSM withstood the maximum load of 20 kg for 100 cycles.

To quantify the comparative maximum capacity of selected shopping bags,
samples were tested for 500 cycles at 10 kg. This load and number of cycles are
referred from green seal standard-GS-16 [5]. Three samples were tested for each
category and the average results were reported. From the results, it was noticed
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that except paper bags of all weight levels and PP 40 g sewn, PET 40 g thermo,
LDPE-1, all other bags under discussion were capable of withstanding the pre-
scribed load and able to complete the desired number of cycles. This is one of the
very important parameters used directly for life cycle assessment simulation cal-
culations [3, 4].

4.4.2.3 Impact Strength

a. Absolute Maximum Capacity

For this category of test, a fixed number of 5 cycles were chosen and the
samples were tested at different loads between 2 and 5 kg. From the results, it was
revealed that the paper, plastic and nonwoven bags of 40 GSM survived only 2 kg
of load. The number of cycles they withstood with a load of 2 kg was recorded and
reported. It was noticed that all paper, plastic and PET bags (sewn and thermo) of
40 g. survived just one cycle of impact load of 2 kg PP bags of 40 GSM (sewn and
thermo) bore an average of 2.7 cycles of 2 kg impact load. Nonwoven bags of 75
and 100 GSM withstood only 3 kg of load and the number of cycles they with-
stood with the maximum load of 3 kg was recorded. Sewn PP bags of both 75 and
100 GSM, withstood a maximum of 5 cycles with 3 kg load and thermo PP bags of
both 75 and 100 GSM endured only 3.7 cycles with 3 kg load. Woven bags
survived the maximum load of 5 kg and the number of cycles they withstood with
this load was recorded and reported [3, 4].

b. Comparative Maximum Capacity

To assess the comparative maximum capacity of shopping bags to determine
their impact strength, samples were tested for the maximum number of cycles they
could withstand with 5 kg. Three samples were tested for each category and the
average results were reported. From the results, it was noticed that the nonwoven
bags of 75 and 100 GSM and the woven bags are only able to fulfill the entire 5
cycles with the designated load of 3 kg [3, 4].

4.5 Concluding Remarks

This chapter dealt with an important aspect of eco-functional assessment, i.e.
functionality aspect. Details of various functional aspects, test methods, standards
applicable for grocery shopping bags were discussed in this chapter. 23 types of
grocery shopping bags covering 8 major categories of nags were selected for this
assessment. Different functional properties of shopping bags to assess the physical,
mechanical and dimensional aspects were tested and the detailed test results were
discussed. This chapter also dealt with another important aspect, i.e. reusability,
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impact strength and weight holding capacity of grocery shopping bags, which are
pivotal to assess the ecological and functional properties of grocery bags (hence
also termed as co-functional properties). An instrument named, co-functional
tester was developed to assess these properties. The working principle, assessment
of co-functional properties of selected grocery bags using this equipment as well as
the results of this assessment were discussed in detail.
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Chapter 5
Consumption Behaviour of Shopping
Bags and Eco-Impact

5.1 Introduction

Consumption behaviour plays a vital role in deciding the eco-impact made by
consumer products. In the life cycle assessment, consumer behaviour plays a key
role in deciding the potential impacts from gate to grave stages. Consumption
behaviour lies purely in the hands of consumers and it is mainly driven by the
functionality and ecological properties of a particular product. It is highly needed
to study the consumer behaviour of any product and gather the real data from the
actual consumers of products to be studied and incorporate the respective data in
LCA calculations for use and disposal phases. This attempt will portray the real
scenario, and it is highly expected than the one modelled by assumptions to fulfill
the data for use and disposal phases. However, it is not an usual practice followed
by LCA practioner’s and it has not been reported in literature. The case is the same
for grocery shopping bags and the authors have performed pioneering work in this
area for grocery shopping bags and this chapter primarily deals with it.

Authors made an attempt to study the consumer behavior in terms of shopping
bags used in Mainland China, Hong Kong and India among different user groups to
deduce the end-of-life scenario values, such as the percentage of recycle, reuse and
disposal to landfill of various shopping bags and these values were incorporated in
life cycle assessment calculations to assess the eco-impact made by various gro-
cery shopping bags. This issue is discussed in detail in this chapter.

5.2 Consumption Behaviour and its Influence
on Environmental Impacts Made by Grocery
Shopping Bags

A product’s life cycle comprises of different phases namely raw material extrac-
tion, manufacturing phase, transportation, use and disposal phases. Out of which,
use and disposal phases and their consequences on life cycle impacts are primarily
decided by the consumers and this depends again on their behaviour or attitude
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towards a particular product. As said earlier, this attitude or behaviour is governed
by the functionality and the ecological property of the discussed product. Simi-
larly, the impacts of other phases namely raw material extraction, manufacturing,
transportation are decided by the manufacturer of the particular raw material/
product or the person responsible for transportation.

The end-of-life or disposal phase is equally detrimental as the manufacturing
phase for products like shopping bags which have limited shelf life (so to say, single
use or quickly disposable products after very limited number of use). Products such
as shopping bags in general do not have a sizable use phase which contributes
significantly to life cycle impacts. After use phase, once the product is decided to be
disposed of, it can be sent to recycling or incineration or sent to landfill or it can be
reused. Human dimensions play a major role in consumer behaviour to decide upon
a product’s use and disposal phases and consequently its eco-impact or life cycle
impacts. Apart from human dimensions, governmental policies also assume sig-
nificant importance in the environmental impact made by a product, when it comes
to the consideration of disposal options. Consumer behaviour and governmental
policies go hand in hand and they jointly play a significant role in the disposal stage
of shopping bags. Governmental policies influence the consumer behaviour also,
apart from directly they rule upon the disposal options in terms of encouraging
recycling policies, providing more recycling bins.

When it comes to shopping bags, use phase do not contribute much to life cycle
impacts. At disposal stage, they can either be reused for primary or secondary purposes
or sent to landfill or directed to recycling/incineration options. Incineration is not very
common in Asia-pacific region. Out of all, reuse is the most environmentally beneficial
option followed by recycling and the most detrimental one is landfilling. Consumer
behaviour along with governmental policies govern the disposal option of shopping
bags. Consumer behaviour influences the decision of use and disposal in the following
manner: Despite the fact that certain types of bags are designed to possess sufficient
functionality to be recycled and reused, it is left to the consumers to reuse a bag for the
same purpose (primary reuse) until it can be discarded or recycled, i.e., to reuse the
shopping bags many times until they can be disposed of. Upon deciding to dispose,
they must be placed in recycling bins provided by the government or sent to recycling
option, rather than disposed to landfill, which is a nightmare to the environment and
has a corresponding eco-impact. Hence, consumer behaviour and governmental pol-
icies are the key factors in deciding the eco-impact of shopping bags.

5.3 Consumer Attitude/Behaviour in Various
Countries towards the Use and Disposal
of Grocery Shopping Bags

Consumer attitude or behaviour towards consumption and disposal of shopping
bags varies between different individuals and it varies very significantly between
various countries. Many factors influence the same such as the economical
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situation, laws prevailing in a particular country which influence consumption and
disposal behaviour of shopping bags.

Many LCA studies conducted previously to compare the different grocery
shopping bags in terms of their life cycle impacts have yielded important findings
[1–13]. Some of the studies in this list included an end-of-life assumption to model
the life cycle assessment of shopping bags; however this scenario is very far from
reality. The reality of the end-of-life scenario lies primarily in the hands of con-
sumers and the end-of-life scenario is consumer and country specific. It varies
between different consumers in a same country and again, consumers of different
countries also, hence generalization is not possible in this case. Under these cir-
cumstances, assumed end-of-life scenario would not work out and will not rep-
resent the reality.

None of the previous studies mentioned above, reported the use of real data
arising from recycling/reuse/landfill options, obtained from the consumers of
shopping bags, which prompted the researcher’s interest. And hence the authors
conducted a consumer survey in China, Hong Kong and India among different user
groups of grocery shopping bags. Survey was administered through a question-
naire in these territories to understand the consumer’s perception and behaviour
towards different variety of grocery shopping bags [14]. This research work
focused mainly on contemplating the consumer’s perception and behavior on the
usage and disposal of various shopping bags (frequency of reuse, recycle of dif-
ferent shopping bags and also their propensity to dispose these to landfills). This
survey, focused on plastic, paper, nonwoven and woven bags, also investigated the
existing policy dimensions of government on recycling phase and other associated
factors related to it. Outcome of this survey enabled the authors to construct end-
of-life scenarios in life cycle assessment by using real values from the actual users
of shopping bags.

Having chosen with Convenience sampling method, this survey was answered
by 100 respondents from China and 125 from India and Hong Kong, where the
respondents were contacted by electronic means. The questionnaire used to
administer this survey had 9 primary questions pertaining to the usage and disposal
of shopping bags and 4 questions pertaining to the personal particulars of
respondents. All the respondents fell in various age groups between 21–50 years,
majority of them belong to 21–30 years in all the three territories and majority of
the respondents are females in China and HK, whereas in case of India, majority of
them are males. As far as the educational qualifications of respondents were
concerned, majority were postgraduates in China and India, whereas majority were
undergraduates in HK. This is a self acknowledged major limitation of this study,
i.e. the demographic profile of the respondents was primarily biased towards the
young and educated population. Nevertheless, conducting this study amongst the
young and educated respondents could well indicate future trends in Asia without
any doubt [14].
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5.3.1 Reuse, Recycle, Disposal to Landfill Responses
from Respondents

The primary aim of this survey was to collect the details of reuse, recycle and
disposal options opted by various consumers in China, HK and India. Perceived
reusability for primary or secondary uses were collected from various users from
this study and from the results effective reuse percentage was calculated with the
aid of the following two equations [14]:

q ¼ Total Disposal %
¼ P0 � 100 %þ P1 � 100 %þ P2 � 50 %þ P3 � 25 %þ P4 � 10 % ð5:1Þ

Reuse % ¼ 100� q ð5:2Þ

where P0 is the percentage of reuse for\1 time and so on. In the above Eq. 1, the
corresponding percentage of\1 and 1 time usage is considered as 100 %, 2 times
as 50 %, 3–5 times as 25 % and others ([5 times) is on an average considered as
10 %: Effective reuse % of different shopping bags calculated for the three ter-
ritories are indicated in Table 5.1. Similarly from the perceived recycle options, an
effective recycling amount in % was calculated by weighted average method for
the three territories and are listed in Table 5.1.

Apart from this, customers were asked to fill in their opinion on how much
percentage or how many times each bag can be reused/recycled/sent to landfill.
This detail was filled by every user in all the territories and the average of the
results are presented in Table 5.2.

Apart from this to understand the willingness of the respondents to place the
used bags in recycling bins, questions related to the provision of recycling systems
in their respective country were also asked and analysed [14]. From the analysis,

Table 5.1 Effective reuse and recycle percentages of grocery shopping bags

Type of bag Reuse Recycle

India HK China India HK China

Plastic 28 38 42 18 22 21
Paper 55 42 46 25 25 31
Non-woven 55 69 78 21 25 22
Woven 73 75 80 27 23 20

Table 5.2 Disposal options opined by consumers in China, HK and India

Options in % Plastic Paper Nonwoven Woven

CH HK IN CH HK IN CH HK IN CH HK IN

Recycle 24 21 33 46 45 47 33 27 29 32 27 26
Reuse 32 30 31 32 38 22 49 54 44 53 53 53
Landfill 44 49 36 22 17 31 18 19 27 15 20 21
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more than 90 %, of the respondents in all three countries would like to support
recycling and are wiling to place the used bags in recycling bins. Here comes the
support of governmental policies to facilitate recycling options in each country by
means of encouraging recycling, providing more recycling bins and so on. From
the survey, it was noticed that in India and China, around 50 % users only con-
firmed the provision of recycling systems and in HK only 66 % confirmed. This is
one of the major outcomes from this survey, from which further actions should be
taken by respective governments to promote recycling in their countries.

5.4 Consumption Behaviour and Eco-Impact: Modelling
of Life Cycle Impacts

Consumer behaviour plays a significant role in influencing eco-impacts of any
product and shopping bags is not an exception. Degree of influence of life cycle
impacts of grocery shopping bags by consumer behaviour would be more, since
they possess a short span of life. Importance of consumer behaviour in deciding
different environmental impacts made by shopping bags was studied by a sys-
tematical study conducted by authors.

This study was conducted to study the influence of consumer behaviour on eco-
impacts of various shopping bags used for grocery purposes under three different
options namely [15, 16]:

• Usage and disposal criteria with the existing usage behaviour to reuse and
governmental policies to recycle (option 1),

• Usage and disposal criteria from the consumer’s perspective and with recycling
systems in place (option 2),

• Usage and disposal criteria in the absence of recycling systems (option 3).

This study was conducted for both single use bags and reusable bags. Plastic
and paper bags in single use variety and non-woven polypropylene and woven
cotton bags in reusable category were evaluated in this study under two different
scenarios. The first scenario, which was considered as base line scenario, involved
the study of the eco-impact of these bags in their manufacturing phase alone,
without considering their usage and disposal phases and the second scenario
revolved around the cradle to grave stages including use and disposal phases with
the three options mentioned above.

Life cycle assessment study was conducted in full scale for this attempt. Cradle
to gate stage data were referred from secondary data sources, i.e. from the final
report prepared for Environment Australia in 2002 and its updated version pre-
pared in 2004 [3, 4]. Data pertaining to cradle to gate stage focuses on main issues
such as material consumption, energy needed for manufacturing process, green
house gas emissions. Use and disposal values for this assessment were obtained
from the consumer survey and the eco-impacts were evaluated in three different

5.3 Consumer Attitude/Behaviour 81



options highlighted above. The scope and boundaries of this study included the
LCI obtained from the available data collected from secondary data sources. The
functional unit of this study was defined as the sufficient capacity for a household
consuming approximately 70 grocery items which were carried away from a
supermarket in shopping bags every week for 52 weeks [3, 4].

Data for life cycle inventory pertaining to cradle to gate stages of different
grocery shopping bags, focused chiefly on the energy and pollutants details for the
functional unit assumed was referred from the previous studies [3, 4] and listed in
Table 5.3.

From the survey results, usage and disposal values were deduced and formu-
lated for the three options selected for this study as shown in Tables 5.4, 5.5, 5.6.

Tables 5.3, 5.4, 5.5, 5.6 constituted the life cycle inventory of various grocery
shopping bags and these inventory details were processed by 7.2 version of sim-
apro software used for life cycle assessment calculations. Eco-indicator’99, a
damage oriented method was employed to assess the environmental impacts made

Table 5.3 Life cycle inventory data of grocery shopping bags (cradle to gate)

Type of bag Unit
weight

Number of
bags per year

Material
consumption

GHG (CO2

emissions)
Primary energy
required

Plastic bag 6 g 520 3,120 g 6.08 kg 210 MJ
Paper bag 42.6 g 520 22,150 g 11.8 kg 721 MJ
Non-woven bag 65.6 g 4.15 272.24 g 1.96 kg 46.3 MJ
Woven cotton bag 125.4 g 9.1 1,141.14 g 2.52 kg 160 MJ

Table 5.5 Percentage of grocery shopping bags that can be recycled/reused/sent to landfill
according to consumer’s perceptions [15, 16]

Percentage Plastic bags Paper bags Non-woven bags Woven bags

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

Recycle 24 21 33 46 45 47 33 27 29 32 27 26
Reuse 32 30 31 32 38 22 49 54 44 53 53 53
Sent to

landfill
44 49 36 22 17 31 18 19 27 15 20 21

Table 5.4 Values for usage and disposal options of grocery shopping bags according to existing
possibilities [15, 16]

Percentage Plastic bags Paper bags Non-woven bags Woven bags

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

Recycle 21 22 18 31 25 25 22 25 21 20 23 27
Reuse 46 42 55 42 38 28 78 69 55 80 75 73
Sent to

landfill
33 36 27 27 37 47 0 6 24 0 2 0
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by different grocery shopping bags. Life cycle of these bags were modelled in five
stages namely Characterisation, Damage Assessment, Normalisation, Weighing,
Single Score Analysis by simapro software. From the cradle to gate assessment
(which was considered as baseline scenario), plastic bags score out paper bags in
single use bags category and non-woven bags surpassed woven cotton bags in
reusable category as far as the reduced environmental impacts are concerned and
the detailed results can be found in [15, 16]. Overall, non-woven bags made by
polypropylene stand out amongst all alternatives considered for this study for the
functional unit assumed in this study.

Different shopping bag alternatives were compared in terms of their eco-
impacts assessed by Eco-indicator’99 method for the three options formulated
above. Single score results presented in points (Pt) arising from the three options
were compared with the baseline scenario for different bags. Table 5.7 lists the
comparative results of the three options for different shopping bag alternatives.

From the detailed results of this study explained [15, 16], important points to be
noted from this study is, if a bag is thrown or disposed without using or reusing it,
its environmental concerns are huge. Reusing different bags to the maximum
possible extent is the way to curb the environmental impacts made by them and
more number of times if a bag is reused, it is even to compensate the eco-impacts
created by the same bag in cradle to gate stage. Countries which opted more to
reuse a bag created lower amount of eco-impacts tabulated in Table 5.7. One can
notice the difference in all territories between options 1 and 2, which enumerates
the existence of difference between actual scenario and consumer’s perception.
One of the best ways to interpret this assessment is through the three different
options formed and to show the importance of recycling is to compare the results
of options 1 and 3, which obviates the need to go for recycling. Results of option 3
are on higher side, due to the diversion of bags to landfill due to the absence of
recycling systems. Governments play a major role in curtailing the eco-impacts
made by various shopping bags in terms of promoting recycling policies and
providing more recycling bins.

Table 5.6 Values for usage and disposal options of grocery shopping bags in case of absence of
recycling system [15, 16]

Percentage Plastic bags Paper bags Non-woven bags Woven bags

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

CN
(%)

HK
(%)

IN
(%)

Recycle 0 0 0 0 0 0 0 0 0 0 0 0
Reuse 46 42 55 42 38 28 78 69 55 80 75 73
Sent to

landfill
54 58 45 58 62 72 22 31 45 20 25 27

5.4 Consumption Behaviour and Eco-Impact: Modelling of Life Cycle Impacts 83



T
ab

le
5.

7
C

om
pa

ra
ti

ve
re

su
lt

s
of

ec
o-

im
pa

ct
of

va
ri

ou
s

sh
op

pi
ng

ba
gs

[1
5,

16
]

B
as

e
li

ne
st

ud
y

W
it

h
us

ag
e

an
d

di
sp

os
al

op
ti

on
s

(o
pt

io
ns

1,
2

an
d

3)
in

C
hi

na
,

H
on

g
K

on
g

an
d

In
di

a

T
ot

al
po

in
ts

W
it

ho
ut

us
ag

e
an

d
di

sp
os

al
cr

it
er

ia
C

hi
na

-
op

ti
on

1
C

hi
na

-
op

ti
on

2
C

hi
na

-
op

ti
on

3
H

K
-

op
ti

on
1

H
K

-
op

ti
on

2
H

K
-

op
ti

on
3

In
di

a-
op

ti
on

1
In

di
a-

op
ti

on
2

In
di

a-
op

ti
on

3

P
la

st
ic

ba
gs

(P
t)

36
19

.3
24

.3
19

.5
20

.7
25

21
16

24
.5

16
.3

P
ap

er
ba

gs
(P

t)
12

6
72

.9
85

.5
73

78
77

.9
78

.1
90

.6
98

.1
90

.7
N

on
-w

ov
en

(P
t)

0.
77

0.
15

1
0.

36
6

0.
17

1
0.

21
8

0.
33

3
0.

24
1

0.
33

1
0.

40
9

0.
35

W
ov

en
(P

t)
2.

48
0.

49
7

1.
17

0.
50

5
0.

62
2

1.
18

0.
63

2
0.

67
1.

18
0.

68
2

84 5 Consumption Behaviour of Shopping Bags and Eco-Impact



5.4.1 Carbon Footprint of all Types of Grocery
Shopping Bags

With the same assessment set up, authors performed carbon footprint assessment
of various grocery shopping bags in China, Hong Kong and India. Same data
sources were referred for cradle to gate stage and for use and disposal values were
obtained from the consumer survey conducted in China, Hong Kong and India.
Functional unit of this study was derived from the analysis of consumption sta-
tistics of shopping bags in these three territories. The following functional unit was
earmarked for this assessment: ‘‘number of shopping bags used for grocery
shopping per year by an average Chinese/Indian/HK resident’’ [17]. Based on the
consumption statistics and further analysis made on equating different shopping
bags to this functional unit, it was confirmed that 1,095 plastic and paper bags,
10.95 non-woven and 21.9 woven bags were required to fulfil the functional unit
for an average Chinese and HK residents. For the same functional unit, Indians
need 150 plastic and paper bags, 1.5 non-woven and 3 woven bags [17].

Cradle to gate results were recalculated from the secondary data sources [3, 4]
to suit this functional unit assumed for China, Hong Kong and India. Values from
the consumers according to the existing possibilities, listed in Table 5.4 were
utilised to complete the details of use and disposal phases. LCI was processed by
Simapro 7.2 version of LCA software to calculate the carbon footprint values of
20, 100 and 500 years. Results of baseline study (without usage and disposal
values) and with consumer’s values on usage and disposal phases are listed in
Table 5.8. For better clarity and to simplify, only the results of 100 years are
presented in Table 5.8.

The conclusions listed above for eco-impact study are applicable here as well.
Though it is well known that more number of reuse less will be the eco-impact or
carbon footprint, however conducting a study to reveal that how much or to what
extent reuse/recycle can benefit in reducing the environmental impacts, was the
motive of the authors to perform these studies.

Table 5.8 Carbon footprint results of different shopping bags

Type of bag GWP in 100 years (KgCo2 Eq)
for China, HK

GWP in 100 years (KgCo2 Eq)
for India

Baseline With use and disposal Baseline With use and disposal

CN HK

Plastic bags 523 282 303 72 32
Paper bags 1,744 1,030 1,100 239 176
Non-woven bags 145 32 45 20 9
Woven bags 448 90 112 61 17
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5.5 Before and After Plastic Bags Ban in Various
Countries: Results of Life Cycle Assessment Modelling

Consumer behaviour is governed by many factors, most of them come from the
attitude of consumers. Apart from this, governmental regulations and laws demand
consumers to change their attitude and behaviour towards certain products. One
such case is the influence of plastic bags ban on consumer behaviour. All over the
world almost, governments of all countries have started introducing plastic bags
ban in terms of levying some amount of money to restrict the usage of plastic bags
and most of the countries have completely banned the use of plastic bags. It was
noticed that after the introduction of ban or levi, the usage of plastic bags have
gone down significantly [18].

Authors performed many studies on this subject and just to show case an
example, a case study performed in China before and after plastic bags ban is
discussed here. It was learnt from a reference that exactly after one year of
implementation of ban in China, the number of plastic bags usage has dropped to
1/3 level [19]. Based on the consumption statistics in China, it was noticed that an
average consumer uses 1,095 plastic bags/year. After the ban, this number went
down to 365 bags/year [20]. Calculations of LCA were repeated to accommodate
this change and the carbon footprint was modelled with the aid of 7.3 version of
Simapro software and the results are tabulated in Table 5.9 [20]. From the results,
one can understand the result of change in consumer behaviour due to govern-
mental influence and its corresponding effect on carbon footprint.

5.6 Concluding Remarks

Consumer behaviour influences the life cycle impacts of consumer products to a
greater extent. It is worthwhile and meaningful to conduct life cycle assessments
using the values obtained from the actual users to model the use and disposal
scenarios of products. It is far better than performing a study with assumptions,
which will no way reflect the true behaviour and cannot be used as a benchmark to
change anything. Aspects related to the influence of consumer behaviour on eco-
impacts of grocery shopping bags were discussed in detail in this chapter. A
consumer survey conducted in China, Hong Kong and India amongst different user
groups of shopping bags and its detailed results were discussed in this chapter.
This chapter also highlighted the influence of consumer behaviour on eco-impacts

Table 5.9 Carbon footprint results before and after plastic bags ban in China [20]

Before ban After ban

Usage of plastic bags 1,095 365
Kg CO2 eq. for 100 years 521 174
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and carbon footprints of various grocery shopping bags with the aid of life cycle
assessment. Influence of plastic bag ban on consumer behaviour and the corre-
sponding change in environmental impacts was also discussed briefly in this
chapter.
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Chapter 6
End-of-Life Assessment of Grocery
Shopping Bags

6.1 Introduction

Management of solid waste is one of the nightmares faced by environmental
scientists and governments. The issue of solid waste is aggravated by products which
are regarded as a symbol of throwaway society such as shopping bags. Disposal of
shopping bags is paid much attention by different parties such as public, government
and environmentalists, since shopping bags made out of plastic materials do not
biodegrade and they take a very long period to decompose. Such non-degradable
materials pose severe threat to the environment, people and animals. Apart from the
issue of biodegradability, limited landfill space on earth made almost all countries to
perceive disposable or single use shopping bags as a potential threat to the envi-
ronment. Because of these two main reasons, disposal or end-of-life stage of
shopping bags is a hot topic and the need of the hour. It is one of the important
elements in the agenda of any government to seriously consider the options to get
rid-off the environmental threats posed by disposable or single use shopping bags.

When a shopping bag is decided to be disposed, it has many destinations to
reach. The issue is to select the best destination which is beneficial to the envi-
ronment primarily and secondly to benefit the customer economically. It should
satisfy these dual needs. Available destinations at the end-of-life for any product
on earth, including shopping bags are: reuse, recycle, incineration and landfill. The
options are listed in the hierarchy of most beneficial to the economy and the
environment. These options and other associated details pertaining to each impact
in the light of grocery shopping bags will be discussed in this chapter.

6.2 Reuse and Impacts

Environmental assessments need not focus on or project only detrimental impacts,
rather they deal with positive impacts as well. Positive impacts are known as
benefits (Benefit to the environment). One of the elements involved in the life
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cycle assessment with positive impacts (benefits) is reuse. Even though recycling
and incineration also bring benefits, they demand certain amount of resources to
bring those benefits. But reuse option in the end-of-life does not demand any
resources and brings ample benefits to the environment in terms of delaying the
disposal of a product, delaying the arrival of a new material to be extracted,
manufactured and processed and its associated impacts are prevented as well. One
of the main advantages is if a product is reused instead of being disposed of, it
extends the length of life of the product, which equates and compensates the actual
life cycle impacts incurred in manufacturing the product with its prolonged life.

There are two types of reuse- primary and secondary. Primary reuse is appli-
cable to the products which are reused for the same purpose. Secondary reuse
means, if a product is discarded, if it will be used for some other than its the
original function, for instance, worn out plastic bags will be used as dust bin liners.
Reusable bags were invented for the purpose of eliminating or reducing the
environmental impacts of single use disposable shopping bags. Reusable bags
made out of non-woven technology with polyester and polypropylene can be
reused for many times without or with a very little maintenance. Woven shopping
bags made out of cotton, hemp can also be reused for many times, again without or
with a few wash and care.

It has to be understood that the environmental concerns will be very huge if the
reusable bags are disposed after single use or without using it for sufficient number
of times, till the functionality limit of the bag permits. So, it would be very much
beneficial if shopping bags are reused till they reach their maximum limit of usage.
Afterwards, they must be considered for secondary reuses and after which they
must be forwarded to recycling options, rather than disposing at landfills.

6.3 Recycle and Impacts

The next best option in terms of disposal of shopping bags is recycling. Recycling
refers to the conversion of discarded products to usable ones. According to the
definition by EPA of the U.S., recycling is the process of collecting and processing
materials that would otherwise be thrown away as trash and turning them into new
products [1]. Recycling brings ample benefits to the environment such as saving
energy, conserves various resources, and reduces the amount of solid waste sent to
landfill and incinerators. Recycling also reduces the amount of green house gas
emissions and other environmental impacts and lead to sustainable development [2].

Recycling converts the materials or products at their end-of-life stage of their
life cycle and transform them either into the same product or primary product
(called as closed loop recycling) or as a secondary product (called as open loop
recycling). It is one of the challenging tasks in recycling to produce a material
from recycling, which is at par with the quality of the original or virgin raw
material. Many factors decide the fate of a recycled material and in most cases,
recycling is a down-cycling process. However, if a material is recycled into the

90 6 End-of-Life Assessment of Grocery Shopping Bags



same product or a different product, it intends to replace some designated or
specific quantity of the virgin material and prevents the environmental impacts
pertaining to the production of it, which is environmentally beneficial. Apart from
this, recycling process prevents the material at the end-of-life being wasted and
disposed onto landfills, which are liable to create many environmental impacts.

They are two types of waste which can be recycled and they are PIW (post
industrial waste) and PCW (post consumer waste). Mostly retaining or achieving the
quality of recycled materials at par with the virgin or original raw materials is
relatively easy with PIW rather than with PCW, since in case of PCW, the quality of
the material will be degraded, since they are the ones discarded after their useful life.

All types of grocery shopping bags can be recycled and they necessarily have to
be recycled for the sake of environmental preservation. Recycling of plastic bags is
one of the most popular topics being discussed widely in internet forums and
blogs. However, still no research publication is available yet in the literature dealt
about the facts and figures of recycling of different types of grocery bags along
with the pros and cons of recycling of each type of bag.

6.4 Incineration and Landfill Impacts

Other destinations available at the end-of-life of shopping bags are incineration
and landfill. Incineration involves waste destruction by burning in a furnace at high
temperatures [3]. Incineration with energy recovery is the next feasible option of
waste disposal at the end-of-life. However, incineration is not an well accepted
method in many countries due to the environmental impacts (due to the release of
carbon monoxide, dioxins and many other harmful substances due to incomplete
combustion of waste [3]) arise from incinerators.

The last option with loaded environmental impacts and a nightmare to envi-
ronmentalists, governments and even to public is landfill. Disposal to landfill is an
undesirable option and prone to create umpteen number of issues to our living
planet, hence must not be encouraged for waste disposal.

6.5 Biodegradation of Shopping Bags

Once it is decided to dispose of any product after its potential life span, they are
expected and they must biodegrade smoothly to end their life. Though it is a
common phenomenon expected from any product in earth, the severity of issue is
high for products such as shopping bags, which represent the symbol of the throw-
away society. Irrespective of the type of bag and its material content, a grocery bag
necessarily has to biodegrade at the end of its life cycle. Hence it is pivotal to
evaluate the capability of bags’ to biodegrade. Further, it is essential to evaluate
different grocery bags in terms of their biodegradation under the same platform,
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thereby they can be evaluated on a same scale and compared. The authors did
attempt to evaluate the biodegradation of various shopping bags using the same
platform [4] and the details of this study are briefly discussed here.

6.5.1 Soil Burial Test of Grocery Shopping Bags

Amongst various methods of measuring biodegradation, soil burial test is one of
effective and cheap methods to measure the extent of biodegradation gone by
different products. Many studies have utilized this test to assess the ability of the
samples to biodegrade [5–12]. As per AACTCC 30 standard [13], an experimental
setup was made in one of the labs of The Hong Kong Polytechnic University and
the test was conducted in lab conditions for different shopping bag samples [4].
According to AATCC 30 standard, soil was procured from the market and its pH
level was between 5 and 6.5 and electrical conductivity between 0.8 and 1.5. The
soil was first dried before the test and during the whole period of testing, the
moisture content of soil was maintained at 25 ± 5 % to comply with the condi-
tions stipulated in the standard.

A soil bed was prepared to 13 cm depth in compliance with all the conditions
stated in the standard to carry out this test. For this test, paper bag sample of
158.73 gm/m2 (GSM) and woven cotton sample of 368.3 GSM, HDPE sample
of 83.5 GSM, LDPE sample of 95.17 GSM, polypropylene nonwoven bag sample
of 104.57 GSM and Nonwoven Polyester bag sample of 109.93 GSM were cho-
sen. These chosen samples were cut into 2.5 9 15 cm pieces and 4 samples from
each category of shopping bag were prepared. Samples were buried in the soil at
3 cm depth [10 cm depth and top layer must be of 3 cm soil] and allowed to
degrade for periods of 0–90 days. To ensure the sufficient moisture in soil during
test, moisture content was checked at regular intervals throughout the entire test
period with the aid of a moisture meter. During the entire test period of 90 days,
the temperature of the setup was maintained at temperature: 28 ± 2 �C with the
help of a temperature control made for the test chamber [4].

After the entire designated degradation period, samples were rinsed with dis-
tilled water and dried. All the samples were tested for weight loss after 0, 30, 60
and 90 days and loss/gain in tensile strength, strain and extension for 0 and after
90 days. Changes in the appearance were measured with the aid of a Microscope
and the extent of biodegradation was evaluated in terms of both loss in weight and
tensile strength. Tensile strength of the samples before and after the biodegrada-
tion of 90 days was measured as per ASTM D 5034[Grab Test] (ASTM
D5034–09).

Results of tensile strength measurement and weight measurement are described
in Figs. 6.1, 6.2, 6.3, 6.4 along with % loss in weight and strength after 90- days
for different samples considered for this study. From the results, it is noticed that
paper biodegraded completely. It was observed during the experimentation that
after just a week, paper samples started disintegrating and at the end of the test
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period, they were completely disintegrated. Cotton samples also showed signifi-
cant weight and strength loss, which is a positive indication of biodegradation.
Polypropylene appeared to be better in terms of biodegradation in the synthetic
materials category with 9 % strength loss recorded after 90- days.
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6.6 Recyclability Index of Different Raw Materials used
for Manufacturing Grocery Shopping Bags

Grocery shopping bags occupy a significant position in daily activities and need to
be recycled at their end-of-life as discussed earlier. Recycling is the next possible
best environmentally beneficial option followed by reuse. Even, after certain
period of reuse, a product eventually has to be disposed, in that case, recycling is
certainly a best option to deal with the disposal. Many types of fibers/raw materials
are being used to manufacture shopping bags and their potential recyclability of
varies from one material to another and many factors govern their recyclability.
Since no models or studies are available in the literature to quantify the recycla-
bility, authors did develop a concept and model to quantify the recyclability
potential index [RPI] of raw materials for shopping bags, considering their envi-
ronmental and economic gains from the recycling process [13].

A conceptual model was developed to quantify the recyclability of various raw
materials used for shopping bags in economic and environmental terms. Envi-
ronmental benefits include conservation of essential resources such as energy,
water for the production of virgin material, environmental impact of production of
virgin material include ecological and carbon footprint, human health impacts,
environmental impact of land filling the material instead of recycling and finally
the benefit of recycled materials in terms of energy conservation compared to
virgin materials were considered to develop the model. The monetary benefits of
recycled materials proposed by Villaba et al. [14] were considered for calculating
the economic benefits of recycled materials. In this study, the proposed concept of
a Recyclability Potential Index [RPI] was tested for ten important textile fibres
such as nylon 6 and 66, viscose, acrylic, polyester, wool, cotton, polypropylene,
polyethylene’s [LDPE and HDPE] and paper used for manufacturing shopping
bags.
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6.6.1 Basic Concept of Recyclability Potential Index

A Recyclability Potential Index [RPI] is a composite factor, taking into account
numerous factors from various perspectives and cannot be defined with one or two
parameters. Though there are many possible factors to be looked at, only envi-
ronmental and economic sides were taken into consideration to derive RPI [13]. As
defined by authors [13], RPI can be calculated as follows:

RPI ¼
X

EGI1 þ EGI2: ð6:1Þ

where EGI1––Environmental Gain Index and EGI2––Economic Gain Index.
Further,

EG1 =
P

X1 ? X2 ? X3 ? X4

where X1 = Saving potential resources
X2 = Environmental impact caused by producing virgin fibres/materials
X3 = Environmental impact due to land filling
X4 = Environmental benefits gained out of recycling versus incineration
And, EG2 = x1/x2,

where x1 = Price of recycled fibre/material; x2 = Price of virgin fibre/material.

6.6.2 Quantification of Recyclability Potential Index of Raw
Materials Used for Shopping Bags

As discussed earlier, various data were collected for environmental and economical
gain indices. In environmental gain index, first, water and energy needed to produce
1 kg of different raw materials were collected. Followed by this, environmental
impacts of producing virgin materials (to produce 1 kg of virgin material) were
quantified for three indicators namely ecological, carbon footprints and ecological
damage in terms of human health with the aid of Simapro 7.2 software. Ecological
footprint was modeled by Ecological Footprint V1.00, carbon footprint was mod-
eled by IPCC 2007 GWP 100a method and ecological damage was quantified by the
Ecoindicator’99 method, where only human health impacts were considered.

The third factor was to stress the importance of recycling by means of quan-
tifying the impacts of landfilling. For this, ecological, carbon footprints and eco-
logical damage in terms of human health of disposing 1 kg of selected raw
materials at landfills were modelled by Simapro 7.2 version of LCA software. The
final factor considered was the environmental benefit of recycling versus incin-
eration. Different raw materials selected were assessed in terms of environmental
benefits of Recycling Vs Incineration with the aid of literature data.

For economic gain index, as stated earlier, values of both recycled and virgin
materials obtained from the market were obtained for all the raw materials under
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consideration for this study. With all these data for both indices, many values are
available with different units under different headings. To unify them and to obtain
separate indices of EGI1 and EGI2 and consequently obtain RPI as defined earlier,
a scaling template was developed (Fig. 6.5). This scaling template consists of five
scales ranging from 1 to 5 [13].

With the aid of the scaling template created and the equations of RPI devel-
oped, different raw materials were quantified in terms of their environmental and
economic gains and eventually their RPIs were also quantified. Interpretation of
RPI follows the following rule: lower the RPI value, the better the recyclability.
Table 6.1 gives the RPI values and the ranking in terms of recyclability of the
chosen raw materials under question.

From Table 6.1, it is noticed that polyester and polypropylene score out all the
different raw materials under consideration. They surpassed all the chosen raw
materials in both the environmental and economic aspects considered in this
research. Polypropylene scored ahead of polyester in environmental considerations
and polyester outscored polypropylene in the economic aspect; thereby both
jointly occupy best position in terms of RPI.

This model took into consideration of different factors for calculating envi-
ronmental gain index, namely saving potential resources (water and energy),

Energy [MJ]
<50 1
51- 100 2
101-150 3
151-200 4
>201 5

Water [kgs.]
<100                         1 
101-200 2
201-300 3
301-400 4
>401 5

E.I. of Virgin – EFP
<5 1
5.1-10 2
10.1-20 3
20.1-30                      4 
>30.1 5

E.I. of Virgin – CFP
<2 1
2.1-4 2
4.1-6 3
6.1-8 4
>8.1 5

E.I. of Virgin – HHI
<20 1
21- 40 2
41-60 3
61-80 4
>81 5

E.I. of Landfill-EFP
<50 1
51- 100
101-150                    
151-200

2
3 
4

>201 5
E.I. of Landfill – CFP
<100 1
101- 300 2
301- 500 3
501 -700                    
4 >701                          
5

E.I. of Landfill– HHI
<20 1
21- 40 2
41-60 3
61-80 4
>81 5

Energy Conserved
>15001 1
15000-11001 2
11000-7001 3
7000-3001 4
<3000 5

EGI2 

>0.81 1
0.8-0.61 2
0.6-0.41 3
0.4-0.21 4
<0.20 5

Fig. 6.5 Scaling template developed for RPI model, (E.I––Environmental impact; CFP––Carbon
Footprint; EFP––Ecological Footprint; HHI––Human Health Impacts)
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various environmental impacts caused by producing virgin raw materials,
environmental impacts due to disposal at landfills and environmental benefits
gained out of recycling versus incineration. The model also considered another
important index, economic gain index, which focuses primarily on the monetary
value of recycled material/fibre vis-à-vis virgin material.

Though this model considered various important aspects needed to quantify the
recyclability, still can be further improved by considering various other factors for
calculating environmental gain index. Also, this model can be evaluated with
different weighing factors for environmental and economic gains.

6.7 Concluding Remarks

This chapter dealt with the end-of-life options of grocery bags by discussing the
various options at the end-of-life of grocery shopping bags. This chapter briefly
discussed about the different end-of-life scenarios in the light of benefits and
impacts to the environment from each scenario. Biodegradation study conducted
by the authors to evaluate the extent of biodegradation of different grocery
shopping bags was also discussed in this chapter. From the biodegradability
assessment, it was noticed that the paper bags followed by cotton bags appear to
biodegrade better after 90 days. This chapter also dealt with recyclability potential
index concept defined by the authors and the model of RPI to evaluate the potential
recyclability of different raw materials being employed to manufacture various
grocery shopping bags. From this model, PP and PET were found to be bestowed
with higher recyclability potential in terms of environmental and economic gains.

Table 6.1 RPI of different raw materials [13, 14]

Raw
material

Environmental
gain index

Economic gain
index

RPI Ranking in terms
of recyclability

Nylon 6 30 2 32 7
Nylon 66 33 4 37 9
Viscose 29 4 33 8
Acrylic 24 3 27 5
Polyester 20 1 21 1
Cotton 25 4 29 6
Wool 27 5 32 7
PP 19 2 21 1
LDPE 21 2 23 3
HDPE 20 2 22 2
Paper 20 4 24 4
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Chapter 7
Eco-Functional Assessment of Grocery
Shopping Bags

7.1 Introduction

This chapter deals with the crux of this book, i.e. eco-functional assessment.
As discussed earlier, eco-functional assessment includes the consideration of both
ecological and functional properties on a single platform. This comprehensive
assessment requires the details pertaining to entire life cycle phases of a product, as
discussed in previous chapters from cradle to grave stages. This chapter includes
the details of the concept of eco-functional assessment, framework developed for
eco-functional assessment, modelling and simulation of eco-functional assessment.
One of the main aims of this eco-functional research dealt by authors is to derive an
eco-functional grade or score of any product and will be demonstrated by taking
grocery shopping bags as an example here. This chapter also deals with the
methodology for the derivation of eco-functional index or score and the interpre-
tation of these eco-functional assessment results.

7.2 Concept of Eco-Functional Assessment

This study revolves around the concept of Eco-functional assessment, which is the
central region formed by three interrelated aspects, i.e. functional, ecological
properties and consumption behavior. The basic concept of eco-functional
assessment, which is the interaction among these three aspects, is depicted in
Figs. 7.1, 7.2. Interrelation and interaction of all these three aspects form the
essence of eco-functional assessment as depicted in Fig. 7.1.

Many aspects need to be considered for functional and ecological aspects,
which actually govern the consumer behavior. Assessment of all these three
aspects form the crux of eco-functional assessment as indicated in Fig. 7.2.
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� Springer Science+Business Media Singapore 2014
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7.3 Development of Theoretical Framework
of Eco-Functional Assessment

As discussed earlier, the concept of eco-functional assessment mainly deals with
the consideration of functional, ecological parameters and consumer behavior to
decide the environmental and human impacts made by a product in its life time.

Fig. 7.1 Eco-functional assessment-interaction of aspects

Functional Aspects:

Material composition
Functionality
Safety to Human
….

Ecological Aspects:

Biodegradability 
Reusability
Recyclability
Reducibility
Minimal Environmental 
Impact  
… 

Consumer
Behaviour

Eco-functional
Characteristics 

of a product

Fig. 7.2 Basic concept of eco-functional assessment

100 7 Eco-Functional Assessment of Grocery Shopping Bags



This relies on the cradle to grave approach, which is one of the main variants of
life cycle assessment. In cradle to grave approach, all the life cycle phases starting
from raw material extraction, all the other phases namely manufacturing processes,
transportation, use and disposal phases have to be considered for the assessment of
impacts. In this assessment chain, the influence of manufacturing process on the
environmental impact has been well established (Blue coloured in Fig. 7.3).
However, the influence of functionality on manufacturing process and also the
consumption behaviour (Violet coloured in Fig. 7.3), which in turn influences the
ecological impact, has not been studied and reported in the literature so far and this
was carried out by the authors.

The theoretical framework of Eco-functional assessment developed by authors
is shown in Fig. 7.4. As shown in Fig. 7.4, the traditional life cycle assessment
approach is already well established (shown in green colour). However, the
functionality of the product assumes significant importance in each phase of life
cycle and its influence on the entire life cycle necessarily needs to be evaluated.
Hence, the eco-functional approach is of definite importance to study the envi-
ronmental impacts of the products, which is discussed in this research work.

7.4 Development of Eco-Functional Model

The eco-functional assessment model was developed based on the theoretical
framework depicted in Figs. 7.3, 7.4 to evaluate the eco-functional properties of
different shopping bags considered for this research work and also to ascertain
generally the eco-functional scores of those shopping bags. This model can be
applied for any consumer product on earth and its applications are demonstrated
for grocery shopping bags. The eco-functional assessment model developed
comprises of four inputs and five outputs, as shown in Fig. 7.5. Raw materials,
process of manufacture, functional properties and ecological properties are the
four inputs considered for this model and quality, functionality, 3Rs, human
impact and environmental impact, i.e. carbon footprint, ecological footprint and
eco damage are the five outputs considered for this eco-functional model.

Fig. 7.3 Principle of eco-
functionality assessment
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Formulae, methods and rules were established for the eco-functional model
framework in accordance with the relevant international standards and/or industry
standards and the theoretical model of the product life cycle approach. According
to the results calculated from the developed model, it is possible to determine the
quality and functionality of products and also to assess their impact on human

Fig. 7.4 Theoretical framework of eco-functional assessment [1]

Raw materials
Quality

 Process of Manufacture 
Functionality
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Human Impact
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Fig. 7.5 Eco-functional model
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beings and the environment. It is also possible to analyze the potential of products
to comply with the 3Rs (Reuse, Recycle and Reduce). The toughest task of this
model is to connect the inputs and outputs, the ways by which they are linked are
shown in Table 7.1.

7.5 Modelling and Simulation of Eco-Functional
Assessment

As discussed earlier, this model consists of four inputs and five outputs. It is the
first step to develop the inputs and later on they need to be connected with the
outputs earmarked for this assessment based on the rules framed in Table 7.1.

7.5.1 Values of Inputs

a. Fibre/Raw material

The first input is raw material used for the manufacture of the shopping bags.
Values of EI and ESI of different raw materials were obtained from the model
developed by the authors, discussed in Chap. 3.

b. Process of manufacture

Process of manufacture, which is being employed to manufacture the end
products, is the second input of this model. To obtain the values of this input, the
different production processes employed to manufacture different types of

Table 7.1 Ways of connection of inputs and outputs

Inputs of the model Outputs to be
connected

Ways of connecting inputs and outputs

Raw materials 1. Human impact Both outputs are connected by a set of rules
(logical rules)2. Environmental

Impact
Process of

manufacture
1. 3Rs 1. 3Rs by rules (logical rules)
2. Human impact 2. Human toxicity by formulae/equations
3. Environmental

impact
3. Environmental impact by formulae/

equations
Functional properties 1. Quality Both outputs are connected by rules

(logical rules)2. Functionality
Ecological properties 1. 3Rs Three are connected by a set of rules

(logical rules)2. Human impact
3. Environmental

impact
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shopping bags (plastic, paper, nonwoven and woven bags) were studied in terms of
accounting for their comprehensive life cycle inventory. Important areas that need
to be considered at this juncture are amount of raw materials employed, quantities
of energy water, additives and other materials consumed, amount of airborne
wastes, solid, liquid and other wastes emitted, etc. Life cycle inventory of various
shopping bags were collected and various values such as carbon footprint and
ecological resources footprint were calculated by impact values pertaining to the
average Chinese consumer for LCA calculations, discussed in Chap. 3.

c. Functional properties

The third input comprises the functional properties of shopping bags, which
were obtained from the results of the tests, as shown in Table 7.2 [1]. Details of
these test results were discussed in Chap. 4.

d. Ecological properties

The fourth input focuses on the ecological properties of shopping bags, which
were taken from the results of the tests (discussed in Chap. 6) given in Table 7.3.

Table 7.2 Functional properties of shopping bags [1]

Material composition ISO 1833-1 (ISO 1833-1:2006)
Tensile strength and elongation

of material
ASTM D 5034(Grab Test) (ASTM D5034–09)

Tear strength ASTM D 1424 and 1922 (ASTM D1922–09;
ASTM D1424–09)

Thickness ASTM D1777 (ASTM D1777–96(2007)
Areal density (weight) ASTM D3776 (ASTM D3776/D3776 M–09)
Bursting strength ISO 13938-2 (ISO 13938-2:1999)
Colour fastness to friction/rubbing ISO105 X12 (ISO 105-X12:2001)
Colour fastness to water ISO 105 E 01 (ISO 105-E01:1994)
Colour fastness to washing ISO 105 C 06 -B2 (ISO 105-C06:2010)
Colour fastness to perspiration

results––acid and alkali
ISO105 E 04 (ISO 105-E04:1994)

Colour fastness to light ISO 105 B02 (ISO 105-B02:1994)
Impact strength From the eco-functional tester developed by authors
Load carrying capacity/weight-holding

capacity
From the eco-functional tester developed by authors

pH ISO 3071 (ISO 3071:2005)
Formaldehyde ISO 14184-1 (ISO 14184-1:1998)
Waterproof AATCC 127 (AATCC Test Method 127-2008)
Air permeability ISO 9237 (ISO 9237:1995)
Water vapour permeability ASTM E 96 (ASTM E96/E96M–10)
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7.5.2 Input and Output Variables Linking

Each input needs to be connected with certain outputs in specific ways and the
details are explained below. Table 7.4 shows the rules framed for the first input,
i.e. fibre/other raw materials. Following the established rules, different raw
materials were classified in terms of the ESIR and the outputs are environmental
and human impacts (REI and RHI).

For input no. 2, the process of manufacture, following are the the relevant
outputs, which were developed for connection with second input: Human Impact
in terms of Human Toxicity Potential; Environmental Impact (From LCA) in terms
of Carbon footprint, Ecological footprint, Environmental burden––Emissions and
Resources. The two outputs are connected by the equations well defined in LCA
methodology [2]. Based on the calculation for Chinese consumers for these
parameters, as defined in Chap. 3, values for these impacts were calculated and the
rules stipulated in Table 7.5 were framed.

For the input no.3, Table 7.6 shows how input no.3 links to the relevant outputs,
i.e. quality, functionality and human safety. Table 7.6 shows the range of values of
different tests taken from Chap. 4 and the pass/fail criteria for various tests is
shown in Table 7.7.

For the 4th input, Table 7.8 describes how input no.4 is linked to the relevant
outputs, i.e. human toxicity, environmental impact and 3R’s. Table 7.9 shows the
range of values of different tests obtained from Chap. 6 and the pass/fail criteria for
various tests.

Table 7.3 Ecological properties of shopping bags [1]

Biodegradation of material AATCC 30-soil burial test (AATCC 30:2004)

Reusability From the eco-functional tester developed by authors
Recyclability From the RPI model developed by authors

Table 7.4 Rules for input-1

Rule No. IF RESIR is REI and RHI is

1 1 THEN Close to none
2 2 Very less
3 3 Less
4 4 Moderately less
5 5 Moderate
6 6 Moderately high
7 7 High
8 8 Very high
9 9 Extreme
10 10 Extremely high
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To arrive at the final results, three steps are required. The first step is to
integrate quality and functionality to obtain the combined result (RQF). The second
step is to integrate human toxicity, environmental impact and the 3Rs to obtain the
combined result (REI). The last step is to combine RQF and REI to achieve RProduct,
which is the ultimate, desired result from this developed eco-functional model.
From the final result of RProduct, it is possible to determine the position of any
shopping bag in terms of its eco-functionality [1]. Tables 7.10, 7.11, 7.12 list those
three steps and Table 7.13 lists the decision criteria to be followed.

Table 7.5 Range of values of LCA parameters and pass/fail criteria for input-2 [1]

Parameter Range Pass/fail criteria

Carbon footprint 118–9,650 g/CO2 \50 % Pass
[50 % Fail (REI)

Ecological resources footprint ADP Chinese––0.00117–0.1 g
antimony eq./kg

\50 % Pass
[50 % Fail (REI)

Environmental load units Emissions––0.0076–0.33 per kg \50 % Pass
[50 % Fail (REI)

Human Toxicity 68.6–5,891.1 g 1,4-DCB eq./kg \50 % Pass
[50 % Fail (RHI)

Table 7.6 Linkage of outputs to input-3 [1]

Test Criteria Output

Material composition PASS (meets the declaration) Quality (RQ)
Tensile strength and elongation of material PASS (meets the requirement) Functionality (RF)
Tear strength PASS (meets the requirement) Functionality (RF)
Thickness PASS (meets the requirement) Quality (RQ)
Weight PASS (meets the requirement) Quality (RQ)
Bursting strength PASS (meets the requirement) Functionality (RF)
Colour fastness to friction/rubbing PASS (meets the requirement) Quality (RQ)
Colour fastness to washing PASS (meets the requirement) Quality (RQ)
Colour fastness to water PASS (meets the requirement) Quality (RQ)
Colour fastness to perspiration PASS (meets the requirement) Quality (RQ)
Impact resistance and toughness PASS (meets the requirement) Functionality (RF)
Load carrying capacity PASS (meets the requirement) Functionality (RF)
pH PASS (meets the requirement) Human Safety (RHI)
Formaldehyde PASS (meets the requirement) Human Safety (RHI)
Waterproof PASS (meets the requirement) Functionality (RF)
Air permeability PASS (meets the requirement) Functionality (RF)
Water vapour permeability PASS (meets the requirement) Functionality (RF)
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Table 7.7 Range of values of various tests and pass/fail criteria for input-3 [1]

Test Range Pass/fail Criteria

Material composition/fibre
content

No range If it meets the declaration
(±5 %)-PASS (RQ)

Does not meet the declaration
(±5 %)-FAIL

Tensile strength and
elongation of
material

1. Tensile strength- 60
N–766.1 N

\50 % Fail

2. Elongation-3.2–340.6 mm [50 % Pass (RF)
Tear strength 0.5–45 N \50 % Fail

[50 % Pass (RF)
Bursting strength 11.9–125 PSI \50 % Fail

[50 % Pass (RF)
Impact strength Absolute maximum capacity:

1–5 cycles;
weight––2–5 kgs

\50 % Fail

Comparative maximum capacity:
0–5 cycles; weight––3 kgs

[50 % Pass (RF)

Load bearing 4–35 kgs \50 % Fail
[50 % Pass (RF)

Thickness 0.044–0.98 mm \50 % Fail
[50 % Pass (RF) (RQ)

Weight 39.7–368.3 g/m2 If it meets the declaration
(±10 %)-PASS (RQ) (RF)

Does not meet the
declaration(±10 %)-FAIL

Air permeability 0–789 mm/s \50 % Fail
[50 % Pass (RF)

Water Vapour
Permeability

14.3–1003.6 g/m2.day \50 % Fail
[50 % Pass (RF)

pH 5.92–9.12 4–9 Pass (RHI)
\4 and [9 Fail (GB 18401,

2010)
Formaldehyde 5.86–14.06 mg/kg B300 Pass(RHI)

[300 Fail (GB 18401, 2010)
Colour fastness to light 4 3 and [3 Pass(RHI) (RQ)

\3 Fail
Colour fastness to friction 3–4––4–5 (3.5–4.5) 3 and [3 Pass(RHI) (RQ)

\3 Fail (GB 18401)
Colour fastness to

washing
4–4.5 3 and [3 Pass(RHI) (RQ)

\3 Fail
Colour fastness to

perspiration
Acid: 4–4.5 3 and [3 Pass(RHI) (RQ)
Alkaline: 4–4.5 \3 Fail (GB 18401, 2010)

Colour fastness to water 4–4.5 3 and [3 Pass(RHI) (RQ)
\3 Fail (GB 18401, 2010)
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Table 7.8 Linkage of outputs to Input-4 [1]

Test Criteria Output

Biodegradation of material PASS (meets the requirement) Reduced human toxicity (RHI)
Lesser environmental impact (REI)

Reusability PASS (meets the requirement) Reduced human toxicity (RHI)
Lesser environmental impact (REI)
3Rs (R3Rs)––Reusability

Recyclability PASS (meets the requirement) Reduced human toxicity (RHI)
Lesser environmental impact (REI)
3Rs (R3Rs)––Recyclability

Table 7.9 Range of values of various tests and pass/fail criteria for input-4 [1]

Test Range Pass/fail criteria

Biodegradation of
material

Weight loss: 1.42–100 % Weight loss: [50 % pass (RHI)
(REI)

Tensile strength reduction: 1.36–100 % \50 % Fail
Tensile strength

reduction: [50 % pass
(RHI) (REI)

\50 % Fail
Reusability Absolute maximum capacity: 3.7–100

cycles; weight- 4–35 kgs
\50 % Fail

Comparative maximum capacity: 0–500
cycles; weight-10 kgs

[50 % Pass (R3R’s) (REI) (RHI)

Recyclability Shown below 1–5 PASS (R3R’s) (REI) (RHI)
(RPI rank-1–10) 6–10 FAIL

Table 7.10 Quality and functionality [1]

Rule No. IF Operand RQ/RF RQF

1 RQ is PASS AND RF is PASS THEN GOOD
2 RQ is PASS AND RF is FAIL POOR
3 RF is PASS AND RQ is FAIL AVERAGE
4 RQ is FAIL AND RF is FAIL POOR

Table 7.11 3Rs, Environmental impact, human impact [1]

Rule no. IF REI RHI REIF

1 R3Rs is PASS REI is PASS RHI is PASS THEN GOOD
2 R3Rs is FAIL REI is FAIL RHI is FAIL POOR
3 R3Rs is PASS REI is FAIL RHI is FAIL POOR
4 R3Rs is FAIL REI is PASS RHI is FAIL POOR
5 R3Rs is FAIL REI is FAIL RHI is PASS POOR
6 R3Rs is PASS REI is PASS RHI is FAIL AVERAGE
7 R3Rs is FAIL REI is PASS RHI is PASS AVERAGE
8 R3Rs is PASS REI is FAIL RHI is PASS AVERAGE
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7.6 Derivation of Eco-Functional Index

Apart from the eco-functional assessment, with the aid of the developed eco-
functional model, it is possible to derive an eco-functional index/score of any
product in addition to evaluating the capacity of any product to sustain the
requirements of the eco-functional assessment. The steps to arrive at the final eco-
functional index are discussed below [1]. Different indices were defined for each

Table 7.12 Overall result [1]

Rule no. IF Operand REIF/RQF RProduct

1 RQF is GOOD AND REIF is GOOD THEN PASS
2 RQF is GOOD AND REIF is POOR FAIL
3 RQF is AVERAGE AND REIF is POOR FAIL
4 RQF is AVERAGE AND REIF is AVERAGE MEDIUM
5 REIF is AVERAGE AND RQF is POOR FAIL
6 RQF is GOOD AND REIF is AVERAGE PASS
7 RQF is POOR AND REIF is GOOD FAIL
8 RQF is AVERAGE AND REIF is GOOD PASS
9 RQF is POOR AND REIF is POOR FAIL

Table 7.13 Decision criteria [1]

Condition Decision criteria (all of the conditions to be fulfilled)

RQ is PASS 4 Material composition/fibre content and GSM pass
RF is PASS 4 Tensile strength pass

4 Colour fastness to water pass
4 Colour fastness to perspiration (acid and alkali) pass
4 Colour fastness to washing pass
4 Colour fastness to friction pass
4Tear strength pass
4 Bursting strength pass
4 Impact strength pass
4 Water vapour permeability pass

R3Rs is PASS 4 Reusability pass
4 Recyclability pass

REI is PASS 4 REI is close to none, very less, less, moderately less and moderate
4Biodegradation of material is pass
4Carbon footprint pass
4Ecological resources footprint pass
4 Environmental load unit-emissions pass

RHI is PASS 4RHI is close to none, very less, less, moderately less and moderate
4 pH pass
4Formaldehyde pass
4 Biodegradation of material is pass
4Human toxicity pass
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inputs and they were detailed in Refs. [1, 2] to arrive at the final index called,
‘‘Eco-functional index’’.

The final result, eco-functional index is a result of the aggregation of the
individual scores/indices of each input and is defined below:

Eco-functional index ¼
X

ESIþ HTIþ EIIþ FIþ ECI;

where
ESI Ecological sustainability index
EII Environmental impact index
HTI Human toxicity index
FI Functionality index
ECI Ecological index.

The grading systems and scales used for this index derivation can be found
from the Refs. [1, 2].

7.7 Eco-Functional Assessment

Eco-functional assessment of various shopping bags under consideration was
carried out with the aid of a computer programme, which was written using
Microsoft Visual C++ 2008 Express version. An interface was created to connect
the four inputs discussed previously with all the rules for assessment of the
shopping bags in eco-functional terms and deriving the eco-functional index/score.
The interface created is shown in Fig. 7.6 and the results of eco-functional
assessment including index scores for all the grocery shopping bags considered in
this research study are tabulated in Table 7.14. Codes used in this programming
are given in Annexure 1.

7.8 Results and Interpretation of Eco-Functional
Assessment

For this study, various types of grocery shopping bags of different weight cate-
gories, as stated in Chap. 4 were assessed for eco-functional assessment. From the
results of eco-functional assessment, it was noticed that none of the bags con-
sidered for this study could meet the rules stipulated in this eco-functional model.

Detailed interpretation of results for each type of bag is discussed elsewhere [1, 2].
However, a brief note on paper bags’ results is discussed here. As far as paper grocery
shopping bags are considered, though they could not meet the requirements of
functionality part, they scored very well in terms of environmental impact in terms of
both raw materials and manufacturing process. They only fail to score in terms of
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functionality part. They earned better values in terms of raw materials, manufac-
turing processes (LCA indices chosen), and disposal values considered for this
model. They earned better scores even for their ecological properties (due to better
biodegradation and recyclability indices, though their reusability values are the
lowest); hence they achieved the maximum index scores compared to all of their
counterparts. The point to be noted is, If they were bestowed with higher function-
ality, which could also enable them to be reused many times, they would have met all
the requirements of this eco-functional assessment and met the eco-functional
requirements [1].

From the eco-functional assessments, it is clearly understood that eco-func-
tional assessment needs to consider many aspects and a material should ideally
satisfy all the requirements to the maximum, and if not, at least meet the average
requirement. An eco-functional assessment should encompass all the parameters
from the entire life cycle to ensure minimal environmental and human impacts.

Recently, norms are becoming very stringent day by day. They necessarily have
to be pretty much strict to mitigate urgent environmental issues. Again, each and
every aspect of functional, ecological and other aspects needs focused attention.
None of the aspects can be overlooked, for instance, a quality parameter such as
the discrepancy between the actual and declared GSM and fibre content calls for
attention. This model includes serious consideration of almost all the essential eco-
functional considerations. Since there are the currently available criteria to

Fig. 7.6 Interface of eco-functional assessment [1]
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evaluate the status of shopping bags in terms of the aspects discussed in this study,
the current research considered the 50 % value of the maximum scores obtained
from the whole list of samples. In future, a huge database needs to be developed
for the whole range of materials, including shopping bags, so that decisions can be
made according to the requirements of society and the different views and argu-
ments of various stakeholders. Probably the point of decision may be moved to 70
or 80 % in future, say in 10 years time from now to benefit the environment [1].

7.9 Concluding Remarks

This chapter discussed the important aspect of this book, i.e. eco-functional
assessment of grocery shopping bags. The basic principle and detailed concept of
eco-functional approach were discussed in this chapter along with the details of the
theoretical framework developed for eco-functional assessment. This chapter also
dealt with details of the developed model for eco-functional assessment and the
simulation of eco-functional assessment. Detailed discussions on derivation of
eco-functional index and the model was demonstrated to assess 23 types of grocery
shopping bags in terms of eco-functional attributes and eco-functional index.

Table 7.14 Eco-functional scores and assessment results [1]

Sample no. and name ESI HTI EII FI ECI EFI EFS/25 RProduct

1. Paper 40 g 5 5 5 2 4 5 21/25 Fail
2. Paper 75 g 5 5 5 2 4 5 21/25 Fail
3. Paper 150 g 5 5 5 3 4 5 22/25 Fail
4. Cotton-1 4 3 3 5 4 4 19/25 Fail
5. Cotton-2 5 1 1 5 4 4 16/25 Fail
6. HDPE-1 2 5 5 2 4 4 18/25 Fail
7. HDPE-2 2 5 5 2 4 4 18/25 Fail
8. HDPE-3 2 5 5 2 4 4 18/25 Fail
9. LDPE-1 2 5 5 3 3 4 18/25 Fail
10. LDPE-2 2 5 5 3 4 4 19/25 Fail
11. LDPE-3 2 5 5 3 4 4 19/25 Fail
12. PP 40 g sewn 1 5 5 4 4 4 19/25 Fail
13. PP 75 g sewn 1 5 5 5 4 4 20/25 Fail
14. PP 100 g sewn 1 5 5 5 4 4 20/25 Fail
15. PP 40 g thermo 1 5 5 4 4 4 19/25 Fail
16. PP 75 g thermo 1 5 5 5 4 4 20/25 Fail
17. PP 100 g thermo 1 5 5 5 4 4 20/25 Fail
18. PET 40 g sewn 3 5 5 4 4 5 21/25 Fail
19. PET 75 g sewn 3 5 5 5 4 5 22/25 Fail
20. PET 100 g sewn 3 5 5 5 4 5 22/25 Fail
21. PET 40 g thermo 3 5 5 3 3 4 19/25 Fail
22. PET 75 g thermo 3 5 5 4 4 5 21/25 Fail
23. PET 100 g thermo 3 5 5 5 4 5 22/25 Fail

112 7 Eco-Functional Assessment of Grocery Shopping Bags



References

1. Muthu SS (2011) Eco-functional assessment of grocery shopping bags. PhD thesis, The Hong
Kong Polytechnic University, Hong Kong

2. Muthu SS, Li Y, Hu J-Y, Mok P-Y, Lin M (2013) Modelling and quantification of eco-
functional index: the concept and applications of eco-functional assessment. Ecol Ind
26:33–43

References 113



Chapter 8
Conclusions

Grocery shopping bags are one of the important entities in our daily lives. A wide
array of raw materials and different manufacturing techniques are utilized to
manufacture grocery shopping bags. Plastic (LDPE and HDPE), paper, cotton
woven bags, polypropylene and polyester non-woven bags form the important
grocery bag types. Grocery bags are classified into two major types namely single
use and reusable. LDPE, HDPE and paper bags belong to single use bags. Cotton
woven bags, polypropylene and polyester non-woven bags belong to reusable bags
category.

Shopping bags demand significant attention in literature not only because they
are indispensable part of our life, rather their environmental concerns are very
huge. Though every product impacts our living planet in its entire life cycle from
the cradle till grave stage, impacts from products like shopping bags are very high,
since they represent the symbol of throw-away society. These products deserve
significant attention and urgent action to reduce their eco-impacts. Measurement of
eco-impacts is the first stage of reducing those impacts and the measurement of
various parameters in the entire life cycle of shopping bags was discussed in detail
in this entire book under different chapters.

Though traditional life cycle approach is well established and is one of the
successful method widely use to assess the environmental impacts made by any
product, influence of functionality on each phase of life cycle deserves crucial
attention. This was deciphered with the aid of eco-functional approach defined by
the authors, where the influence of functionality on consumer behaviour, manu-
facturing processes, which in turn influences the ecological impacts, is the key
point of consideration in eco-functional assessment.

This book discussed the details of every single aspect of life cycle of shopping
bags beginning from raw materials till the end-of-life phase. This book reviewed
and discussed the contribution of authors in every phase of life cycle of shopping
bags namely:

1. Quantification of environmental impact and ecological sustainability of dif-
ferent raw materials used for shopping bags;
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2. Detailed life cycle inventory of manufacturing processes of shopping bags and
the discussion of hot-spots in the manufacturing processes;

3. Study of consumer behaviour of shopping bags in China, Hong Kong and India;
4. Quantification of life cycle impacts of shopping bags pertaining to Chinese

consumers;
5. Influence of consumer behaviour of shopping bags in carbon and eco-footprints

of shopping bags;
6. Biodegradation potential of grocery shopping bags by soil burial test;
7. Quantification of recyclability potential index of different raw materials used

for shopping bags.

Concept of eco-functional approach along with the basic principles and the
theoretical framework of eco-functional assessment were discussed in this book.
An eco-functional model developed for various products including four inputs and
five outputs was discussed in detail. With the aid of eco-functional model, eco-
functional index of any product can be quantified apart from evaluating the eco-
functional attributes of any product. 23 types of shopping bags were evaluated in
terms of different attributes lead to eco-functional assessment and eventually those
were assessed in the light of eco-functional attributes and their eco-functional
scores/indices were derived. The developed model can be used to evaluate any
product on earth; its applications were explored for grocery shopping bags.
Assessment by eco-functional approach stresses the importance of every attribute
of any product in terms of its environmental and human impacts.

Consumers must be aware of the eco-impacts of any product and shopping bags
in particular and they must be told that if they reuse or recycle a bag to a certain
level, how much impacts can be prevented. One of the main parameters of a
shopping bag is maximum reusability, which is the critical parameter that decides
the entire fate of a grocery bag in terms of eco-impacts. Now consumers do not
have an idea that how many times a particular bag can be used in terms of its
functional limits, keeping the fashion aspects aside. Scientific instruments like the
eco-functional tester, developed by the authors must be utilized to quantify the
eco-functional parameters of a grocery bag and they must be indicated in the bag
along with the other details such as wash care instructions. Parameters involved in
eco-functional assessment must be included in ascertaining the eco and human
impacts of a bag and in simple terms such as the eco-functional index must be
indicated in the bag. Educating the consumers in the light of all these issues will
bring enormous benefits to our planet in terms of trimming down the potential
impacts.

With regards to the reduction of eco-impacts of shopping bags, they need
emergent action and it is the need of the hour to reduce the eco-impacts of shopping
bags. Every individual and every citizen of any country knows about the eco-
impacts made by shopping bags these days due to the awareness of various envi-
ronmental issues happening around the globe in general and the severity of those
issues is added by disposal of grocery shopping bags. Many governments have
banned plastic bags usage and started levying impacts for the usage of plastic bags.
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Due to this, reusable bags become popular and started replacing single use bags
used for grocery purposes. It is the responsibility of a customer to use a grocery bag
responsibly. As said earlier, if a reusable bag is not reused till its functional limit, its
impact will be very high than the impacts created by single use bags. Consumer
behaviour will play a major role in minimizing the eco-impacts of shopping bags.

Following the principles of 3R’s (Reduce, Reuse and Recycle) in case of any
product and shopping bags specifically will help to reduce the eco-impacts made
by them. Reduction of waste and energy, resources in each life cycle stage to the
maximum possible extent, reuse of the bags to the maximum possible extent and
recycle them at the end-of-life will do wonders in terms of reduced eco-impacts.
Reduction in every stage of life rather than focusing on one particular phase will
yield better results in terms of reduced environmental impacts. Reduction of
impacts pertaining to raw material extraction till the manufacturing phase lies in
the hands of manufacturers, they can think of reducing it in many ways such as
working with renewable energy sources. When it comes to use and disposal
phases, it purely lies in the hands of customers, where responsibility of consumers
in terms of using a bag till it looses its functional value and diverting it to reuse/
recycling options instead of disposing at landfill brings the eco-impacts to a
minimum level. Governmental support at this juncture in terms of encouraging
recycling options and bringing recycling policies will do wonders in terms of
reducing eco-impacts. It must be a joint venture by both individuals and govern-
ments to trim down the environmental impacts created by those shopping bags.
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