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Preface

In recent years, the topic of life cycle management has become a challenge for the
industrial and service sectors. There is a growing understanding that businesses
cannot focus only on short-term profitability.

At the same time, process optimization and efficiency are profoundly characteriz-
ing the industrial sector, requiring the application of new algorithmic and theoreti-
cal techniques.

The deep integration of the circular economy with industrial systems is also chang-
ing the relationship between products, processes, and society.

In this regard, life cycle assessment (LCA) is a “holistic approach” that supports
decision-makers in various decisions such as the selection of processes, materials, 
and supply chains.

The book contains original research and application chapters from different
perspectives. It is enriched through the analysis of case studies.

In detail, Chapter 1 proposes an LCA study to quantify which components of a
bicycle have the highest environmental impact. The use of two different bicycles
in Italy, an electric pedal-assisted bike and a hydrogen fuel cell-operated bike, is
analyzed. Chapter 2 presents a generalized model for the construction of invento-
ries regarding the production of electricity through biogas. The LCA of two types
of plants is presented as case studies: (1) the generation of electrical energy from
organic waste in sanitary landfills and (2) the generation of electric energy from
dairy cattle manure. Chapter 3 analyses the wine production chain according to the
preliminary LCA model. LCA has been implemented on the whole production chain
of the product “Lenza di Munti,” a bottle of wine by “Nicosia S.p.a.” The chapter
aims to provide a complete picture of the interactions between the product and 
the environment, to understand the environmental consequences and provide the
necessary information to define the best solutions. LCA for waste tires is presented 
in Chapter 4. Tires are complex materials manufactured from vulcanized rub-
ber and various other reinforcing materials. LCA has been used to quantify their
impact and support the decision-making process to determine the most beneficial 
alternative from an environmental standpoint. Perspectives on subnational carbon
and climate footprints, a case study of Southampton, UK, are analyzed in Chapter
5. This chapter develops the data and methods required for subnational territorial, 
transboundary, and consumption-based carbon and climate footprints. The results
and implications of each footprinting perspective are discussed in the context of
emerging international standards. The study clearly shows that the carbon footprint
(CO2 and CH4 only) offers a low-cost, low-data, universal metric of anthropo-
genic greenhouse gas emissions and subsequent management. Finally, Chapter 6 
focuses on the topic of renewing a university to be able to support the adaptation of
Industry 4.0 within a region. The chapter introduces the main LCIA methods used 
and the most relevant categories of environmental impact. In total, 87 articles were
initially retrieved using relevant keywords.
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In detail, Chapter 1 proposes an LCA study to quantify which components of a 
bicycle have the highest environmental impact. The use of two different bicycles 
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dairy cattle manure. Chapter 3 analyses the wine production chain according to the 
preliminary LCA model. LCA has been implemented on the whole production chain 
of the product “Lenza di Munti,” a bottle of wine by “Nicosia S.p.a.” The chapter 
aims to provide a complete picture of the interactions between the product and 
the environment, to understand the environmental consequences and provide the 
necessary information to define the best solutions. LCA for waste tires is presented 
in Chapter 4. Tires are complex materials manufactured from vulcanized rub-
ber and various other reinforcing materials. LCA has been used to quantify their 
impact and support the decision-making process to determine the most beneficial 
alternative from an environmental standpoint. Perspectives on subnational carbon 
and climate footprints, a case study of Southampton, UK, are analyzed in Chapter 
5. This chapter develops the data and methods required for subnational territorial,
transboundary, and consumption-based carbon and climate footprints. The results
and implications of each footprinting perspective are discussed in the context of
emerging international standards. The study clearly shows that the carbon footprint
(CO2 and CH4 only) offers a low-cost, low-data, universal metric of anthropo-
genic greenhouse gas emissions and subsequent management. Finally, Chapter 6
focuses on the topic of renewing a university to be able to support the adaptation of
Industry 4.0 within a region. The chapter introduces the main LCIA methods used
and the most relevant categories of environmental impact. In total, 87 articles were
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This book is intended to be a useful resource for anyone who deals with environ-
mental and sustainability problems. Furthermore, we hope that this book will 
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Chapter 1 

Design of a Sustainable Electric 
Pedal-Assisted Bike: A Life Cycle 
Assessment Application in Italy 
Antonella Petrillo, Salvatore Mellino, 
Fabio De Felice and Iolanda Scudo 

Abstract 

Transport is one of the economic sectors within the European Union with 
the most detrimental effects on climate change. In this context, electric bicycles 
(e-bikes) are considered as a potentially effective technological innovation to 
reduce carbon impacts. The present research aims to propose a life cycle assessment 
study to quantify which components of a bicycle have the highest environmental 
impact. The use in Italy of two different bicycles, an electric pedal-assisted bike 
and a hydrogen-fuel cell-operated one, is analyzed. The final aim of the study is 
to quantify and to evaluate the bike’s energetic and environmental performances, 
focusing the analysis on the vehicle production and use phases. To achieve the 
abovementioned purpose, two approaches, the “from cradle to grave” approach and 
“well to wheel” approach, are considered. 

Keywords: sustainability, smart mobility, LCA, electric pedal-assisted bike, 
hydrogen-fuel cell bike 

1. Introduction 

Transport is one of the main causes of air pollution, climate change, and urban 
noise problem [1]. In fact, it is responsible for about one-third of the global con-
sumption of energy and more than one-fifth of the damage caused by the green-
house effect, global warming, CO2 emissions, and human health [2]. In recent years, 
policies and incentive campaigns have been promoted for electric mobility in order 
to reduce the use of fossil resources and to limit the use of polluting motor vehicles. 

The aim is to promote sustainable mobility, preserving the environment and 
improving the quality of life. Modern society is increasingly moving toward the 
use of zero-impact transport systems able to satisfy the needs of the user while 
achieving a reduction in consumption and harmful emissions [3]. The academic 
community and producers are paying close attention to a particular type of electric 
mobility that is represented by the electric pedal-assisted bikes. Electric pedal-
assisted bikes have conquered the electric vehicle market, positioning themselves at 
the top of the classification, thanks to the technological innovation and to the cost 
reduction of electronic components [4]. Also known with the term pedelec, in the 
last decade, they have become one of the most used means of transport in the city 
thanks to the presence of the electric motor to support the pedaling [5]. 
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The sector of electric bikes underwent strong development from 2006 to 2016 
[6]. According to recent statistics, conducted in Italy, Germany, France, the United 
Kingdom, Holland, and Austria by Claus Fleischer, CEO of Bosch eBike Systems, it 
emerged that 10% of interviewed is already an e-bike owner, while 16% are consid-
ering buying one within the following year; preferences are oriented toward e-bike 
by city (29%), followed by trekking models (11%), urban (9%), and e-mountain 
bikes (8%), thus expecting an even more exponential growth for the next decade [7]. 

These ecological vehicles have their specific characteristics: (1) electric bicycles 
are not mopeds and (2) their speed is modest. This feature makes electric bikes 
usable by anyone, even without a license and without wearing a helmet. 

These vehicles make it possible to combine the advantages of traditional bikes with 
those of mopeds, so much so as to be called the “ecological bicycles of the planet.” The 
tendency is confirmed by the fact that the fight against pollution has pushed many 
cities of the world to rethink their mobility by favoring zero-impact vehicles. 

The analysis of the state of the art of life cycle assessment (LCA) studies applied to 
the electric pedal-assisted bikes showed that studies on pedelec are still very few [8]. 
An interesting study was conducted by Blondel et al. [9] in November 2011 on behalf 
of the Financial European Commission, where a complete LCA analysis was carried 
out by the different types of transport (bicycle, pedelec, bus, car) in order to evaluate 
the CO2 emissions from each of these vehicles during production, use, and disposal. 

The aim of the present research was to evaluate the energy-environmental 
performance of an electric pedal-assisted bike, using the SimaPro© software. 
Specifically, the analyzed pedelec is the e-bike produced by an Italian artisan com-
pany located in Milan (North Italy), active in the two-wheeler sector since 1908. The 
study followed the approaches “from cradle to grave” and “well to wheel.” 

The rest of the chapter is organized as follows: Section 2 presents a brief his-
tory of electric bikes; Section 3 analyzes the main rules and regulations governing 
electric bicycles; in Section 4 systems under study are presented; in Section 5 the 
methodological approach and the main assumptions of the study are explained; 
and, finally, Section 6 summarizes the main results and implications of the study. 

2. A brief history of electric bikes 

Normally, it is thought that e-bike is a relatively recent invention. The history of the 
ebike was made by brilliant and passionate inventors. The first bicycles with electric 
motors appear at the end of 19th century [10]. More precisely in 1895, Ogden Bolton Jr., 
an American inventor, decided to apply for the first time an electric motor on the rear 
hub of a traditional bicycle [11]. For many years, due to reduced autonomy, the produc-
tion of electric bikes was difficult; electric bikes remained as simple prototypes. Only 
in the 1930s, more and more European companies began to produce complete models 
of e-bikes, even if the currently available technology did not yet give the possibility of 
producing light vehicles with great autonomy as happens today. One of the first successful 
models was made in 1937 by Philips, a famous and active company in the radio sector, in 
partnership with Gazelle, a company that produces traditional bikes of great renown in 
the Netherlands and in Europe (Figure 1). The model, which made 117 sales, had a weight 
of 50 kg net of the battery that was characterized by a range of 40 km. It needs to do a full 
day to charge the battery. The vehicle reached a speed of about 18 km/h. 

Later in 1946, Benjamin Bowden, an Anglo-American industrialist very active in 
the automobile sector, launched the Spacelander, known as “The Bike of the Future” 
(Figure 2). 

The bike, characterized by a modern design, was very interesting from a techni-
cal point of view, introducing ideas still valid today. Both the battery and the cables 
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Figure 1. 
The Philips-Gazelle 1937 electric bike (source: bikeitalia.it). 

Figure 2. 
The Spacelander (source: bikeitalia.it). 

were integrated into the chassis, while the engine positioned in the rear hub also 
functioned as a dynamo to recharge the battery. Furthermore, according to the 
original patent, in a 10% climb, it could reach a speed of 8 km/h. However, the bike 
that represented a very high-end product, evidently too advanced for the time, was 
never produced on a large scale. 

It is worth mentioning that from the second half of the twentieth century the low 
ecological conscience and cheap oil encouraged mass motorization reducing the inter-
est in traditional and electric bikes. Only later, in the 1970s, the enormous rise in the 
price of crude oil and the spread of the first ecological movements renewed interest 
in electric vehicles [12]. The years following 1973 were of extreme importance for the 
technology behind electric bicycles. More and more designers began to patent e-bike 
models. In 1990, Michael Kutter developed what some people feel is the first Pedelec 
(PEDal-ELECtric). It later came to be referred to as Pedal Assist System (PAS). The 
first production models were sold in 1992 under the Dolphin name for the Swiss com-
pany Velocity, but they did not survive. In  1993 Yamaha developed its first electric 
bicycle, which included the now popular Pedal-Assist-System (PAS). Similarly, in the 
same period, other companies started their productions in Europe and Italy. 

Subsequently, thanks to the use of sealed lead batteries and the experimenta-
tion of the lightest nickel-cadmium, electric bicycles were produced which are very 
similar to those of today, on a large scale and with affordable prices. 

In the last 20 years, the electric bike models available to the public have multi-
plied dramatically, and several manufacturers have experimented with innovative 
technical solutions to achieve a better integration between pedaling and engine 
assistance. Today, the technological innovations have made the e-bike a vehicle to all 
effects capable of optimally replacing a car over medium-short distances. 

3 

https://bikeitalia.it
https://bikeitalia.it
http://dx.doi.org/10.5772/intechopen.81737


 

        
  

   
  

  

  
  

 
 

  

  
 

 

 
  

 

 
 
 

 

 

  
  

 
  

 
 

         
 

 
  

 

 

 

New Frontiers on Life Cycle Assessment - Theory and Application 

3. Rules and regulations governing electric bicycles 

To be considered as “lawful” bicycles and to be treated as traditional bicycles, 
electric bicycle models must possess the famous “Pas,” i.e., the Pedal Assist 
Systems, facilitated by the electric motor [13]. There are two macro categories of 
electric bicycles: (1) electric bicycles (or e-bike) with acceleration system and (2) 
electric pedal-assisted bicycles (or pedelec). 

The electric bicycle that owns the acceleration system is equipped with an 
electric motor driven by an accelerator lever, generally positioned on the handle-
bar that allows you to accelerate independently of the use of pedals. This type of 
ecological vehicle is not really an electric bike but is categorized as an “electric 
scooter,” and as such, it is the object of matriculation, license plate, insurance, 
wearing a helmet, and all the operations to be carried out in the case of motor 
vehicles. 

The electric pedal-assisted bicycle, on the other hand, is equipped with an intel-
ligent electronic control unit that understands when the driver is using the pedals 
and when not activates the electric motor only if the pedals are in motion. 

The European Directive 2002/24/EC specifies the characteristics of pedelecs and 
defines the pedal-assisted cycles as “bicycles equipped with an electric auxiliary 
motor having a maximum continuous nominal power of 0.25 kW, whose power is 
progressively reduced and subsequently interrupted when the vehicle reaches 25 
km/h, or sooner if the cyclist stops pedaling” [14]. 

This definition is included in the Italian regulations or in Article 50/2009 of the 
Highway Code. The definition does not limit to this value the maximum speed of 
the bike but indicates that it can be overcome by relying only on the capabilities of 
the user, not being the pedelec equipped with an acceleration system. 

The European Standard  EN 14764 standard “City and trekking bicycles: Safety 
requirements and test methods,” specifies safety and performance requirements for 
the design, assembly, and testing of bicycles and sub-assemblies intended for use on 
public roads, and lays down guide lines for instructions on the use and care of such 
bicycles. 

In addition, the Directive 2002/24/EC of the European Parliament and of the 
Council of 18 March 2002 relating to the type-approval of two or three-wheel 
motor vehicles and repealing Council Directive 92/61/EEC establishes that all two 
or three-wheel motor vehicles must be equipped with the CE conformity marking 
consisting of the homonymous “CE” symbol. 

In addition, each bicycle in accordance with the law must be accompanied by an 
instruction manual useful to the purchaser, containing the main information for the 
correct use of the vehicle and for its maintenance. 

4. Systems description 

The product analyzed in this study is not a generic pedelec is not a generic pede-
lec, but rather an electric pedal-assisted bike. Specifically, the prototype studied 
is the classic Corinto model produced by Italian artisan company located in Milan 
(Northern Italy), to which the bike + all-in-one system of Zehus human+ has been 
incorporated, as shown in Figure 3. 

The prototype has the following features: 

• Aluminum frame 

• Bike + all-in-one propulsion system from Zehus human + with: 

4 



 

  

   

 
 

 

  

 

 
  

  
 

        
 

  
 

  

 

Design of a Sustainable Electric Pedal-Assisted Bike: A Life Cycle Assessment Application in Italy 
DOI: http://dx.doi.org/10.5772/intechopen.81737 

Figure 3. 
The pedelec prototype. 

○ Brushless motor, with rated power of 250 W and nominal voltage of 24 V, complete 
with engine control unit (ECU) 

○ Lithium battery with battery management system (BMS) associated with the capacity 
of 160 Wh 

○ A control unit (pedaling sensor—PAS, two speed microcontrollers, integrated 
Bluetooth module for controlling the vehicle) 

• Rear and front rod brakes 

• 28-inch rubber wheels 

• Saddle and handlebar from the Miele B66 series, made by Brooks 

The battery, recharged by a simple power outlet, powers the engine, which is 
started as soon as the pedal sensor detects the movement of the pedals. The whole 
system, thanks to the presence of the control unit and the Bluetooth unit, is con-
trolled using a telephone app for Android and iOS systems. 

The characteristics of the H-bike considered as well as the data refer to the 
articles of Kheirandish et al. [15], Cardinali et al. [16] and Mellino et al. [17] and are 
summarized in the following. The H-bike has a 250 W PEM fuel cell system, an elec-
tronic control unit (ECU), a rechargeable nickel-metal hydride (Ni-MH) battery of 
25 V and 9 Ah, 2 converters 150W DC/DC, a 150 W electric motor and a hydrogen 
storage tank. The PEM cell, consisting of 3 main parts: cathode, anode and proton 
exchange polymer membrane (Nafion), transforms the chemical energy, released 
during the electrochemical reaction between hydrogen and oxygen, into electrical 
energy. 

5. Materials and methods 

5.1 Goal and scope definition 

The aim of the study was to evaluate the energy-environmental performance of 
a pedal-assisted bicycle prototype, according to the ISO 14040 series standards and 
the International Reference Life Cycle Data System (ILCD) [18, 19]. 
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The study, conducted according to the life cycle assessment (LCA), is focused on the 
analysis of the production and use phases of the vehicle. Specifically, the phases of the life 
cycle were examined, involving the extraction of raw materials up to the finished product 
and from the finished product to use. A comparative analysis was carried out between 
the pedelec prototype and the H-bike, an equally innovative technology. The analysis was 
carried out considering two main approaches one for each phase: 

Phase #1: “From cradle to grave” approach. An assessment was carried out of the 
environmental impacts of the production of vehicles and of the elementary com-
ponents starting from the extraction, production, and use, up to the recycling and 
disposal of the residual waste. 

• Phase #2: “Well to wheel” approach. The environmental impacts and energy 
vectors used during pedelec prototype operation have been estimated. 
Materials and the energy used have been evaluated according to a “well to 
wheel” approach, i.e., considering the phases of production of energy carriers 
(electricity and hydrogen). 

In the first case, a bicycle unit was chosen as the functional unit, to which all 
materials, emissions, and energy consumption were referred. 

Instead, in the second case, it was used as a functional unit 100 km. 
Really, transport studies use a functional unit expressed in passengers for kilome-

ters traveled p-km. However, in our study, being the pedelec prototype used by a single 
person it was considered appropriate to refer to the distance only. Nevertheless, in the 
Figure 4 the scheme used for the assessment of the usage phase is given. 

5.2 Main assumptions 

Once the functional units have been defined, some assumptions have been made 
to conduct the study, as defined below: 

Hypothesis 1: The same bicycle structure (for both bikes) was considered in terms 
of size, composition, and materials to concentrate the study on electrical technolo-
gies and evaluate the real environmental impacts of the two different systems. 

Hypothesis 2: For the pedelec prototype, which has a lithium battery of 30 V and 
5.3 Ah, 1000 recharging cycles have been considered, for which an efficiency of 
the processes of charge and discharge constant throughout the life span has been 

Figure 4. 
LCA scheme used for assessing the usage phase. 
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assumed. Moreover, during use, the speed of the vehicle was set at 25 km/h. It was 
considered that compared to a full charge the autonomy is 35 km with activation 
of the kinetic energy recovery system (KERS) system and 25 km in case of absence 
energy recovery braking. 

Hypothesis 3: According to Hipotesis 2, a life span of 35,000 km was considered in 
the first case and 25,000 km in the second. 

Hypothesis 4: For H-bike, on the other hand, a duration of the PEM fuel cell equal 
to 120,000 km was hypothesized, as suggested by the US Department of Energy 
(https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/accomplishments.pdf). 

Hypothesis 5: Subsequently, according to hypothesis 1, for both cases, a life span 
of the bicycle and the other system components of 120,000 km was assumed. 

Hypothesis 6: Furthermore, it was assumed that the hydrogen, used during the 
use phase, was produced by electrolysis from a photovoltaic refueling station; while 
for recharging the lithium battery, electricity taken directly from the network was 
used first, then from the typical Italian energy mix, and then subsequently, the 
electricity withdrawn from the grid, produced through a renewable electric mix. 
For this purpose, the mix proposed by the Enel Green Power society was used 
(https://www.enelgreenpower.com). 

5.3 Inventory analysis 

In the inventory analysis phase, the input and output flows of material and 
energy were identified and quantified, and the emissions into the air, water, and 
soil involved in the production phase of the e-bike. The data were provided in part 
by the company (see Tables 1 and 2) and partly retrieved from the literature and 
from the databases contained in SimaPro©. Ecoinvent database was used since it is 
one of the most complete and the most used for European LCAs [20]. 

In particular, for the structural part of the bike, a process already existing in 
SimaPro© was used with the name “bicycle,” which was appropriately modified 
according to the information obtained and the values identified in order to adapt it 
to the prototype. 

For the propulsion system, it was considered an electric motor of a scooter, 
which for size was close to that of Zehus. While, the control unit has been schema-
tized with a generic process called “electronics, for control unit”, having no detailed 
information on the sensors and the materials used. 

Instead, for the lithium battery, we used the “battery cell, Li-on” process that 
reproduces it faithfully, modifying the data on the battery capacity and inserting 
the weight of the battery. Figure 5 shows the process tree for production phase of 
pedelec prototype. 

Components Materials Length Outer diameter Internal diameter 

Horizontal pipe Aluminum 595 mm 36 mm 32 mm 

Vertical tube Aluminum 470 mm 36 mm 32 mm 

Oblique tube Aluminum 520 mm 36 mm 32 mm 

Horizontal sheath Aluminum 420 mm 25 mm — 

Vertical sheath Aluminum 435 mm 25 mm — 

Steering tube Aluminum 140 mm 36 mm 32 mm 

Fork Aluminum 524 mm 30 mm — 

Table 1. 
Pedelec prototype frame data (source: Italian artisan company located in Milan (North Italy)). 
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Components Technical features Weight 

Engine 250 W–24 V 1.7 kg 

Battery 160 Wh–5.3 Ah 600 g 

Control unit Four sensors 200 g 

Coating Aluminum 500 g 

Table 2. 
Bike + all-in-one propulsion system data (source: Zehus). 

Figure 5. 
Process tree for production phase of pedelec prototype (SimaPro©). 

Instead, with reference to the H-bike, used as a comparison system, the data 
necessary for the reconstruction of the model were taken from the study conducted 
by Mellino et al. [17]. Specifically, for the bike structure, the same e-bike process was 
used, to analyze the two models with the same chassis, while for the innovative tech-
nology, all the processes necessary for the reproduction of the PEM cell were recreated. 
In the hydrogen bike model, have been added the following processes: 

1. The “bicycle” and “PEM stack cell” processes to the hydrogen accumulation; 

2. The process for the nickel-metal hydride storage battery 

3. The processes “electric motor, for electric schooter” and “convert, for electric 
passenger car” to recreate the engine and the DC/AC converter. The process 
tree is shown in Figure 6. 

Instead, for the use phase of the e-bike, not yet this commercialized, reference 
was made to data in the literature and in the Zehus manual. In fact, 1000 cycles of 
recharging have been considered for the lithium battery, and the speed of the bike 
has been set at 25 km/h. Thus, the manual has been identified as the autonomy of 
the bike in terms of km traveled equal to 35 km with activation of the KERS and 
25 km in the absence of energy recovery during braking. Depending on the cycles 
and speed, and therefore of the kilometers traveled, the battery wear was defined 
not in terms of cycles but in terms of km having to relate to the functional unit 
(100 km). In fact, it was equal to 35,000 km in the first case and 25,000 km in the 
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Figure 6. 
Process tree for production phase of H-bike (SimaPro©). 

second. Based on this information, a complete recharge of 160 Wh is required; the 
use phase reconstructed in the following figures has been reconstructed. 

For the use phase of the H-bike, the data were retrieved only from the literature. 
A study conducted by the Department of Energy of the University of the United 
States has identified the data on the wear of the PEM cell equal to 120,000 km. The 
study conducted by Mellino et al. [17] has found the amount of hydrogen equal at 
75 g, to complete 100 km. For which the information is known similarly before the 
tree has been recreated for the use phase of the H-bike. 

Similarly, process trees for use phase were performed with SimaPro©. 

5.4 Results from the Impact Assessment 

The energy-environmental performance of the prototype was assessed in the 
production and use phases of the vehicle, using the IMPACT 2002+ method [21]. 

5.4.1 Classification 

Impact categories have been chosen according to the Impact 2002+ method to 
have a global vision of the impacts of the pedelec in the production and use phases. 
In all, 14 impact categories were analyzed. The considered midpoints are shown 
together with the respective reference substances in Table 3. 

5.4.2 Characterization 

Using characterization factors typical of the IMPACT method, the scores of the 
different elements according to the kilogram equivalents of the reference substance 
of each category were quantified for each impact category. Figure 7 shows the 
environmental impacts of pedelec and H-Bike for each impact category for produc-
tion phase. 

Similarly, we calculated the impacts for the use phase. 
Figure 8 shows the results obtained from the comparison of the e-bike, in the 

case with and without KERS activation, with the hydrogen bike. 
For the use phase, the process was also recreated assuming that the energy used 

to recharge the battery is produced from renewable sources through the “Green 
Mix of Enel” project. Figure 9 shows environmental impacts of pedelec, with and 
without KERS, and H-Bike for each impact category for use phase and in the case of 
Enel Green Power. 
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Midpoint Units 

Carcinogens kg C2H3Cl eq 

Non-carcinogens kg C2H3Cl eq 

Respiratory inorganics kg PM2.5 eq 

Ionizing radiation Bq C-14 eq 

Ozone layer depletion kg CFC-11 eq 

Respiratory organics kg C2H4 eq 

Aquatic ecotoxicity kg TEG water 

Terrestrial ecotoxicity kg TEG soil 

Terrestrial acid/nutri kg SO2 eq 

Land occupation m2org.arable 

Aquatic acidification kg SO2 eq 

Aquatic eutrophication kg PO4 P-lim 

Global warming kg CO2 eq 

Nonrenewable energy MJ primary 

Mineral extraction MJ surplus 

Table 3. 
Impact and damage categories; IMPACT 2002+ method. 

Figure 7. 
Environmental impacts of pedelec and H-Bike for each impact category for production phase. 

Figure 8. 
Environmental impacts of e-bike, with and without KERS, and H-Bike for each impact category for use phase. 
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Figure 9. 
Environmental impacts of e-bike, with and without KERS, and H-Bike for each impact category for use phase 
(Enel Green Power). 

Figure 10. 
Comparison of the impact categories between e-bike and H-bike for production phase. 

5.4.3 Normalization 

This phase aims to determine the importance of the individual environmental 
effects, dividing the impacts of each category by the respective reference values, 
represented by average data in a world, regional, or European scale, referring to a 
given time interval, generally 1 year. 

Figure 10 shows comparison of the impact categories between pedelec and 
H-bike, for production phase. 

The results show that of the 14 impact categories the ones that most weigh on the 
final pollution are essentially the following three: 

• Respiratory inorganics 

• Global warming 

• Nonrenewable energy 

Similarly, the procedure was subsequently applied to the use phase. 
A greater impact of the categories has been confirmed: respiratory inorganics, 

global warming, and nonrenewable energy. 

5.4.4 Damage assessment 

In this phase, the impacts, identified in the characterization, were grouped into 
four categories of damage, human health, ecosystem quality, climate change, and 
resources, according to the logic shown in Table 4. 
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Table 4. 
Damage categories. 

Figure 11. 
Comparison of the damage categories of pedelec with H-bike for production phase (normalized). 

Figure 11 shows the four endpoints identified for the production of the pedelec. 
The values identified were then normalized. 

Similarly, the damage categories for the use phase of the pedelec, with and 
without KERS (with and without normalization), were identified. 

The comparison of the impact categories of the pedelec has also been calculated 
with and without activation of the braking energy recovery system with those of 
the H bike, again in the use phase. 

5.5 Discussion 

5.5.1 Comparative analysis of the production phase 

The results show that the processing of the e-bike is less impactful in all the 
categories considered than that of the H-bike. 

This result is due to a greater complexity of the H-bike, which requires the use of 
special materials and complex processes for the control unit and the PEM fuel cell 
along the production chain. 

Both processes mainly impact on the respiratory inorganics category, even if 
there are not negligible effects on the categories of global warming and nonrenew-
able energy, while in the others, there are minor impacts, almost negligible. 
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As far as respiratory inorganics is concerned, the pedelec generates a 1.2 times 
lower impact than the H-bike (respectively, 0.4 and 0.519 kg PM 2.5 eq), thanks to 
the presence of a structurally simpler propulsion system than to what characterizes 
the hydrogen bike. 

Specifically, analyzing the different contributions of the processes related to the 
construction of the pedelec, it is clear that the greatest impacts are generated by the 
structure of the bike, due to the processing of large quantities of aluminum. 

As the objective of the present research was to assess the sustainability of 
electrical technology, the impact categories for the bike + all-in-one propul-
sion system were analyzed. It emerges that the major impacts are caused by the 
electric motor of the Zehus system, which accounts for 61.31%, followed by the 
control electronics and the lithium battery, with the respective percentages of 
17.46 and 17.38%. 

Regarding the impact of the electric motor, the cause is closely linked to the use 
of copper for the construction of the rotor, as well as the use of high- and medium-
voltage energy, produced from nonrenewable source, used during the process of 
engine production. 

For the control unit, the impact is associated with the main body of the control 
unit, i.e., the board, which requires rather complex operations for the realization 
of the components that constitute it, as well as the use of not negligible energy, 
for which it has been supposedly a world energy mix, considering that most of the 
electric elements are not manufactured in Italy, but rather imported. 

For the lithium battery, the greatest impact is related to the production processes 
carried out for the construction of anode and cathode. 

For the global warming impact category, it is still the engine that generates the 
greatest impact with 60%, even if this time the cause is no longer made of copper 
but rather the harmful substances emitted during the processing of permanent 
magnets used in the brushless motor and to an equal extent by the production 
processes of aluminum and by the use of medium-voltage energy always produced 
from fossil fuels, followed by the control electronics and lithium battery whose 
cause is always represented by aluminum. 

Despite this, the electric bike is still better than the H-bike, whose high impacts 
are linked to the nickel metal hydride accumulation battery, to the processing of 
platinum used in the construction of the cell and to the complex control unit. In 
fact, unlike the one installed on the e-bike, it is responsible for supervising the 
system parameters such as stack temperature, hydrogen pressure, cell voltage and 
current, battery voltage, and start-up and shutdown of the system, to control the 
environmental conditions that influence the behavior of PEM. 

5.5.2 Comparative analysis of the use phase 

The results show that unlike what is seen for production, it is the H-bike that 
impacts less in all the midpoints considered, except for ozone layer depletion and 
mineral extraction. 

The pedelec bike with or without KERS causes respiratory categories inorganics, 
global warming, and nonrenewable energy the greater pollution than the hydrogen 
bike. 

More specifically, in the case of activation of the energy recovery system, it 
generates a lower impact than the bike without KERS but 3.2 times higher than the 
H-bike in the respiratory inorganics, 2.34 times in global warming, and 2.46 times 
in nonrenewable energy. 

In the absence of the braking energy recovery system, the impacts are even 
higher. 
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Renewable source Quantity 

Hydroelectric 49.90% 

Geothermal 23.80% 

Wind 23.70% 

Solar 2.60% 

Table 5. 
Enel Green Mix project data (source: Enel Green Power). 

The  pollution, for all three midpoints, is closely linked to two causes: 

1. The battery recharge process, and 

2. The use of the Italian electric mix produced for the most part (a nonrenewable 
source). 

In fact, in the case of H-bike, the energy used to produce hydrogen is generated 
by solar radiation. 

Since energy is the main cause of pollution, the use phase has been repeated 
assuming the use of renewable energy, in order to evaluate the dependence on 
the performance of the e-bike from the Italian electric mix. In fact, a green and 
renewable production scenario was built, starting from the data of the “Green Mix” 
project by Enel Green Power reported in Table 5. 

The impacts of the pedelec have been reduced compared to the phase previ-
ously shown. In addition, in the categories where it first had the most impact on 
the pedelec, the impacts decreased compared to the H-bike. This demonstrated the 
sustainability of the vehicle and the strong dependence of the pedelec performance 
of the electric mix used. 

6. Conclusions 

In the present research, the life cycle assessment methodology was used to 
evaluate the energy-environmental assessment of the pedelec prototype during the 
production and use phases of the vehicle. The results identified were compared with 
the results obtained in H-bike. The main consideration of the study can be summa-
rized as follows: 

• In the production phase (developed according to the “from cradle to grave” 
approach) emerged that the construction of the H-bike has more impact than 
the pedelec prototype in all the midpoints considered due to the presence of a 
rather complex control unit. 

• The most affected category was respiratory inorganics, followed by global 
warming and nonrenewable energy. The causes are closely linked to the 
processing of aluminum and copper, to the harmful substances emitted and 
to the consumption of energy from the Italian and global electric mix, for the 
construction of the bike structure and the electric propulsion system. 

• The environmental performance of the pedelec deteriorates compared to 
those of the H-bike when the boundary is moved to the operational phases of 
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the vehicles, due to the use of the Italian electric mix for the battery charging 
process. 

• The environmental performance of the pedelec bike in the use phase improves 
compared to those of the H-bike when the energy used to recharge the lithium 
battery is produced from renewable sources. 

• The energy mix used for the production phase and for the transport phase 
influences the performance of the vehicles, generating not negligible environ-
mental impacts. 

Considering these results, future efforts are still needed to further reduce the 
impacts of the pedelec; improvements can be made on the materials used to build 
the pedelec structure and the propulsion system. 

The aluminum, copper, and steel components could be replaced with recycled or 
more innovative materials. However, electrical technology is still a valid and clean 
solution for the world of transport, even if now the costs remain quite high. 

In addition, future research aims to investigate the disposal and recycling 
phases. 
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Biogas Power Energy Production
from a Life Cycle Thinking
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María Guadalupe Gómez-Méndez 
and Antonino Pérez-Hernández

Abstract

The purpose of this chapter is to present a generalized model for the construc-
tion of inventories for the production of electricity through biogas. This general 
framework can be adjusted to any power plant that uses biogas, since it complies
with the main material and energy balances. This chapter describes the main
technologies used in biogas power energy production, separating them into five
main subsystems that integrate the general life cycle inventory, as well as the inputs
and outputs considered in the development of the inventories. The life cycle assess-
ment (LCA) of two types of plants is presented as study cases: (i) the biogas power
energy generation with organic waste in landfills as substrate and (ii) the biogas
power energy generation using dairy cattle manure as substrate. Both systems, in
addition to using different types of substrate, present differences in their substages. 
It is concluded that the generation of studies of life cycle analysis of technologies
facilitates decision makers, producers, and government agencies to develop and 
identify areas of opportunity from life cycle thinking.

Keywords: biogas, emissions, smart industry, sustainable energy, cleaner energies

1. Introduction

Energy is a critical factor for global decision-making. The energy supply is not
only an important support in the daily anthropogenic activities, but also an impor-
tant macroeconomic element [1]. Månsson [2] suggests a relationship between the
energy sector of a country and the adaptation to changes, such as environmental 
degradation and the food price increase. This adaptation is carried out in a political, 
economical, and social context. Consequently, the energy topic has increased its
relevance in international relations and dependencies. According to Overland [3], 
energy is a sensitive factor in globalization.

The development and the recent social growth are highly dependent on non-
renewable energies. This dependency has several disadvantages. Nonrenewable
energies (NRE) are directly associated with climate change [4]. Since the last
century, the atmospheric concentrations of CO2 have increased from ~290 to
400 ppm in 2015 [5]. This period is related to an exponential increase in the
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energy sector of a country and the adaptation to changes, such as environmental 
degradation and the food price increase. This adaptation is carried out in a political, 
economical, and social context. Consequently, the energy topic has increased its 
relevance in international relations and dependencies. According to Overland [3], 
energy is a sensitive factor in globalization. 

The development and the recent social growth are highly dependent on non-
renewable energies. This dependency has several disadvantages. Nonrenewable 
energies (NRE) are directly associated with climate change [4]. Since the last 
century, the atmospheric concentrations of CO2 have increased from ~290 to 
400 ppm in 2015 [5]. This period is related to an exponential increase in the 
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energy demand. Another disadvantage is the resources depletion. Oil, for example, 
demands gradually more investment for few products. According to the Mexican 
government reports, the investment in oil extraction and exploration has increased 
140% between 2004 and 2012; meanwhile, 30% less of the daily production initially 
perceived was obtained [6]. In general, both climate change and the resources 
depletion are issues of great importance at present [7]. This panorama incentivizes 
the investment for economic, scientific, and technological development for alterna-
tive and renewable energies. 

Nowadays, several potential renewable energy sources are known. Its usage 
depends on its accessibility and transformation capacity. The energy obtained from 
biological sources, such as wood, crop residues, municipal waste, or even organic 
industrial waste, is called biomass energy [8]. This is widely used for heating and 
cooking activities [9] and is one of the oldest renewable energies. Biomass can be 
harnessed in several ways; energy sources can be obtained as many products, such 
as hydrogen, ethanol, methanol, and methane for transformation into mechanical 
energy and electricity. The biomass use comes with disadvantages. Overexploitation 
of biomass could damage natural areas by promoting the creation of monocrops to 
meet the energy demand [10]. However, the energy obtained from biomass waste 
could be a useful renewable energy source. 

A product derived from the biomass fermentation is the biogas. It is obtained by 
a bacterial degradation denominated anaerobic digestion (DA) [11]. It is commonly 
used to obtain two main products: biogas to produce energy and digestate used for 
agricultural soil treatment. 

The production of energy through biogas is a key element for future global 
projections. In Mexico, the potential for power energy generation through biogas is 
between 652 and 912 MW [6]. The use of renewable resources needs to be developed 
at an accelerated growth rate to meet global energy demand [12]. Its implementation 
must be successful too, oriented toward sustainability [13]. An applicable methodol-
ogy to evaluate by this approach is the life cycle assessment (LCA). 

Currently, the LCA has been applied to various energy production systems. The 
adoption of technologies such as biogas is generally promoted by environmental 
issues [14], specifically for waste disposal. The LCA methodology is an important 
tool in the use and implementation of anaerobic digestion for the generation and 
use of both biogas and soil improvers. Harder et al. [15] conducted a study of waste-
water sludge treatment and integrated a quantitative microbial risk analysis into the 
LCA results. Dressler et al. [16] and Van Stappen et al. [17] carried out LCA studies 
of biogas production, the first about maize in three different areas of Germany; 
the second is about the installation of a farm biogas plant. Based on a sequential 
approach, both studies conclude on the importance of carrying out regional inven-
tories for their application in decision-making. In China, Xu et al. [18] studied the 
generation of biogas from food waste. They found that the electrical consumption 
and transport of raw materials comes with the highest potential impacts. Moreover, 
Hijazi et al. in Germany analyzed 15 different biogas systems and found from 
life cycle thinking that the type of raw material is a key factor in environmental 
impacts. Furthermore, the spatial distribution of the plant and the management 
of by-products presented the highest environmental impacts. On the other hand, 
Huttunen et al. [14] identified that the use of biogas and the final use of digestate 
are the most critical points in the production of biogas in Finland. The construction 
of local inventories is a necessity to improve the LCA studies quality. 

LCA is a useful tool for sustainability assessment in biogas systems. There are 
several studies of LCA in biogas. A general framework for biogas production has 
been established by other authors in independent studies. However, the recent stud-
ies focus on particular stage improvements or new technologies implementation. 
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In order to facilitate the construction of biogas power generation inventories, a 
general framework is desirable. This chapter presents the life cycle analysis of the 
generation of electrical energy by biogas, dividing the biogas power generation in 
individual subsystems. Two scenarios were considered for the elaboration of the 
ACV study, the use of biogas from the dairy corral excreta and the one from the 
municipal sanitary landfill. 

2. A biogas background 

Biogas is produced by anaerobic bacteria that degrade organic matter in four 
general stages: hydrolysis, acidification, acetic acid production, and methane 
production. The gas phase product of anaerobic digestion is named biogas and its 
yield depends significantly on the substrate (raw material). Biogas is composed 
by a mixture of 50–75% methane, 25–50% carbon dioxide, and 2–8% other gases 
(nitrogen, oxygen, hydrogen sulfide, among others). The percentage of methane in 
the biogas mixture is the main component for its use as an energy source; this also 
depends on the substrate that is used. Table 1 shows the potential production of 
methane with different types of substrate, as well as its yield. 

Before converting biogas into electricity by motor generators, the biogas must be 
purified by a desulfurization and drying process [11]. 

The requirements of the biogas quality depend on its different applications. In 
general, the costs of biogas purification are associated with the technology used and 
the location of the biodigestion system [20]. The choice of the most appropriate 
technology for the removal processes will depend on the use of this energy, as well 
as the compounds present in the biogas. 

The toxic effect of H2S, which is a colorless, flammable gas, has been docu-
mented, at levels of 0–5 ppm in the air, it can be easily detected; at concentrations 
higher than 10 ppm, it can affect human health, and at 600 ppm, it can cause death 
[21]. This gas is in the top five of pollutant compounds by Environment Canada’s 
National Pollutant Release Inventory [22]. The main problems in the use of biogas, 
due to high concentrations of this gas, are the corrosion that damages the engines 
and the production of sulfur oxides from their combustion, whose emissions are 
subject to international regulations [23]. Therefore, desulphurization of biogas and 
its purification are necessary to increase the possible applications of this energy 
[24]. The main removal technologies for this compound are presented in Table 2. 

The design of an optimal digester depends mainly on the characteristics of 
the substrate, as well as the amount of dissolved, volatile solids, biodegradability, 

Substrate type C:N ratio Methane yield 
(m3 CH4/kg VS) 

Methane production 
(m3 CH4/m3) 

Pig manure (solid) 7 0.30 48.0 

Cattle manure (solid) 13 0.2 32.0 

Poultry droppings (solid) 7 0.30 48.0 

Garden wastes 125 0.20–0.50 NR 

Fruit wastes 35 0.25–0.50 NR 

Whey (from industry) NR 0.33 0.15 
NR = Not reported. 

Table 1. 
Biomass characteristics for biogas production [19]. 
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Method Advantages Disadvantages 

Biological with O2/air, (by filter/ 
scrubber, /digestor) 

Low investment and operating costs: 
electricity and calorific demand. 
It does not require any chemical 
products or additional equipment. 
Easy operation and maintenance. 

The H2S concentration 
remains high. 
The O2/N2 excess 
complicates an additional 
cleaning 
An over 
The overload of air 
produces an explosive 
mixture 

FeCl3/FeCl2/FeSO4, (in digestors) Low investment cost: storage tank 
and dosification pump. 
Low heat and electricity demand. 
Easy operation and maintenance. 
Compact technique. 
Air absence in biogas. 

Low efficiency. 
High operation costs (Iron 
salt). 
Changes in pH and 
temperature are not 
beneficial for the digestion 
processes. 
Difficulty in dosing. 

Bed of Fe2O3/Fe(OH)3 

Steel wool covered with rust 
Wood chips or impregnated balls 

High removing efficiency >99% 
Low investment cost 

Water sensibility 
High operating costs. 
Exothermic regeneration: 
Wood chips ignition risks 
The reaction surface is 
reduced for each cycle. 
The dust released could be 
toxic. 

Absorption by water Low costs when there is water 
availability (nonregenerative) 
CO2 is removed too. 

High operation costs: high 
pressure, cold temperature. 
Difficult technique 
It could be presented 
obstructions in the 
absorption column. 

Chemical absorption 
NaOH, FeCl3 

Low electricity demand 
Lower volume, less pumping, 
smaller vessels (compared to water 
absorption) low CH4 loss. 

High investment and 
operating costs. 
Difficult technique. 
Nonregenerative. 

Chemical absorption 
Fe(OH)3,Fe-EDTA 

High efficiency in removing: 
95–100% 
Low operation costs 
Small volume required 
Regenerative 
Low CH4 losses 

Difficult technique 
Regeneration by oxygen 
CO2/H2CO3 (using EDTA) 
causes precipitation 
Thiosulphates 
accumulation 

Membrane Removing >98% 
The CO2 is also eliminated 

High maintenance and 
operation costs 
Complex 

Biological filter High remotion rate > 97% 
Low operating costs 

An additional H2S 
treatment is required 
The O2/N2 excess dificult an 
aditional cleaning 

Adsorption by activated coal. High efficiency 
High purifying rate 
Low operation temperature 
Compact technique 
High load capacity 

High operating and 
investment costs 
CH4 losses 
H2O and O2 are necessary to 
remove H2S 
H2O could occupate the 
H2S role 
Regeneration at 450°C 

Table 2. 
Types of biogas purification technologies [25]. 
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density, buoyancy of the solids and particle size [26]. Bioreactors can be classified as 
dry and wet. Some common configurations are: (i) dry batch reactors, (ii) continu-
ously stirred tank reactors, and (iii) dry continuous reactors. 

Technological advances have focused on new configurations, variants and modi-
fications of conventional biodigesters. The anaerobic membrane reactors (AnMBR) 
have attracted attention in the field of research. This technology consists in the use 
of a membrane for the separation of solids and liquids inside the reactor, facilitating 
the handling of the effluent [27]. The membranes can be of different materials, in 
general they can be polymeric, metallic and ceramic, each one with its particular 
advantages [28]. The configuration of the use of these membranes varies according 
to the design of the reactor and the particular needs, from internal membranes, to 
membranes that operate by vacuum [29]. 

The production of electricity through biogas has been a notable increase in 
recent years. It is known that only in the European Union, the energy generated 
by biogas increased to 20,467.20 GWh in the period 2010–2013 [30]. Likewise, in 
other countries it has been found feasible to generate electricity through biogas. 
Arshad [31] carried out an economic study of the feasibility of generating energy 
using biogas from poultry residues. In his study he lists AD technology with a high 
potential to reduce Pakistan’s local power deficit. Likewise, there are studies related 
to the application of improvements in order to increase the efficiency and feasibility 
of studies. Markou [32] presents an economic study where he uses the heat energy 
generated by the production of energy with the incorporation of greenhouses in the 
biogas plant, and they conclude that this modification contributes favorably from 
the economic point of view. In general, energy demand, as well as the need to search 
for new technologies, has favored the research and development of DA technology. 

3. Biogas in the life cycle inventory process 

The process of generating biogas, as well as its consecutive stages for the 
production of electrical energy, consists of several stages. Figure 1 mentions the 
components for the design of a biogas utilization plant. Each of the stages can have a 
different design depending on the needs and the type of substrate to be fermented. 

The development of the life cycle assessment can be separated into five main 
stages: (i) the collection of the substrate and its storage, (ii) pretreatment of the 

Figure 1. 
Boundary limits for a biogas power plant life cycle inventory. 
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substrate, (iii) anaerobic digestion, (iv) pretreatment of biogas, and (v) genera-
tion of electric power. Figure 1 shows a gate-to-gate flow diagram of the inputs 
and outputs of each of the stages of energy generation using biogas. The limits 
in Figure 1 indicate the use of biomass and digestate in the pretreatment and 
anaerobic digestion stages, respectively, as well as outside the process of produc-
ing electricity through biogas. These processes can be considered by-products, 
which would allow them to be included within the limits as outputs to the tech-
nosphere. However, depending on the activities of the producers and the type of 
substrate, this digestate can be considered as waste. For a general analysis focused 
on the generation of electrical energy, these processes are considered as beside to 
the generation of energy, for the present work. 

The essential part to be considered in the life cycle inventory (LCI) in a biogas 
plant is the infrastructure. Da Costa et al., mentioned infrastructure as part of the 
processes to consider in carbon dioxide emissions. Studies catalog the generation 
of emissions by infrastructure as low [33]. However, the contribution percentage 
of this system depends on the useful life of the plant because they are not constant 
emissions [32]. The maintenance, the configuration of the processes, and the type 
of bioreactor among other factors influence the useful life of the plant. 

The first stage in the balance of matter and energy is the collection and stor-
age of the substrate. It has been found that the variety of substrates used is wide. 
The types of substrate most used are: animal manure, agricultural residues, 
agroindustrial waste and even municipal organic waste [34]. These residues vary 
in composition, condition, density, as well as the type of collection and storage. In 
Figure 1, electricity was considered as an entrance; however, transportation plays 
a key role in this stage. Usually, substrates such as municipal waste are confined in 
landfills. The sealing of the cell favors anaerobic microbial consortiums that allow 
the generation of biogas. The same storage system fulfills the function of bioreac-
tor, suppressing the pretreatment stage. For cases such as the use of animal waste, a 
more complex collection and storage system is necessary. These types of plants are 
usually of small or medium scale and are located near the source of the substrate. 
The collection of the substrate can be carried out by tractors or cargo vehicles. Also, 
transport and storage depend on the logistics, as well as the source of the substrate. 
The main factors to consider in this stage are the use of land and the emissions 
generated by transportation. 

As mentioned in Section 2, the pretreatment stage varies according to the 
technology used. The access and availability of water are essential for the balance 
of material in this process. The relationship between the percentage of water and 
the content of solids in the substrate influences the yield and production of biogas 
[35]. Veluchamy and Kalamdhad [36] considered in their study a range of 80–85% 
humidity for an optimal methane yield in the DA of lignocellulosic substrate. Good 
practices mainly influence this stage and the use of water. Likewise, the electrical 
energy consumed is a key factor in this stage depending on the separation technol-
ogy. Another important outlet is the residual organic matter. As already mentioned, 
this biomass can be considered as waste or as a byproduct depending on the use. 
This chapter focuses mainly on the generation of biogas and electricity. So the use 
of biomass and digestate (in the DA stage) were not considered. 

The DA is the main stage of the biogas utilization plant. In addition to the 
infrastructure, it is necessary to consider the inputs and outputs in the monitoring 
and control of the parameters. Anaerobic digestion occurs in three main levels: 
psychrophilic (<25°C), mesophilic (25–45°C), and thermophilic (>75°C) condi-
tions. Usually, digesters work at mesophilic conditions [34]. The energy consump-
tion depends mainly on the temperature difference between the environment and 
the level of thermal conditions in which the plant works. Occasionally, producers 
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opt for psychrophilic conditions due to the climatic conditions of the region [37]. 
Likewise, other parameters such as pH, micronutrients, and ammonia should be 
considered in the balance of inputs and outputs if necessary. 

The pretreatment stage of the biogas is necessary for an optimal operation in 
the generation of electrical energy. As mentioned in Section 2, there are various 
techniques for removing unwanted components. The LCI depends on consumed 
inputs and the waste generated by the processes. So, the consumption of electricity 
and other energy inputs must also be considered in the balance. 

The electric power generation stage is a key factor, not only for the construction 
of the LCI, but also for the design of the plant. The generation of electrical energy 
depends mainly on the technology used. It also depends on the composition of the 
biogas used. In this stage, the generation-consumption balance for the knowledge of 
net energy is crucial. The understanding of the energy flows consumed throughout 
the plant, compared with the energy generated, is critical for the optimization of the 
plant [38]. 

The five stages mentioned in Figure 1 are the general scheme of an LCI for 
the generation of electric power. However, the configuration and stages may vary 
depending on the needs and the type of substrate. A system that uses urban solid 
waste sometimes lacks a pretreatment stage for the substrate. Also the collection 
methods may vary or belong to other linked operations. For example, the collec-
tion of animal excreta is a process also considered as cleaning stables on a farm. If 
the plant is in production, the collection is part of the cleaning system. The main 
outputs of the process are the residuals of the pretreatment stage of the substrate, 
the biogas, the digestate emitted by the anaerobic digestion and the emissions of 
combustion gases by the generation of electrical energy. 

The development of the LCA is a comprehensive process. The form of con-
struction of the inventory is explained in ISO 14044 [39]. Figure 1 shows a 
gate-to-gate diagram of the system boundaries. However, the inclusion of other 
subprocesses should be considered according to the boundary conditions of the 
particular study. 

4. Biogas and impact categories 

In accordance with ISO 14040 [40], the life cycle impact assessment (LCIA) 
is intended to assess how significant the potential impacts of LCI emissions are. 
Generally, this evaluation is carried out through impact categories according to the 
emissions generated by the system. Currently, there are databases with impact cat-
egories already established. Some of the most used databases are ReCiPe, CML 2001, 
IMPACT 2002+, and IPCC 2013, in which the carbon footprint is obtained [41]. 

For a gate-to-gate study like the one shown in Figure 2, generally, the main 
emissions are air and water. However, depending on the system to be studied, 
additional emissions to the soil can be considered. For example, sometimes the 
digestate produced by the DA with a subsequent treatment can be used as a soil 
improver. However, if this is not carried out, it is possible to consider it as emission 
to the ground. This happens with the treatment and use of biomass in general. The 
consideration of these emissions within the limits of the system depends on the 
objective of the LCA. 

The emissions to the air are carried out as a result of the generation of electri-
cal energy by combustion, mainly. The exhaust gas mixture contains CO2, CO, 
and H2O, and other pollutant compounds such as SOx and NOx. The main impact 
of these emissions is the potential global warming. However, some of these com-
pounds can generate from air toxicity to carcinogenicity. 
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Figure 2. 
Life cycle impact assessment of the landfill biogas power generation. 

Regarding emissions to water, there is a considerable consumption of water, 
which is dependent on the technology and the size of the plant. As already men-
tioned, the composition of the digestate may contain micronutrients, which can be 
used for soil improvement. However, the emission into water of these compounds 
derived from phosphorus and nitrogen can cause eutrophication in water. Moreover, 
the emission of elements such as arsenic, lead, magnesium, etc. could contribute to 
the freshwater toxicity. It is advisable to carry out chemical analysis of the digestate 
at the exit of the system and in case of being disposed to bodies of water, consider it 
in the hydric balance. 

The impact categories were selected based on the characterized emissions. For a 
standard biogas power plant, it is recommended to chose impact categories related 
to air toxicity and water contamination. 

5. Study cases 

In this section, two studies are presented. The first study case presents power 
generation from landfill organic matter biogas. The second study case presents 
the power energy generation from dairy manure biogas. Both studies are common 
examples of biogas-producing substrates. 

5.1 Biogas from landfill 

The electric power generation plant is located in the cd. Juárez, Chihuahua 
Landfill, road N °45, Juárez-Chihuahua (coordinates: 31° 33′15 “N 106 ° 29’33” W). 
The usage of different functional units allows to assess the sensibility of a system. 
For this study case, three separated periods of time were selected: (i) the generation 
of electricity from biogas during 1 hour of production, (ii) the annual production of 
electricity, and (iii) the generation of electricity for 10 years of production. Most of 
the inputs-outputs diagrams increase their scores linearly. However, it does not mean 
that the impact categories replicate this behavior. 

The life cycle inventory is shown in Table 3. Inventories of the Ecoinvent v3.3 
database were taken for the infrastructure of the plant [41]. It was considered a 
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land use of 25,949 m2. Furthermore, four generators with a generation capacity of 
1230 kW of electricity were considered. These quantities were defined with the scale 
of the real power plant; however, the inventories were obtained from the Ecoinvent 
database. The construction of the plant was not considered due to the lack of infor-
mation access. On the other hand, the air emissions provided by the producers were 
considered. The landfill biogas is generated by the anaerobic degradation of the 
organic matter. This process is carried out without any parameter control inside the 
landfill. For that reason, both biogas production and consumption is not considered 
for the study. 

Products 1 hour 1 year 10 years Unit 

Functional unit 3296 2.89E+07 2.89E+08 kWh 

Materials/fuels 

Infraestructura-BiogasJuarez/JRZ/MX 1 1 1 p 

Emissions to air 

Carbon dioxide 2040 1.79E+07 1.79E+08 kg 

Sulfur dioxide 2.79E-01 2.44E+03 2.44E+04 kg 

Water 2.52E+02 2.21E+06 2.21E+07 kg 

Ethane, 1,1,2,2-tetrachloro- 9.63E-05 8.43E-01 8.43E+00 kg 

Ethane, 1,1-dichloro- 3.37E-04 2.95E+00 2.95E+01 kg 

Ethene, 1,1-dichloro- 3.85E-04 3.37E+00 3.37E+01 kg 

Ethane, 1,2-dichloro- 1.64E-02 1.43E+02 1.43E+03 kg 

Benzene, 1,2,4-trimethyl- 1.01E-02 8.81E+01 8.81E+02 kg 

Benzene, 1,2,3-trimethyl- 7.99E-03 7.00E+01 7.00E+02 kg 

Benzene 2.91E-02 2.55E+02 2.55E+03 kg 

Ethane, chloro- 9.63E-04 8.43E+00 8.43E+01 kg 

Ethene, dichloro- (cis) 2.60E-03 2.28E+01 2.28E+02 kg 

Methane, dichloro-, HCC-30 3.47E-03 3.04E+01 3.04E+02 kg 

Benzene, ethyl- 5.94E-02 5.20E+02 5.20E+03 kg 

m-Xylene 1.07E-01 9.38E+02 9.38E+03 kg 

o-Xylene 4.94E-02 4.33E+02 4.33E+03 kg 

Styrene 2.47E-02 2.17E+02 2.17E+03 kg 

Ethene, tetrachloro- 1.61E-02 1.41E+02 1.41E+03 kg 

Methane, tetrachloro-, CFC-10 7.70E-04 6.75E+00 6.75E+01 kg 

Toluene 1.81E-01 1.59E+03 1.59E+04 kg 

Ethane, 1,2-dichloro- 9.63E-05 8.43E-01 8.43E+00 kg 

Ethene, trichloro- 5.68E-03 4.98E+01 4.98E+02 kg 

alpha-Pinene 1.61E+00 1.41E+04 1.41E+05 kg 

Limonene 6.58E+00 5.76E+04 5.76E+05 kg 

P-cymene 8.13E-03 7.13E+01 7.13E+02 kg 

Octamethyltetrasiloxane 1.29E-01 1.13E+03 1.13E+04 kg 

Phenyltrichlorosilane 2.26E-02 2.26E-02 2.26E-02 kg 

Table 3. 
Life cycle inventory for each functional unit in the landfill biogas power plant. 
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The characterization for the life cycle impact assessment and the scenario 
comparison were calculated using SimaPro v8.5.2. Table 4 and Figure 2 show 
the results of the life cycle impact assessment of electric power generation in 
the Juarez biogas power plant. It can be seen in Table 4, a high score of emission 
equivalents in climate change and human toxicity categories. This is mainly due 
to the emissions of greenhouse gases and pollutants generated in combustion. 
On the other hand, emissions in both categories of human toxicity and marine 
eutrophication have indirect contribution like the equipment manufacture and 
the infrastructure. 

Figure 2 shows the comparison of the potential impacts in the selected 
functional units. It can be seen that according to the increase of the time in the 
functional unit, the most sensitive categories scores are: climate change, ozone 
depletion, photochemical oxidation, particulate matter formation, and terrestrial 
acidification, which are mainly associated with air emissions. The results show 
a high sensitivity of gas emissions to the generation of electrical energy through 
biogas from landfill. 

Moreover, the impact categories associated with soil such as terrestrial 
ecotoxicity, ionizing radiation, freshwater ecotoxicity, marine ecotoxicity, etc. 
(Figure 2) remain constant with increase in time in the functional unit. It is 
because of the secondary inventories, which are linked to the infrastructure and 
the manufacture of the power generators, whereby they are associated to indirect 
emissions. 

According to Figure 2, air emissions are highly sensitive compared to other 
emissions. It is because of the biogas combustion caused by the power generation. 
Additionally, there are many volatile compounds generated with biogas produced in 
the landfill. 

Impact category Unit 1 hour 1 year 10 years 

Climate change kg CO2 eq 4.53E+05 1.83E+07 1.79E+08 

Ozone depletion kg CFC-11 eq 1.32E-01 5.06E+00 4.94E+01 

Human toxicity kg 1,4-DB eq 3.07E+07 3.07E+07 3.13E+07 

Photochemical oxidant formation kg NMVOC 5.33E+03 1.09E+04 6.15E+04 

Particulate matter formation kg PM10 eq 1.50E+03 1.98E+03 6.38E+03 

Ionizing radiation kg U235 eq 8.87E+04 8.87E+04 8.87E+04 

Terrestrial acidification kg SO2 eq 3.38E+03 5.82E+03 2.78E+04 

Freshwater eutrophication kg P eq 4.26E+02 4.26E+02 4.26E+02 

Marine eutrophication kg N eq 1.10E+03 1.10E+03 1.10E+03 

Terrestrial ecotoxicity kg 1,4-DB eq 1.37E+03 1.37E+03 1.37E+03 

Freshwater ecotoxicity kg 1,4-DB eq 9.64E+03 9.64E+03 9.64E+03 

Agricultural land occupation 2m a 4.68E+03 4.68E+03 4.68E+03 

Urban land occupation 2m a 3.13E+04 3.13E+04 3.13E+04 

Natural land transformation 2 m 2.27E+02 2.27E+02 2.27E+02 

Water depletion 3 m 9.38E+03 9.38E+03 9.38E+03 

Metal depletion kg Fe eq 2.89E+05 2.89E+05 2.89E+05 

Fossil depletion kg oil eq 2.89E+05 2.89E+05 2.89E+05 

Table 4. 
Life cycle impact assessment for each functional unit in the landfill biogas power plant. 
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5.2 Biogas from dairy manure 

A well-known substrate for this activity is the waste of the livestock systems. 
Nowadays, there are several producers that use the manure of cattle for the genera-
tion of biogas [42–44]. 

The main objective of the LCA was to characterize the potential impacts of an 
electric power plant through biogas from dairy manure. 

The study case scenario was a small-industrial generating plant with a genera-
tion capacity of ~ 22 kW, located in the dairy barn named “Establo Los Arados”. The 
power plant is located in Meoqui, Chihuahua, Mexico (coordinates: 28° 14′35 “N 
105 ° 28’14” W). The main activity is the dairy production; however, a biogas power 
plant was installed for both reduce operating cost in electricity consumption and 
managing the cattle manure generated. 

In order to obtain the impact associated in 1 hour in the power plant, a func-
tional unit of 22 kW h of electricity generation was selected. It is equivalent of the 
average power generated by the turbine installed. The boundary limits range from 
the manure collection to the power energy generation. These boundaries were 
defined based on the information access and the control parameters monitored in 
the power plant. 

The harvesting system was divided into five main subsystems: 

• Manure collection 

• Barn infrastructure 

• Biogas generation 

• Power energy generation 

• Power plant infrastructure 

The pretreatment systems of both the substrate and biogas are included in the 
stage of biogas generation. Furthermore, a plant life of 30 years was assumed, 
considering a minor maintenance. 

The unit processes and the boundary limits are illustrated in Figure 3. The water 
used in this process (blue line in Figure 3) is supplied by the barn. The green line 
(Figure 3) indicates the internal power supply. There are two different electric-
ity sources considered: the municipal power supply and the biogas power energy 
generated. 

The process of using biogas begins with the collection of manure. Because the 
power plant and the barn are in the same location, it is not necessary to travel long 
distances to transport the manure. The transport considers the route taken by the 
manure collector tractor, as well as the transport to the biogas production area. The 
continuous black line indicates the path of the substrate (manure). The substrate 
is transformed into the so-called stage of biogas production. This stage is separated 
into three substages: (i) pretreatment, (ii) anaerobic digestion, and (iii) purifica-
tion. In this stage, waste is generated, such as solids (biosol) and effluent (biol). 
The biogas produced is taken to the stage of generation of electrical energy, which is 
incorporated into the supply line and for the self-consumption of the stable. In the 
stage of production of biogas, combustion gases are emitted, which were considered 
in the development of the inventories. 

The operating conditions in the stages of the power generation, the water con-
sumption and the energy consumption are information provided by the producers. 
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Figure 3. 
Boundary limits for the dairy manure biogas power plant. 

Literature information was included, mainly from the Ecoinvent database [41] and 
the parameters of the EPA-AP42 [45]. The literature information complemented the 
in situ measurements, which were carried out for both combustion gases (power 
energy generation) and effluent elements emitted (Figure 3). 

The impact categories with a midpoint approach allow to assess the contribution 
of each of the systems with precision. Figure 4 shows the percentage of contribu-
tion of each subsystem in the impact categories. This subsystem comparison allows 
to identify weak points and supports the technical decision making. Likewise, 
it allows to identify the direct impacts of production and the indirect impacts 
obtained from the consumption of resources. 

Figure 4 shows a high contribution of infrastructure. It was identified that the 
electric power generation plant has an important effect in the categories related to 
depletion of resources, such as agricultural land occupation, ionizing radiation, urban 
land occupation, natural soil transformation, water depletion, metal depletion, and 
fossil depletion. It was found that the barn infrastructure contribute more than 80% 
of the total score in the categories of fossil depletion, freshwater ecotoxicity, and ozone 

Figure 4. 
Contribution for each impact category for biogas dairy manure power plant. 
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depletion. Likewise, it was considered maintenance of the barn was not relevant for the 
study. It was found that these categories show opportunity skills for decision-making. 

The importance of the manure collection stage in the environmental load 
was identified. The usage of a machinery for transport and collection of excreta 
is difficult to modify due to the infrastructure adapted to the daily activities. 
However, it is possible to optimize the routes in the manure collection stage to 
mitigate the fuel consumption. With the appliance of this improvement, the 
environmental impact could be considerably reduced in the categories of human 
toxicity, photochemical oxidant formation, particle matter formation, and ter-
restrial acidification. 

It was found that the generation of electrical energy is the main contributor to 
the climate change category due to the biogas combustion. Furthermore, the score 
in the categories of photochemical oxidant formation, particle matter formation, 
and terrestrial acidification is related to the generation of energy. However, this 
contributes to <10% of the total. So the power generation is the main opportunity 
skill in the category of climate change. 

The identification of opportunity skills in the life cycle impact assessment allows 
stakeholders to make decision from a sustainable approach. On the other hand, 
in the life cycle assessment of the biogas landfill power generation, Section 5.1, 
sensitivity was analyzed by the comparison of different values in the functional unit 
to identify the most critical impact categories through the LCA. 

6. Conclusions 

Energy generation through biogas has gained relevance in recent years due to its 
potential capacity as a renewable energy source. An analysis of these technologies 
from the life cycle thinking is essential for sustainable development. 

It was found that the separation of complex systems into subsystems or unit 
operations facilitates the development of inventories and the life cycle impact 
assessment. The infrastructure of the power plant initially implies an impor-
tant contribution of potential impacts. However, with better practices and 
maintenance, better efficiency and useful life period, it mitigates the environ-
mental impact. 

The main impact categories (in the study cases) are related to the air emis-
sions and water emissions. However, considering an efficient usage of the 
by-products, these emissions could be reduced. In the case of the power energy 
from biogas can be optimized if the by-products of the generation of biogas, like 
the digestate and solid phase inputs, are processed and conditioned to their usage 
as soil improvers. It reduces the environmental impact associated with the use of 
agrochemicals. 

The LCA is a very useful tool for decision-making and environmental engineer-
ing. By using the general framework, any improvement in biogas power energy 
production could be incorporated in the system. In the study cases discussed in 
this chapter, the opportunity skills were detected, specifically, the combustion heat 
usage and the by-products coprocessing to mitigate the emissions. For future stud-
ies, more measurement data could be included. 
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Chapter 3 

The Industrial Symbiosis of 
Wineries: An Analisys of the Wine 
Production Chain According to the 
Preliminary LCA Model 
Agata Matarazzo, Fabio Copani, Matteo Leanza, 
Aldo Carpitano, Alessandro Lo Genco and Graziano Nicosia 

Abstract 

The circular economy refers to a term that defines an economy designed to 
be able to regenerate itself. Agri-food is one of the areas where the tools and 
strategies of the circular economy are implemented. The wine sector involv-
ing numerous stages of production and processing causes many impacts on the 
environment. Starting from the transport, to the distribution of wine products, 
there are several impacting processes on the environment. For the assessment of 
negative results although not of every product production process, the circular 
economy provides a more than suitable tool: the LCA (Life Cycle Assessment) 
has been implemented on the whole production chain of the product “Lenza di 
Munti”, a bottle of wine by “Nicosia S.p.A.”. The grapes used in the production of 
red wine are Nerello Mascalese and Nerello Cappuccio; instead of Carricante and 
Catarratto grapes used for white wine. This chapter provides a complete picture 
of the interactions between the product and the environment, to understand the 
environmental consequences and to provide the necessary information to define 
the best solutions. 

Keywords: circular economy, LCA, agri-food, wine sector, Sicilian economy 

1. Introduction 

In recent years, along with the continuous development of the binomial 
environment industry, strong critical attention and assessment in the risks and 
impacts on the environment has matured. In the agri-food sector, it becomes very 
important to define carefully what are the environmental impacts and evaluate 
their weight, in order to improve or consolidate the quality of the production 
process. In the past, corporate objectives had little to do with the assessment of 
environmental impacts, rather they aimed almost exclusively at maximizing the 
quantity produced, remaining unrelated to everything that the production process 
caused. Today, it is essential to know more fully “what” is used in the production 
processes of agricultural products and “how” is used. In line with this trend, in 
the wine sector, in Italy, in recent years, we aim to produce quality wines, putting 
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the quantity in the background; this allowed small producers to enter the market, 
thanks to the production of quality wines [1]. However, there is a change in trends 
regarding the size of producers: from small companies to large industrial compa-
nies. As a consequence this means more consumption, therefore higher emissions 
and impacts. The food industry disproportionately contributes to many global 
environmental problems. The production of wine is not an exception to the rule: 
it contributes to a variety of environmental burdens, mainly related to the use of 
pesticides and fertilizers in the vineyard and to the production of glass bottles. 
Target markets nowadays are more aware of ecological concerns than ever before; 
which means that costumers are increasingly more conscious of the products they 
are willing to buy and companies have to deal with this new context. The concept 
of sustainability is taken into account seriously in the Italian wine sector. The total 
vineyard area in Italy is approximately 656,000 hectares, and it is the third most 
important country per vineyard area in the world [2]. Moreover, the wine industry 
is an important contributor to the Italian economy, as it registers a sales volume 
of 9.5 billion euros. Sicily, in particular, widely contributes to the Italian wine 
industry: it is the region with the largest area of vineyards (for a total of 111,000 
hectares), corresponding to around 17% of the overall Italian vineyard area and to 
10.4% of the Italian total grapes production [3]. 

For this reason, this study will analyze a proactive company in the field, 
Nicosia S.p.A. To this end, the European Union has identified an instrument 
that evaluates and analyzes the entire life cycle of a product, from its cradle to 
its grave: the life cycle assessment. Thanks to this tool, companies can take steps 
toward the Green Economy road implemented by industrial symbiosis, also 
called industrial ecology. Industrial symbiosis, provided by industrial ecology, 
is an integrated management tool, which designs industrial infrastructures as if 
they were a series of interconnected ecosystems interfaced with the industrial 
ecosystem. It involves traditionally separate industries through an integrated 
approach aimed at promoting competitive advantages through the exchange of 
matter, energy, water, and/or by-products. The basis of this process is collabora-
tion and the opportunity for synergy between companies. For example, in the 
case of Cantine Nicosia, the residual vinecce from the vinification process are 
reused for the production of spirits; this is the demonstration of how relation-
ships, albeit simple, are able to constitute examples of industrial symbiosis. In 
particular, the study will focus on the inventory of a bottle of wine, the Lenza di 
Munti, by Nicosia S.p.A., in order to highlight any introduction in the process of 
any type of input, and to take note of the weight it has on the environment the 
output produced. The inventory is a real phase of the LCA, and in reference to 
the inherent standard [4, 5], this consists in the quantitative description of all the 
flows of materials and energy that cross the boundaries of the business system, 
both incoming and outgoing. Specifically, flow charts and data collection tables 
are used to prepare, with certainty of particulars, a complete and representative 
inventory of the product. In this study, each type of impact will be described, 
but above all that of CO2 emissions. In this regard, many studies have highlighted 
what are the sources of CO2 emissions in the wine sector, and they are: the phase 
of transport of inputs and outputs and waste management process and post 
process [6]. It will highlight the inter-company and inter-company functional 
relationships, representing those that are the subjects of the activity studied and 
the main actors, understanding those that are the bonds and relationships that 
exist between them. 

The main actors involved in the activity studied are the company and its respec-
tive internal and external stakeholders including suppliers and customers. 
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The subject of the study is the wine sector and specifically the set of interactions 
that exist between the products and the environment and therefore the environ-
mental impacts that arise from these interactions. 

2. Materials and methods 

As customers of goods and services we often don’t think about all the conse-
quences, it has got on what surrounds us: the environment and ecosystem in which 
we live are submitted to continuous stress and that determines its deterioration. 

Companies of any dimensions are trying to modify their actions to handle their 
impact, to protect their reputation, and get prepared for stricter rules [5]. 

Using the LCA as an assessment tool of the impact of the wine sector sets some 
difficulties; in order to produce a bottle of wine several resources are needed, not 
only for the materials used for bottling but also we can have a great impact on the 
environment and also on mankind during the process of cultivation and treat-
ment of grapes. Until a decade ago, producers used to think that a moderate use of 
pesticides and fertilizers gave a higher quality of wine. Indeed, during the last years, 
different choices have been made like leaving vines to their natural process without 
adopting solutions intrusive for the environment as the use of pesticides. In some 
particular cases, like Etna’s vines, even irrigate is forbidden, if not in case of neces-
sity, ensuring the natural growing process of grapes of wine. 

The production sector begins by taking care of the vine which generally 
causes dangerous emissions neither for the environment nor for mankind unless 
pesticides are used; then during the harvest, it is time to harvest grapes in plastic 
containers with a useful life of 3 years. The harvest is then carried by trucks from 
the vine to the factory; once in there, the product is processed by a mechanic wine 
press which extracts juice and pulp from grapes creating in this way the must 
that has to be then transformed in wine. It is a particular and delicate operation 
that must be performed carefully. It is essential that the grapes have not been 
pressed by crushing during the transport because that could cause unwanted 
fermentation. 

Subsequently or simultaneously with the pressing, the grapes are placed in a 
special automatic crusher-stemmer that separates the skeleton of the bunches, or 
the green part, from the berries. The result will be the destemmed crushed grapes, 
consisting of 80% of pulp, 15% of skins, and 5% of grape seeds, while the must has 
a composition of about 70–80% of water, 10–30% of sugars, and other substances. 

Once the must is obtained, it is left to ferment in special containers; the aim 
of this phase is to transform the sugars into alcohol and give the wine the desired 
features and smells; depending on the type of vinification, in white or red, the skins 
are removed from the must (draining phase). 

The duration of this phase varies from 5 to 15 days, and the main source of emis-
sion is that of CO2 by the fermenter. 

Once the fermentation days have passed, we proceed with the racking, in which 
the yeasts and the solid parts are separated from the wine. From this apparent 
waste, it is possible to obtain a second raw material, the marc, which is a primary 
part of the production process of some distillates such as grappa. 

Once the racking is finished, the wine is subjected to the refining phase and at 
the right moment, the product is finished with the most invasive phase from an 
environmental point of view, which is bottling. 

The use of LCA in environmental management and sustainability has grown 
in recent years as seen in the steadily increasing number of published papers on 
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LCA methodology and on case studies that have been performed to use LCA [7]. In 
many cases, these studies show that the most polluting phases of a food production 
system consist in the agricultural ones. Therefore, the research about innovations 
and environmental improvements should be addressed, above all, to the agricultural 
stages, also taking into consideration the economic feasibility [8]. Life cycle assess-
ment is the factual analysis of a product’s entire life cycle in terms of sustainability 
and allows the determination of input factors and output of the lifecycle of each 
product, evaluating the consequent environmental impact. This tool allows the phases 
where environmental issues are focused on to be identified as well as those who are 
responsible for the burden. LCA is a standardized methodology, which gives it its reli-
ability and transparency. The standards provided by the International Organization 
for Standardization (ISO) describe the four main phases of an LCA: “goal and scope”, 
“inventory analysis”, “impact assessment,” and “interpretation.” These standards have 
been developed by the ISO/TC 207 Technical Committee and they are: UNI EN ISO 
14040 (1998) [2, 3], by which the principles and the requirements for an LCA study 
are established; UNI EN ISO 14041 (1999), in which the objective and the field of 
application are defined and an inventory analysis is performed; UNI EN ISO 14042 
(2000), that evaluates impacts: in particular, the main impact categories to be taken 
into consideration are the use of resources, human health, and ecological conse-
quences; finally, with the UNI EN ISO 14043 (2000), improvements are analyzed. 
According to the ISO standards on LCA, it can assist in: identifying opportunities to 
improve the environmental features of products at various points in their life cycle; 
decision making in industry, governmental or nongovernmental organizations (e.g., 
strategic planning, priority setting, product and process design or redesign); selec-
tion of relevant indicators of environmental performance, including measurement 
techniques; and marketing (e.g., an environmental claim, eco-labeling scheme, or 
environmental product declarations). Lately, research about LCA shows how the con-
cept of “economic sustainability” is spreading, and how helpful this tool is to achieve 
this objective. The agricultural sector provides a lot of examples about this usefulness: 
in Australia, for example, the GHG emissions from agricultural sector will continue 
to increase as Australia’s agricultural export production is predicted to double over 
the next decade and the population is to reach 42.5 million by 2056. An LCA com-
piles the inputs and outputs from a production system, and in turn evaluates their 
potential environmental impacts, for example, GHG emissions [9]. Thus, the current 
research focuses on the determination of global warming impact or carbon footprint, 
that is, life cycle GHG emissions of horticultural products and identifies “hotspots” 
requiring mitigation strategies to reduce GHG emissions from the production and 
delivery of three important producers in Australia [10]. But it is not necessary to go 
far away from Catania; in less than 100 km, the environmental impacts of olive oil 
production have been studied by using the LCA. The Italian olive-growing sector has 
to face both the growing competition on the international olive oil market and the 
shift of the common agricultural policy (CAP) from market and price policies toward 
direct aids decoupled from production. A possible strategy to address this highly 
competitive scenario could be the renewal of olive groves through the adoption of 
innovative olive-growing models able to reduce production costs without worsening 
environmental sustainability. Two innovative olive-growing models are considered: 
the “High Density” (HDO) and the “Super High Density” (SHDO) olive orchards. 
From the environmental point of view, goal of the LCA is to build up the environmen-
tal profile of the two systems, in order to assess them and to identify their hot spots 
[8]. Depending on the complexity of the problem that a company wants to face, it is 
possible to choose between different types of LCA, each of which allows an in-depth 
solution to be found. These instruments are: LCA conceptual, preliminary LCA, and 
complete LCA. The first one is used only in the first phases, so that it often does not 
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consider numerous aspects of the product lifecycle and does not make a comparison 
with other products. The second one, even if it does not consider the entire lifecycle 
of the product, allows the comparison between different products. The last one is the 
best methodology used to provide product improvements. A similar instrument to the 
LCA is the LCCA (lifecycle cost analysis). It is a methodology used for the economical 
evaluation of projects, in which the costs that come from owning, using, maintaining, 
and disposing of a certain product are considered vital to take a decision. In the end, 
this tool allows the determination of the overall cost of a certain product, considering 
its entire lifecycle [11]. 

3. Case study: Cantine Nicosia 

Cantine Nicosia was founded in 1898 when Francesco Nicosia, the great-grandfather 
of the current owner, decided to open the first wine shop in Trecastagni, on the eastern 
side of Etna. The decisive entrepreneurial turnaround took place at the end of the twen-
tieth century, thanks to the tenacity and innovative spirit of the current owner, Carmelo 
Nicosia, who, investing in the expansion and renovation of the vineyards and in the 
construction of a modern winery, will bring the family business to be the protagonist of 
the rebirth of Sicilian wine. 

Today, Cantine Nicosia is a dynamic, modern, and efficient company, capable of 
looking to the future with full respect for tradition. The Trecastagni winery is the 
place where tradition combines with the most advanced technology. In the covered 
area of 4000 m2, on a total surface of 27,000 m2, between the wide winemaking 
area, the analysis laboratory, the modern bottling line, and the underground barrel 
cellar, the heart of the company pulsates. 

Cantine Nicosia produces prestigious autochthonous wines, promoting the 
territory in full respect of the environment and enhancing the raw materials. In 
relation to this goal, the company has fully embraced the cause of organic and bio-
logical and sustainability, to combine environmental protection and food safety, 
with the aim of bringing to the tables of consumers a “zero impact” wine. Over 
the years, several milestones have been achieved in terms of international envi-
ronmental certifications: from UNI EN ISO 9001:2015 to UNI EN ISO 14001:2015 
Environmental Certification, from BRC Food & Beverage to the International 
Food Standard (IFS). Also recent is the achievement of an international “ethical” 
certification issued by SEDEX (Supplier Ethical Data Exchange), thanks to the 
environmental, biological, and vegan certifications. The company’s future goal 
is the achievement of further certifications such as carbon footprint, water foot-
print, and LCA. Cantine Nicosia is a sustainable company actively involved in the 
protection of natural resources, and the optimal management of water resources 
is one of the essential points. Cellar work involves a high consumption of water, 
especially for cleaning and sanitation. In order to limit consumption, a system is 
implemented which, through the collection of both rainwater and reverse osmosis 
waste water, allows irrigation of farm lawns. 

3.1 Functional unit 

The subject of this study is a bottle of Lenza di Munti. It is necessary to list 
what the components of the bottle itself are: the glass bottle, the cork stopper, the 
label, and the aluminum cap. The supplier of glass bottles is O-I SALES. The cargo 
route starts from Vufflens-la-Ville (Switzerland), moves on to Aprilia (LT), and 
from there to Marsala (TP). At this point, the load will reach the Nicosia estates 
by road transport. The cork stoppers come from the Colombin company, located 
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in Trieste. The company is certified: the used cork comes from Portuguese forests 
certified FSC. The transport of the caps takes place through the sea. The label is 
supplied by the company Moduli Continui s.r.l. (Padua), and transport is by road 
vehicles. The capsule is supplied by Enoplastic S.p.A. located in Bodio (VA); the 
delivery is carried out by road transport. Below, we will describe the uses and 
consumption of the listed parts. The final packaging consists of two elements: 
the cardboard containing the bottles and the packaging cellophane. The first is 
provided by the AICO company, Mascalucia (CT); the second, purchased in reels, 
is supplied by the company VIRAPACK, Acireale (CT). The Lenza di Munti is a 
wine intended for large retailers. Its winemaking process takes place in red and 
white. The first one is obtained from Nerello Mascalese and Nerello Cappuccio 
vines (80–20%); the second one is obtained from Carricante and Catarratto vines 
(60–40%). The analysis will focus on both vinification methods, generalizing the 
related consumption. 

4. Results and discussion 

Before moving on to the data collection, creating a flowchart in order to sum-
marize and outline the production plant, in order to better understand which phases 
of the process we should analyze, according to our interests turned to be a useful 
practice. This study has, therefore, highlighted the main phases of the production 
plant, namely the ones which need an attentive analysis of the consumption 
(Figure 1; Tables 1 and 2). 

Figure 1. 
Flowchart of the production plant. 
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Week activities Per day Per week Per year 

Microfiltration plant 3300.00 

Cross-flow filtration equipment (in Italian 2700.00 
Filtro Tangenziale) 

Total amount 12,000.00 624,000 

Water consumption for winemaking (about 4500.00 270,000.00 
60 days per year) 

Total amount of the water consumption per year 2,376,000.000 

Table 1. 
Water consumption. 

The data collection concerning any kind of consumption of the production plant 
makes it possible to make a list of the values about the main Nicosia S.p.A. water and 
energy consumption, noticing the related impacts. As far as water consumption is 
concerned, it is possible to distinguish consumption in three macro consumption areas: 

Microfiltration plant; 
Cross-flow filtration equipment; 
General consumption of winemaking. 

It is possible to notice that water consumption is closely connected to wine-
making, since the daily consumption represents a larger amount than the week 
consumption of the other two activities which take advantage of water, namely 
microfiltration and cross-flow filtration equipment. Microfiltration is a filtration 
process, which removes solid particles from a fluid or from a gas, making them pass 
through a micro-porous membrane. Typically, the diameter of the small holes of 
these membranes is between 0.1 and 10 μm. In the field of winemaking, it is a pro-
cess which is used in order to separate wine from all undesired substances; while, 
cross-flow filtration, which represents one of the most innovative processes in the 
field of filtration, improves the performance, not possible by any of the other pro-
cesses concerning solid-liquid separation. In the field of drinks and winemaking, 

Months kW 

Jan 33,680 

Feb 34,499 

Mar 36,453 

Apr 43,353 

May 37,309 

June 41,259 

July 36,792 

Aug 30,139 

Sep 29,307 

Oct 30,457 

Nov 29,241 

Dec 33,141 

Tot 415,630 

Table 2. 
Energy consumption. 
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this process aims at making perfectly transparent the product, stabilizing it micro-
biologically and, in case, it is necessary, eliminating partially colloides and oxidant 
enzymes, all in one phase. Doing so, all the following filtrations (included the 
centrifuge), pasteurization, and an improvement in the processes of stabilization of 
the product would be eliminated. This would lead to a lesser loss and manipulation 
of the product, saving on coadjuvants and on the cost of labour, with an overall 
reduction of the costs and a greater protection of the initial qualities of the product. 

Concerning energy consumption, and, consequently, the related impacts, this 
study as made a list of the kW consumed per month by the production plant. The 
consumption values highlighted are between 29,000 and 43,000 kW (specifically, 
the month with the minor consumption was November, while the one with the 
most consumption was April). The total amount of energy consumption is high and 
amount to about 413,000 kW per year. 

In order to finish the product, thus producing the bottle of wine ready to be 
delivered to the consumer, it is necessary to put together some components, coming 
from different geographical areas. 

Consequently, this study cannot end just with the water and energy consump-
tion. In order to have an overall view of how much impact the production of a bottle 
of wine has, this study has to calculate the kilometers which exist between the 
different components of the containers and the place where the product is bottled. 

Inside an enterprise, the production of an item is not all produced by the enter-
prise; taking into consideration the case of Nicosia S.p.A., the main suppliers come 
from different regions and, in some cases, the first phase of the production of the 
item starts abroad (Table 3). 

As far as the cork concerns, the raw material comes from Portugal, from certi-
fied FSC forests, that is an international certification, an independent and of third 
party, specific for forests and the products—wooden and nonwooden ones— 
derived from the forests. Specifically, not only is the forest certified but also the 
producer located in Trieste is, in particular for the chain of custody, the certification 
which ensures and makes the product trackable. 

The transport of the bottle’s components is made by tir from many parts of Italy 
to Trecastagni (CT). It is important to show the table of EURO Regulation referred 
to the emission limits of gas and fine dust. This case study takes into consideration 
an EURO 5 tir (Table 4). 

The index (g/kWh) is a unit of measurement which could be considered as both 
an emission or a consumption index. In particular, it measures the grams of fuel for 
kW in an hour of the working system in full power. 

In the years, the evolution of the EURO Regulation has entailed an increase of 
emission limits; in particular from EURO 5 to EURO 6, the limits of NOx emission 

Component From km covered by the tir Hours of 
(km) transport 

Cork Trieste 1437 15 

Label Padova 1256 13 

Capsule Bodio Lomnago Varese 1395 14 

Bottle of glass Marsala 352 4 

Corrugated paper Mascalucia 8.3 14 min 

Plastics Acireale 12.4 25 min 

4460.7 46 h and 39 min 

Table 3. 
Distance and fuel consumption. 
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EURO NOx (g/kWh) Particulate (g/kWh) 

Euro 5 2.0 0.02 

Euro 6 0.4 0.01 

Table 4. 
EURO norm. 

Average of kW Total hours of Emission of Emission of particulate 
developed by a TIR transport NOx and fine dust 

330 46 h and 39 min 30,789 307.89 

Table 5. 
Transport emission. 

passed from 2.0 to 0.4 g/kWh, and particulate emission in EURO 6 foresees 50% 
less than EURO 5 (Table 5). 

It is easy to see that the major impact on the environment is due to the NOx and 
particulate emissions which increase the greenhouse effect. 

5. Results and discussion 

The quality of the waters is constantly monitored with analysis and controls. It 
also has a purifier for the waste waters of the cellar to re-insert clean water into the 
strata. The company also embraces three pivotal points on which the concept of sus-
tainable development is based: economic, environmental, and social. Regarding the 
first aspect, the main aim is to increase the local economy through local suppliers 
and workers—a motivated choice also to reduce CO2 emissions in a transversal way. 
The second aspect is the protection of the environment, which is why the terraces 
in the Monte Gorna vineyards as well as dampen the impact of the water—thus 
reducing the possible hydrogeological risks—enhance and protect the old technique 
of dry lava stone walls. 

The choice of using cork stoppers is important. Thanks to this use, the 
demand is kept high, as following a lower demand for plugs, due to the greater 
use of alternative closures (synthetic and aluminum screw), there would be a 
sudden deforestation because the economic value of those trees it is only linked 
to the cork industry and to the production of corks. The cork, unlike alternative 
closures, is 100% sustainable, recyclable, and renewable, and it should not be 
forgotten that in the process of removing the bark, from which the corks are 
obtained, no tree is cut. A cork oak can live up to 250 years with decortic inter-
ventions every 9 years. Deforestation would also cause extensive damage to its 
huge ecosystem of 135 species of plants, 24 of reptiles and amphibians, 160 of 
birds, and 37 of mammals. 

Last but not least is the environmental aspect. For 8 years, now the company has 
managed the care of the green in two roundabouts of the urban area of Trecastagni. 
The goal is to sensitize the population in the care of the common good. 

6. Conclusion 

It is estimated that winemaking industry involves an increase of gases in 
atmosphere: 
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152 kg of CO2/ton (for the winemaking activity). 
235 kg of CO2/ton (for cellar activity). 

Europe represents 60% of wine production in the world, in particular in Spain, 
Portugal, Italy, and France, which have a perfect climate allowing the growth of the 
grapes. The data of Nicosia S.p.A. represent an evident example of how it is possible 
to reduce impacts made by the wine production field over the environment. The 
company is proactive in all the chain of production. The solution is using innovative 
systems like cross-flow filtration equipment and cork certificated by FSC (Forest 
Stewardship Council). 

It is clear too that there are some sources of air pollution, in particular the NOx 
and the particulate emitted by tir during the transports. 

A solution could be using means of transport “eco-friendly” which pollute less, 
like tir powered by GPL, metan or electricity. 
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Abstract

Tires are complex materials manufactured from vulcanized rubber and vari-
ous other reinforcing materials. One billion end-of-life tires (ELTs) are discarded 
annually, drawing attention from society. Options for their disposal include reuse, 
retreading, regeneration, co-processing, pyrolysis, and recycling; however, the ideal 
alternative has yet to be established. Life cycle assessment (LCA) has been used to
quantify their impact and support the decision-making process, in order to deter-
mine the most beneficial alternative from an environmental standpoint. Scientific
studies on LCA have been carried out on different continents, mainly Europe, Asia, 
and America. The aim of this chapter was to review studies on the life cycle assess-
ment of end-of-life tire disposal. The main treatment and final destination options
were reviewed as well as the most important limitations and aspects of the tech-
nologies studied. The most common form of disposal is recycling, with mechanical 
recycling for use in synthetic grass exhibiting the best environmental performance
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1. Introduction

Approximately 1 billion unserviceable tires are discarded annually. The largest
contributors are from the United States and the European Union, producing about
300 and 260 million, respectively [1–3]. Tires are a complex system containing 41% 
synthetic and natural rubber; up to 30 wt.% of additives such as silica and carbon
black; 15 wt.% of reinforcing materials such as steel, polyester, and nylon; 6 wt.% 
of plasticizers and vulcanizing agents; and up to 2 wt.% of antiaging agents and 
other chemicals [4]. Figure 1 shows the main components of a tire.

Selecting the final destination of tires requires significant knowledge and 
responsibility, since inappropriate disposal can result in a range of negative
effects, including fires and the proliferation of mosquitoes. According to the waste
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Abstract 

Tires are complex materials manufactured from vulcanized rubber and vari-
ous other reinforcing materials. One billion end-of-life tires (ELTs) are discarded 
annually, drawing attention from society. Options for their disposal include reuse, 
retreading, regeneration, co-processing, pyrolysis, and recycling; however, the ideal 
alternative has yet to be established. Life cycle assessment (LCA) has been used to 
quantify their impact and support the decision-making process, in order to deter-
mine the most beneficial alternative from an environmental standpoint. Scientific 
studies on LCA have been carried out on different continents, mainly Europe, Asia, 
and America. The aim of this chapter was to review studies on the life cycle assess-
ment of end-of-life tire disposal. The main treatment and final destination options 
were reviewed as well as the most important limitations and aspects of the tech-
nologies studied. The most common form of disposal is recycling, with mechanical 
recycling for use in synthetic grass exhibiting the best environmental performance 
according to scientific research. Energy recovery also shows good performance, 
largely due to the emissions prevented through energy conversion. Co-processed 
and retreaded tires are regularly used for comparison but typically display poor 
environmental performance in relation to the first two alternatives. 
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contributors are from the United States and the European Union, producing about 
300 and 260 million, respectively [1–3]. Tires are a complex system containing 41% 
synthetic and natural rubber; up to 30 wt.% of additives such as silica and carbon 
black; 15 wt.% of reinforcing materials such as steel, polyester, and nylon; 6 wt.% 
of plasticizers and vulcanizing agents; and up to 2 wt.% of antiaging agents and 
other chemicals [4]. Figure 1 shows the main components of a tire. 
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responsibility, since inappropriate disposal can result in a range of negative 
effects, including fires and the proliferation of mosquitoes. According to the waste 
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hierarchy, there are several ways of disposing waste tires to mitigate environmental 
impacts, the most common being reuse, retreading, regeneration, co-processing, 
pyrolysis, and landfills [5, 6]. 

1.1 Reuse 

Reuse involves using the whole tire or pieces of it to manufacture different 
rubber products for application in traffic and roadside barriers, the construction 
of parks and playgrounds, marine defense structures (dykes, wharfs, dams, and 
for coastal containment), channeling rainwater, artificial reefs, and biogas drain-
age [7, 8]. 

1.2 Reforming 

Tire reforming can be achieved through three different processes, namely 
recapping, retreading, and remolding. All involve replacing one or more worn 
regions with crude rubber and submitting them to revulcanization to acquire the 
properties of a new tire. Recapping consists of replacing the tread, retreading 
replaces both the tread and its shoulder, and remolding, also known as bead-
to-bead retreading, involves replacing the tread, shoulder, and entire sidewall 
surface [9, 10]. 

Reforming is an interesting strategy for used tire recovery, since it promotes sav-
ings in iron, rubber, and petroliferous resources and minimizes the problems associ-
ated with the disposal of used tires [11, 12]. Reforming is used primarily in the truck 
tire market, which can be retreaded three or four times [13, 14]. Retreading also 
provides energy savings because the energy required to manufacture a new tire is 
around 2.3 times greater than that needed for retreading [14, 15]. 

Figure 1. 
Materials present in a tire. 
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1.3 Ground tire rubber 

The presence of rubber and steel makes tire grinding a complex process. Rubber 
is an elastomeric material that requires special care, and steel has excellent mechan-
ical properties, which hampers the molding process. Grinding can be carried out 
at ambient temperature, by ultrasound or cryogenically to produce small pieces of 
rubber for a variety of applications, including as a base for artificial grass pitches 
and playgrounds or an additive to asphalt [16, 17]. 

In grinding, vulcanized rubber is initially reduced to 7–10 cm particles that are 
placed into another grinder and processed at ambient temperature into smaller 
granules, removing steel (by magnetism) and fibers (using vibratory sieves and 
screens). Depending on the required product, additional processing (tertiary grind-
ing) may be necessary to obtain even smaller particle sizes [17–19]. 

In grinding by ultrasound, whole tires are fed into a rotary grinder where 
ultrasound is generated, and the material is ground into 2 μm particles. The metal 
is removed by magnetic separators, and the final mixture consists of rubber and 
fabric [20, 21]. 

In cryogenic grinding, vulcanized rubber is first reduced to 50 mm particles in a 
mechanical pulverizer and then frozen at temperatures below −120°C in a cryogenic 
tunnel. The resulting rubber is fragile and can therefore be broken into small pieces 
in a mill. Metal and fibers are also removed, as occurs in mechanical grinding 
[18, 22–24]. 

1.4 Regeneration of tire rubber 

In the case of regeneration, waste tires undergo chemical modification (degra-
dation) in order to become more plastic, malleable, less viscous, and processable, 
that is, with properties similar to those of virgin rubber. Regeneration prompts the 
breaking of covalent carbon-carbon (C-C), carbon-sulfur (C-S), and sulfur-sulfur 
(S-S) bonds. If a number of C-C bonds are broken during the process, the main 
rubber chain may rupture, leading to serious structural disintegration [12]. 

The quality of products regenerated from waste tires varies according to their 
composition and the selectivity of the methods used in terms of the type and 
number of bonds to be broken. For regenerated waste to be deemed good quality, 
at least 70% of cross-linking must be carried out. It must also remain stable for at 
least 6 months and still be capable of being revulcanized at temperatures close to 
170°C. Rubber regeneration can be carried out in the presence of a specific catalyst, 
which attacks the cross-linking points, or by applying enough energy to break these 
bonds. This process generally requires heat, chemical products, and mechanical 
energy. In principle, regeneration is used to obtain a product to replace virgin rub-
ber with fewer technical requirements than the original product. Rubber is consid-
ered regenerated when it recovers its flow capacity and the characteristics of the 
original compound. Regenerated rubber can be used in carpets, furniture, asphalt 
mixtures, glues, and adhesives [25]. 

1.5 Co-processing in cement production kilns 

Co-processing is defined as the use of waste materials to replace fuels and/or 
primary raw materials. Whole or ground tires are burned in a cement kiln to pro-
duce clinker, an intermediate product in cement manufacturing. The ash generated 
is not problematic because it is incorporated into the clinker, preventing the need 
for subsequent collection and treatment [16]. Silica and iron (contained in the tire) 
are used as secondary raw materials to replace sand and iron oxide in cement. The 
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high temperatures (1500–1600°C) and oxidizing atmosphere in the cement produc-
tion kiln allow complete combustion of the tire and almost total combustion of the 
volatile material produced during burning [7, 11]. 

The tires can be fed into the kiln whole or ground. Whole tires must be fed 
into the calcination zone of the kiln, while ground tires can be introduced into the 
burner zone [7, 20]. 

1.6 Co-processing in thermoelectric power stations 

The use of fossil fuels (conventional power plants) in the form of coal, oil, and 
gas accounts for about 80% of the global energy demand [26, 27]. Nitrogen com-
pounds and sulfur oxides produced by coal combustion have a significant effect 
on the environment and are responsible for acidification (acid formation) (HNO3, 
H2SO4), increased ozone concentration at low altitudes, and high levels of particu-
late material [28, 29]. According to Singh et al. [30], using tires as a source material 
to generate energy in coal-fired power plants reduces NOx emissions and recovers 
the energy contained in the material. In this process, ground tires are combined 
with coal in the combustion unit to generate electrical energy. An important 
advantage of this process is that it lowers fossil fuel consumption [16]. Nevertheless, 
the energy conversion efficiency of power stations that use tires as raw material is 
25–30% but far higher in conventional power stations. However, CO2 emissions are 
around 23% lower when tires are used for energy generation [16]. 

1.7 Pyrolysis of tire rubber 

Pyrolysis is a high-temperature chemical process that generates oil, gas, and 
carbon black. First, the tire is ground into 20 mm particles, fed into the pyrolytic 
reactor, and submitted to temperature (400–700°C) and pressure (0.01–0.04 MPa) 
conditions under which elastomers degrade. The products of the process consist of 
the following fractions: gaseous (hydrogen, methane, and carbonic oxides), liquid 
(water and oils), and residual solids (metals and dust) [16, 19]. 

An interesting process for the degradation of waste tires is thermolysis under 
pressure, which involves applying superheated steam and high pressure to obtain 
oligomers, gas, and liquid fuel. Used tires are placed into a preheating chamber 
(60–100°C), then fed into the reactor, and submitted to temperatures of 300–500°C 
and pressures of 1–1.2 atm. The resulting volatile hydrocarbons are removed and 
condensed, and the carbon residue is separated from the remaining metal [20, 31]. 

Another recycling technique for degrading tire rubber to obtain commercial 
products of interest is barodestruction, which is based on the pseudo-liquefaction 
of rubber at high pressure. Whole or ground tires are fed into the chamber at high 
pressure. The pseudo-liquefied rubber flows through the holes, and the nylon and 
metals are separated from the rubber. The metal is removed in the first step, and the 
rubber and nylon mixture is then passed through a grinder to separate the nylon. 
The gaseous emissions are treated using filters [20, 32]. 

1.8 Landfill disposal 

This type of disposal consists of simply discarding tires in landfills, which is 
prohibited in Europe, according to Directive 2000/53/EU [33], and in countries 
such as Brazil [34]. In addition to shortening the useful life of the landfill, this 
practice impoverishes the soil, favors the proliferation of mosquitos, and makes the 
site prone to fires [7, 9, 15]. Fires caused by tires are difficult to extinguish. A tire 
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Authors and 
reference 

Country Impact 
method 

Technology studied and/or process for 
end-of-life tires 

Corti and 
Lombardi [18] 

Italy Ecopoint • Combustion (waste-to-energy) 

• Substitution of fuel in cement clinker 

• Cryogenic pulverization 

• Mechanical pulverization 

Ferrão, Ribeiro, 
Silva [15] 

Portugal Ecopoint • Retreading 

• Recycling 

• Incineration (cement kiln) 

• Incineration (power plant) 

• Landfill 

Li et al. [19] China Eco-
indicator 99 

• Ambient grinding 

• Devulcanization 

• Pyrolysis 

• Tire oil extraction 

Clauzade et al. [7] France Not declared • Recovery for retention basins 

• Tire recovery for infiltration basins 

• Mechanical recycling for steelworks 

• Mechanical Recycling in foundries application 

• Mechanical recycling for molded objects 
production 

• Mechanical recycling for synthetic turfs 

• Mechanical recycling for equestrian floors 

• Energy recovery for cement production 

• Energy recovery for urban heating 

Fiksel et al. [16] USA Traci • Cement production 

• Civil engineering 

• Incineration 

• Industrial boiler 

• Tire shredding and crumb production 

• Artificial turf 

• Molded products 

• Asphalt production 

• Retreading 

Feraldi et al. [27] USA Traci • Mechanical recycling 

• Energy recovery in co-incineration 

Li et al. [35] China Eco-
indicator 99 

• Recycling to produce ground rubber 

Sun et al. [36] China CML • Recycling to produce reclaimed rubber 

Ortíz-Rodriguez 
et al. [8] 

Colombia CML • Reuse and retreading 

• Incineration 

• Grinding (recycling) 

Table 1. 
Summary of the studies assessed regarding LCA for waste tire rubber. 
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has around 75% of hollow space in relation to its entire volume, preventing these 
fires from being extinguished with water because the oxygen in this space feeds the 
fire. Additionally, the pyrolysis oil generated is a significant atmospheric, soil, and 
water pollutant [1, 2]. 

The most sustainable final destination for end-of-life tires is difficult to deter-
mine among the different possibilities available. The LCA tool has contributed to 
the decision-making process, requiring different technologies for each situation, 
region, and condition. As such, the aim of this chapter is to present studies that 
used LCA to investigate tire disposal options. Studies were reviewed by continent, 
and the environmental impact of each technology was evaluated. 

The methodology used was divided into two stages. The first was to understand 
the different technologies applied for end-of-life tire disposal, and the second was 
to analyze life cycle studies that assessed these technologies in different parts of the 
world, including Europe, Asia, and America. To that end, a bibliographic review 
was conducted in different databases, such as ScienceDirect, Scopus, and Web of 
Science. The study selection criteria were directly related to the subject of the chap-
ter, that is, end-of-life tire disposal based on life cycle assessment. The data from the 
selected articles are presented and summarized in Table 1. 

2. Life cycle assessment of waste tire 

2.1 General information on LCA 

Life cycle assessment (LCA) can be used to quantify the impact of waste tire 
disposal and determine the most environmentally beneficial alternative for product 
manufacture and managing used products. LCA has also been applied to identify 
the most environmentally appropriate final destination for waste tires [3–7]. 

LCA can be applied to quantify the potential environmental impacts of a 
product and the resources used during its life cycle, including the acquisition of raw 
materials, production and use, and waste management. It can also be used to deter-
mine the best alternative for managing used products, encompassing their disposal, 
recycling, and reuse [37]. It is a broad assessment that considers all of the attributes 
or aspects of the natural environment, from human health to natural resources [38]. 

In order to standardize environmental management methodology, the 
International Organization for Standardization (ISO) developed the ISO 14.040 
global standard [39], which defines the method for LCA application. An LCA study 
is divided into four phases: goal and scope definition, life cycle inventory (LCI) 
analysis, life cycle impact assessment (LCIA), and interpretation [40]. 

Defining the goal and scope includes establishing the motives for the study, the 
intended application, and target audience. The limits of the system under study are 
also described in this phase, in addition to defining the functional unit [40], which 
is a quantitative measure of the functions that the products (or services) perform. 
The results of the LCI provide information on the inputs (resources) and outputs 
(emissions) of the product during its life cycle in relation to the functional unit. The 
aim of the LCIA is to determine and evaluate the magnitude and significance of the 
potential environmental impacts of the system studied. In this stage, the func-
tional units allow the relevant data to be compared. Inventory data are separated 
into midpoint [41] and endpoint (human health, ecosystem quality, and resource 
consumption) and converted into units via weighting factors for comparison [42]. 
Since the functional units have yet to be standardized, several names have been 
proposed, including Ecopoint unit. In this case, the values for each impact category 
are summed to produce a single value known as the Ecopoint, which corresponds 
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to the environmental load of 1000 Europeans over a 1-year period [42, 43]. In the 
interpretation phase, the results of the previous stages are compared with the goal 
and scope in order to draw conclusions and provide recommendations [39]. 

In order to understand the state of the art, the papers developed in relation to 
the end-of-life tire destination that used the life cycle assessment were grouped by 
continents. 

2.2 European LCA studies 

Ferrão et al. [15] carried out an LCA of a new tire, whose life cycle phases were 
production, distribution, use, disposal, collection of the used tire, and recycling. 
The aim was to assess the impacts of a new tire during its life cycle as well as of four 
forms of recycling (recycling, retreading, fuel replacement, and energy generation) 
and disposal in a landfill. The Ecopoint approach was adopted, and the functional 
unit was a metric ton of used tires. 

The results indicated that the most relevant phase in terms of environmental 
impacts was tire use. This was expected, since fossil fuels are the main fuel con-
sumed during tire use and have a significant effect on the environment. Despite its 
impact, this phase is important in guaranteeing the safety of the vehicle, since the 
greater friction between the tire and the ground, the more secure the vehicle, but 
the more fuel it will consume [15]. 

Impacts resulting from landfill disposal are mainly related to the leaching of 
metals, stabilizers, flame retardants, and plasticizers, which are mixed with the 
rubber during tire manufacturing. Retreading is the most cost-efficient alternative 
in terms of the recovery of material and energy [11]. Although energy is consumed 
during retreading, consumption is 2.3 times greater when manufacturing a new tire. 
An important benefit of recycling is that it prevents the use of virgin material [15]. 

Burning whole tires to generate energy means they do not require grinding. 
However, a sophisticated burning system is needed to allow the use of high tem-
peratures at specific points, and emissions must be kept within admissible limits 
[9]. Tire pyrolysis generates three products, namely, gas, oil, and carbon black. The 
energy potential of gas and oil (used to replace fuel) is similar to that of conven-
tional products [44]. According to Van Beukering and Janssen [45], an important 
advantage of energy generation in cement kilns is that it does not produce solid 
residues and the sulfur emissions are not a significant problem because the sulfur 
generated is incorporated into the gypsum, which is added to the final product. 

The results obtained in studies that applied LCA to analyze rubber recycling 
processes are detailed below. Corti and Lombardi [18] evaluated the following 
processes using LCA: mechanical pulverization, cryogenic pulverization, energy 
generation, and fuel replacement, the last applied in cement kilns. The functional 
unit was a metric ton of tires. The emissions generated were obtained via observa-
tions by the authors at different power plants, and average values were calculated. 
The only exception was the energy generation process, whose values were obtained 
from a thermodynamic model. The Ecopoint approach was adopted for the emission 
values. 

Of the processes studied, cryogenic pulverization generated the most negative 
impacts due to its high water consumption when compared to the other processes. 
Other negative aspects include the greenhouse effect, eutrophication, and carcino-
genic emissions (which were higher in cryogenic pulverization) [18]. 

The greenhouse effect, water consumption, and energy consumption were ana-
lyzed in greater detail. The impact on the greenhouse effect is assessed based on the 
equivalent CO2 emissions into the atmosphere. According to Corti and Lombardi 
[18], cryogenic pulverization produces the poorest results, emitting around 450 kg 
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of CO2 equiv. per ton of tire processed. The energy generation process was the most 
beneficial because it consumes conventional materials, whereas fuel replacement 
showed no notable positive or negative influence on the greenhouse effect. 

As previously mentioned, cryogenic pulverization displayed the most negative 
impact on water consumption, since it is high in the cryogenic step of this process. 
The energy recycling processes produced the best results, since water is not con-
sumed to obtain energy. 

In regard to energy consumption, cryogenic pulverization once again produced 
the worst results. As expected, much higher values were obtained in the two energy 
processes, given that they generate energy as opposed to consuming it. 

Silvestraviciute and Karaliunaite [20] studied fuel replacement, mechani-
cal pulverization, mechanical pulverization with ultrasound, thermolysis, and 
barodestruction recycling in terms of energy, atmospheric emissions, solid waste, 
and water consumption. The authors did not adopt a specific methodology for 
life cycle impact assessment, and only the values for each emission category were 
reported. 

It can be concluded that the use of tires in the fuel replacement process is of sig-
nificant interest in terms of energy; however, the emissions are similar to those pro-
duced using carbon as fuel [20]. In a study carried out by Corti and Lombardi [18], 
emission values were lower and negative, that is, the process did not result in new 
emissions. In the process studied by Corti and Lombardi [18], ground tires were 
added to the burner zone of the furnace, whereas Silvestraviciute and Karaliunaite 
[20] used whole tires added to the calcination zone. The advantage of the latter is 
the absence of the grinding step, since the whole tire is used; however, the drawback 
is that the metal is not recovered (during grinding, iron can be separated out and 
reused in another process). 

In the process studied by Silvestraviciute and Karaliunaite [20], water consump-
tion and solid waste generation were very low and not limiting factors. Gas and dust 
emissions are associated with fuel replacement and are zero or insignificant in the 
other processes. 

Clauzade et al. [7] used LCA to assess used tire rubber as a substitute for dif-
ferent materials in a range of applications, including as a replacement for filler 
in retention dykes (concrete and polyethylene blocks) and infiltration (gravel 
substitute); as a filler at steelworks and foundries (to complement steel), in syn-
thetic grass (instead of ethylene propylene diene copolymer–EPDM), at sports 
grounds (to replace sand), and in molded objects (instead of polyurethane); and 
as fuel for heating (coal substitute) and in cement plants (to replace fuel and raw 
materials). The study considered the transport of material from the generation 
center to the processing location, the impacts of the processes, and those prevented 
by the replacement. The authors concluded that reusing rubber as a filler for 
molded objects and synthetic grass provides the greatest environmental benefits. 
Additionally, the logistics of collection and transport is an important stage of the 
process. 

2.3 Asian LCA studies 

Li et al. [19] analyzed four processes for use in LCA: mechanical pulverization, 
regeneration, pyrolysis, and oil extraction. As in the studies mentioned above, the 
functional unit was 1 metric ton of tires. In accordance with Eco-indicator 99, dis-
ability-adjusted life years (DALY) were used to evaluate human health-associated 
impacts. The impact of one unit on this scale corresponds to the loss of 1 year of 
life. The unit used for ecosystem quality was the potentially disappeared fraction of 
species (PDF), in the form of PDF*m2*yr (where m2 is an area in square meters and 
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yr, a year). An impact value of 1 for this unit indicates that all species within one 
square meter disappear over a year. For the resources category, the unit used was MJ 
of surplus energy, where an impact value of 1 indicates that an area previously used 
to extract resources requires 1 MJ of additional energy in order to be used again due 
to the decline in the natural resources available [46]. 

The following impacts were considered in the present study: ecotoxicity, acidi-
fication and nitrification, emission of carcinogenic materials, global warming 
potential, emissions of inorganic and organic materials harmful to human health, 
and the consumption of fossil fuels. 

Global warming is caused primarily by the emission of CO2, CO, N2O, and 
CH4. This study [19] found that only the oil extraction process caused negative 
effects. The processes that obtained the best environmental performance 
were mechanical pulverization and pyrolysis. The effects of the first three processes 
(mechanical pulverization, regeneration, and pyrolysis) are negligible when com-
pared to oil extraction, which uses carbon as an energy source and generates large 
amounts of heavy metals. 

The impacts assessed in the ecotoxicity category were those related to heavy 
metal and aromatic compound levels in the soil or air. Once again, oil extraction had 
the most negative impact because carbon is burned as an energy source. 

In relation to fossil fuel consumption, all the processes obtained negative values 
because virgin material was not required, precluding the need for energy consump-
tion during extraction. Even in oil extraction, fuel consumption is avoided, since 
the oil generated is an energy source [35]. 

The predominant management option in the Chinese end-of-life tire market 
is the production of ground rubber [35] for regeneration. In order to improve the 
environmental performance of ground rubber production, Li et al. [35] made a 
series of technical recommendations based on the Eco-indicator 99 method. The 
process consists of three main stages: ground rubber preparation, regeneration, and 
refining. 

According to the authors [35], respiratory inorganics obtained the most severe 
results, that is, the highest relative contribution among the other impact categories 
assessed. With respect to regeneration, devulcanization was responsible for most 
of the environmental loads, corresponding to 66.2% of the total impact. Moreover, 
improvements in the flue gas treatment contributed to better performance. The use 
of renewable and clean energy can improve environmental performance by approx-
imately 22%. These results could be used as a guide to reduce the environmental 
load when producing ground rubber from scrap tires. Moreover, increasing energy 
efficiency, improving environmental protection equipment, and using clean energy 
are effective measures to achieve this goal [35]. 

Still in regard to the Chinese tire market, Sun et al. [36] assessed the environ-
mental impacts of radial tires for passenger vehicles. The authors used the CML 
method to analyze raw material extraction, tire production, use, and end of life. 
However, they considered only five out of eight impact categories, namely global 
warming potential (GWP), acidification potential (AP), photochemical oxidant 
creation potential (POCP), eutrophication potential (EP), and human toxicity 
potential (HTP), since these are easier to explain and based on direct emissions that 
are easy to correlate, in addition to being more important to tire production. 

It was assumed that all end-of-life tires were collected and recycled and that, 
after separating the different tire components, the rubber was completely regener-
ated to replace synthetic rubber. This recovery and recycling process only showed 
negative impacts for GWP, EP, and HTP, meaning it prevents emissions as opposed 
to causing them. However, the main environmental impacts observed during the 
production of reclaimed rubber and waste treatment were for AP and POCP [36]. 

57 

http://dx.doi.org/10.5772/intechopen.82702


 

 
 

 
  

  

 
 
 

 
 

 
  

 

 

  
 

 
 

 
 

  

  

 

 
 

 
 

 

   

New Frontiers on Life Cycle Assessment - Theory and Application 

2.4 American LCA studies 

Fiksel et al. [16] studied fuel replacement, energy generation, retreading, and 
mechanical grinding. The grinding process analyzed was aimed at the application 
of rubber in civil construction (as asphalt and a base for synthetic grass) and as 
a filler in new products. The authors found that using waste tires as raw material 
for synthetic grass is the most promising alternative, followed by energy recovery 
(co-processing in cement kilns and energy generation). However, the study was 
conducted in the United States, where the market for artificial grass is saturated, 
and, as such, they concluded that energy recovery is currently the most viable 
alternative. 

Feraldi et al. [27] evaluated two final destinations for tires in the United States: 
grinding and energy recovery. The authors used the TRACI method and analyzed 
the future prospects for tire disposal considering changes in US energy matrix. The 
results identified grinding as the ideal final destination, given that energy recovery 
involves burning and emission of harmful compounds. With regard to future 
prospects, the authors concluded that the reduction in the impacts of each process 
would be negligible. 

In Colombia, Ortíz-Rodríguez, Ocampo-Duque, and Duque-Salazar [8] used 
LCA to estimate the environmental impacts of three different alternatives for tires 
at the end of their useful lives in a case study at the Valle del Cauca Department. The 
first option was reuse and retreading, the second incineration, and the third grind-
ing to obtain new products. CML-2001 was used to calculate the environmental 
impact indicators. 

Grinding to manufacture flooring and rubber incineration in cement plants 
exhibited the best environmental results, largely because they prevent harm-
ful effects by recovering the material. Comparison of the different waste tire 
recovery and disposal processes indicated that retreading and the production of 
multipart asphalt displayed the worst environmental performance. The perfor-
mance categories used were global warming potential, ozone layer depletion, 
acidification, abiotic resource depletion, and photochemical ozone formation. 
The phases that most contributed to the recovery process were fuel consump-
tion, initial synthetic rubber production, and conversion into liquid 
asphalt [8]. 

3. Summary of the studies evaluated 

A comparison of the papers presented in Table 1 shows that the studies are 
concentrated in Europe [7, 15, 18], the United States [16, 27], and China [19, 35, 
36]. With respect to different forms of disposal, it is noteworthy that earlier studies 
describe a larger number of options, while current research focuses on comparing 
alternatives to recycling, as well as exploring different applications and recycling 
techniques [8, 35]. 

There is no consensus regarding the best impact method for tire recovery stud-
ies, although regional preferences are observed. European studies showed a prefer-
ence for Ecopoint [15, 18], while American papers used only the TRACI method 
[16, 27], Chinese authors applied both Eco-indicator 99 and CML, and Colombian 
studies the CML [8, 19, 35, 36]. 

It is important to underscore that more LCA studies are needed to better 
understand the impacts of alternatives to traditional tire management, particu-
larly when tires are submitted to new industrial processes, such as recycling 
[21, 47, 48]. 

58 



 

 

   
 

 
 

 
 

   
    

  

 

  

End-of-Life Tire Destination from a Life Cycle Assessment Perspective 
DOI: http://dx.doi.org/10.5772/intechopen.82702 

4. Final considerations 

End-of-life tire disposal was shown to be of great interest in Europe, Asia, and 
America, as a means of contributing to the decision-making process in selecting 
the best technological alternative from an environmental standpoint. Studies 
demonstrated that the best environmental performance, in general, was mechani-
cal recycling for use in synthetic grass. The worst environmental performance was 
observed in co-processed and retreaded tires. There is no consensus regarding the 
best tire recovery method, although regional preferences are observed. European 
studies showed a preference for Ecopoint, while their American counterparts prefer 
Traci methodology for life cycle assessment. 
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Chapter 5 

Perspectives on Subnational 
Carbon and Climate Footprints: A 
Case Study of Southampton, UK 
Laurence A. Wright, Ian D. Williams, Simon Kemp 
and Patrick E. Osborne 

Abstract 

Sub-national governments are increasingly interested in local-level climate 
change management. Carbon- (CO2 and CH4) and climate-footprints—(Kyoto 
Basket GHGs) (effectively single impact category LCA metrics, for global warming 
potential) provide an opportunity to develop models to facilitate effective mitiga-
tion. Three approaches are available for the footprinting of sub-national communi-
ties. Territorial-based approaches, which focus on production emissions within the 
geo-political boundaries, are useful for highlighting local emission sources but do 
not reflect the transboundary nature of sub-national community infrastructures. 
Transboundary approaches, which extend territorial footprints through the inclu-
sion of key cross boundary flows of materials and energy, are more representative 
of community structures and processes but there are concerns regarding compa-
rability between studies. The third option, consumption-based, considers global 
GHG emissions that result from final consumption (households, governments, 
and investment). Using a case study of Southampton, UK, this chapter develops 
the data and methods required for a sub-national territorial, transboundary, and 
consumption-based carbon and climate footprints. The results and implication of 
each footprinting perspective are discussed in the context of emerging international 
standards. The study clearly shows that the carbon footprint (CO2 and CH4 only) 
offers a low-cost, low-data, universal metric of anthropogenic GHG emission and 
subsequent management. 

Keywords: urban metabolism, cities, community GHG, GHG inventory, 
carbon footprint 

1. Introduction 

Increasing GHG emissions have catalysed urban GHG management, with many 
having established sub-national and transnational climate networks, initiatives or 
management plans [1]. Carbon- (CO2 and CH4) and climate-footprints—(Kyoto 
Basket GHGs), are single impact category—global warming potential—indicators of 
life cycle assessment (LCA). These metrics provide an opportunity to develop effec-
tive models of GHG emissions from cities, and to facilitate effective mitigation. The 
frameworks required to calculate a carbon or climate footprint also provide a frame-
work for the application of a more holistic LCA to cities or other geographic areas. 
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Discussions to date have primarily focused on the appropriateness of the alloca-
tion of emissions to the local level, with progress driven by improved understanding 
of urban metabolism—material and energy flows through the urban system (e.g. 
[2–6]). Approaches can be categorised as process-led bottom-up approaches, top-
down economic led analysis, or top-down “natural laboratory” approaches relying 
on atmospheric measurement and concentration [7]. 

“Territorial-based” (alternatively, “in-boundary”, “geographically-based”, or 
“production-based”) approaches, generally adaptations of the IPCC Guidelines for 
National Greenhouse Gas Inventories, or the Greenhouse Gas Protocol developed for 
corporate GHG reporting, account emissions within geopolitical boundaries 
[8, 9]. These methods successfully identify local emissions patterns and inform 
local development policy. However, there has been growing recognition that holistic 
management of urban GHGs necessitates the inclusion of direct and indirect emis-
sions as urban economies demand resources beyond their geographic locations 
[5, 10, 11]. 

“Transboundary” (alternatively, “territorial-plus”, “geography plus” or 
“metabolism-based”) approaches add out-of-boundary emissions associated with 
economic demand to territorial emissions, with the exact boundary conditions and 
scope varying between studies [2, 4–6]. Top-down “consumption-based” methods 
include all emissions along the supply-chain of goods and services, with boundary 
conditions defined by final consumption of households and governments [5]. This 
approach is useful in the informing mitigation of emissions associated with final 
consumption, although the exact origin of embodied emissions cannot normally 
be delineated and emissions from local production for exports are excluded [11]. 
Consequently, methods are not sensitive to many local strategies to reduce emis-
sions [5]. 

Ultimately both concepts are complementary, focusing on different aspects of 
community composition . The primary cause of inconsistency between studies (for 
a review see: [3, 10]) and emerging standards (e.g. [12, 13]) is the approach taken 
to boundary conditions (spatial and temporal). Temporal boundaries vary, but 
typically consider an annual period, with some models operating at finer scales (e.g. 
[7, 14]). Spatial boundaries vary reflecting goals and application, and the lack of a 
singular definition for a city or an urban area. However, a ‘city’ or and ‘urban area’ 
is simply a taxonomic division of a ‘community’—a specific area or place considered 
jointly with its inhabitants. Spatial boundaries can thus be decided on a case-by-
case basis, defined by motivation application [1]. 

This chapter reviews urban sectorial methods, results, and policy implications 
of applying a territorial, transboundary, and consumption-based, carbon or climate 
footprint to a city, using a case study of Southampton, UK. Based on the framework 
proposed by Wright et al. [15] the requirements and methods to assess a carbon 
or climate footprint are presented. We disassemble the framework into ‘modules’, 
recognising that each element of the framework would require separate calculation 
methods. This enables the development of novel methods or the use of existing 
methods in a novel manner to create an overall methodology for the calculation of 
all elements of the framework. As proof of concept and to inform the development, 
the methodology was applied to Southampton, UK. Results are then presented for 
the carbon footprint and the ‘climate footprint’ ([15, 16], respectively). The meth-
odology represents a novel approach, building on established practice to enable 
the sub-national assessment of carbon footprints in communities, which enables 
the spatial and temporal reporting of results at a sub-community level to enable 
effective management and policy development. We discuss the results and policy 
implications and conclude with a consideration of the effectiveness of current 
practice and highlight ongoing issues. 
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2. Case study: city of Southampton 

Southampton (pop. 239,428 during study period), chosen as a case study as 
it contains the representative components of many cities, is the largest city in 
Hampshire, England (area: 51.91 km2) based on the geographic extent of the city 
geo-political boundary [17]. The city is governed by Southampton City Council, a 
unitary authority (a single tier local government responsible for local government 
functions); the wider region is within the remit of Hampshire County and multiple 
district councils (a hierarchical system of governance common to many countries). 

Southampton is a commerce hub; a major international cruise terminal, and 
the UK’s second largest container port. A significant proportion of Southampton’s 
workforce (circa 42%) commutes from the wider region and surrounding counties 
[18]. The city has two universities with a transitory student population of in excess 
of 40,000 [19]. Southampton Airport is a regional domestic and international 
airport located just outside the city’s geopolitical boundary. 

3. Methods 

3.1 Residential 

Large communities contain a significant number of dwellings, and emissions 
are driven by energy consumption, highly dependent on building structure and the 
behaviour of residents [20]. Estimation of emissions can be made on fuel consumed 
(e.g. sales) (e.g. [21]), however this method does not allow for spatial disaggrega-
tion. Alternatively energy use can be estimated from census based residential 
energy consumption models (e.g. [22]). Various methods have been developed for 
this purpose (for review see [23, 24]). To enable spatial disaggregation the case 
study applies the assumption that energy use can be simplified with the applica-
tion of ‘average’ building categories. Model generalisation parameters are derived 
for categories of dwelling and applied to individual property build forms with 
Geographic Information Systems (GIS), eliminating the need for visual inspection 
[25]. Parameters were derived from the Building Research Establishment Domestic 
Energy Model (BREDEM) (BREDEM-8—monthly or BREDEM-12—annual) [26]. 
Total energy demand was assumed to be met using a combination of electricity, 
natural gas, and other fuels. Consumption data for electricity and natural gas were 
available from local metering records, with remaining demand assumed to be met 
using others fuels apportioned on basis of regional sales data. Output is restricted to 
an aggregation of properties rather than the individual building level, as accuracy 
would be open to significant variation and introduces confidentiality concerns. 

3.2 Commercial and industrial point sources 

The commerce and industry sector encompasses emissions associated with 
industrial physical or chemical processing and non-electrical energy. Complexities 
exist in the allocation of emissions between the energy and processing sectors (e.g. 
residual heat may be used for electricity generation). Actual consumption data from 
sales records or feedstock records is difficult to obtain, primarily due to the sensitive 
nature of such data. Point source data from larger facilities may be available from 
legislative emissions reporting schemes, although this often does not encompass 
small schemes. Proxy consumption data for fuels and processes can be utilised to 
estimate emissions, however this assumes fuel combustion at place of purchase, 
and may not accurately reflect the source of emissions. Gurney et al. [7] describe 
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a model to simulate energy demand based on building parameters combined with 
known local atmospheric emissions. The same study notes that this method is only 
suitable for large point source emitters. Alternatively, pro-rata allocation of national 
emissions to local sources provides a reliable method of estimation (e.g. [7, 27]). 
For the purpose of the case study, supplemented with meter point natural gas and 
electricity consumption data, emissions by industry were pro-rated on employment 
by industrial sector (to a 4 digit Standard Industry Classification (SIC2007)). 

3.3 Electricity, heat, and steam 

Transboundary emissions relating to electricity are commonly calculated using 
an aggregated factor representing a national system of generators and transmission. 
Emissions from heat and steam are often reported separately due to data conven-
tions and that composite emissions factors may over- or under- estimate of emis-
sion intensity [21]. Similarly, aggregated emissions do not segregate in-boundary 
generation, or consider low GHG decentralised generation schemes—likely to be 
a component of meeting carbon reduction targets [28]. In these cases electricity 
generated in-boundary and fed into national supply grids is representative of the grid 
average. Alternatively to provide greater disaggregation emissions associated with 
in-boundary electricity generation can be reported separately, either as a proportion 
of total consumed or as with the case study an absolute. Emissions for Southampton’s 
electricity consumption were calculated using a national grid emissions factor 
(accounting for transmission, transformation and other losses (typically circa 6–11%) 
[21]), estimated from national generation and electricity consumption. 

3.4 Road transport 

Road transport emissions are often artificially truncated at the city boundary, 
but commuting represents a significant transboundary emissions source [11]. 
Economic data on fuel sales can be a viable indicator of road transport emissions, 
where the study area represents a commuter-shed [21]. However, this method is less 
effective where significant numbers of commuter trips occur (e.g. Southampton— 
circa 42% of work related trips are from outside the city [17]). In these cases the 
location of fuel purchase is not necessarily representative of fuel consumption. 
An alternative method is through the use of proxy relationships, with emissions 
estimated through regression based approaches [29] or population density and 
road density [30]. High temporal and spatial resolutions have been achieved using 
activity-based approaches, combining vehicle kilometres travelled (VKT) with fleet 
and fuel data [7, 31]. This approach requires total distance travelled by all vehicles in 
the study area, fuel efficiency, and fleet composition. Issues arise in comparability 
of VKT techniques as many cities have their own bespoke modes [21]. However this 
has the advantage of allowing bespoke modelling of spatial and temporal impacts of 
traffic policy intervention at high resolutions. 

The basic principle of an activity based models is the relationship of the mass 
of fuel consumed in the distance travelled. The amount of fuel a vehicle consumes 
in a given distance is dependent on a number of parameters, including drive cycle, 
engine temperature, ambient temperature, fuel type, and fuel quality [32]. Hot-
start emissions were calculated; by modal split, fuel type and installed vehicle 
technology, using experimentally derived emissions factors for vehicle type 
and pollutant by trip length and velocity from the ARTEMIS (Assessment and 
Reliability of Transport Emission Models and Inventory Systems) methodology 
and TRL emission factor database [32]. Cold start emissions are accounted using an 
excess factor over the hot-start emissions rate [33, 34]. 
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3.5 Rail 

Trips by rail transportation typically traverse the geopolitical boundary of 
a number of communities. Rail journeys involve a series of embarkation points 
between origin and destination, often with multiple stopping locations within 
the geopolitical boundary. A boundary limited methodology does not account the 
transboundary demand driven nature of these trips. For trips that originate outside 
the community boundary only the in-boundary proportion of the trip is accounted, 
conversely pass through trips that are not a result of city demand are still counted 
[4]. This issue exacerbates when considering national and internationally connected 
rail networks—a trip could begin a significant distance from the study community. 
Accounting in-boundary and transboundary emissions related to rail commuting 
creates the potential for double counting between communities. Pass through trips 
are accounted as a direct emission and then accounted again at the destination com-
munity. Reflecting these difficulties a number of community based GHG invento-
ries do not explicitly define emissions from rail transportation (e.g. [4, 21]). 

These issues can be addressed by accounting emissions based on proportional 
commuter distances travelled. Assigning emissions from rail commuter demand as 
passenger kilometres travelled to total passenger kilometres travelled on the relevant 
routes offers a mechanism to apportion trips to the local community a demand basis. 
Accounting both in-boundary and transboundary emissions requires a combination 
of two methods—one to calculate in-boundary emissions and another to allocate 
transboundary demand emissions. For the purpose of the case study, in-boundary 
emissions were calculated using ARTEMIS technology specific bottom-up algorithms 
and emissions factors (function of engine, technology, distance and speed) [32]. All 
journeys on non-electrified rail were assumed to be power by diesel. Trips on electri-
fied rail were apportioned to diesel or electric locomotives using operator timetables. 
Total trips, distance travelled, and operational engine time were estimated from train 
operator time tables [35], combined with the Ordnance Survey Integrated Transport 
Layer [36]. Emissions associated with commuter trips were estimated as a function 
of rail demand for Southampton, passenger kilometres travelled [37] were estimated 
as proportional to the total ticketed exits on the national rail network (collected by 
automated barrier passes) divided by number of ticketed exits at Southampton. 

3.6 Other off-road mobile emissions 

Mobile off-road sources represent an extremely diverse range of domestic and 
commercial emissions. Including controlled activities which are consistent and 
follow specific procedures (e.g. dockside grab loader) and chaotic activities follow-
ing no pre-determined procedures or activity patterns (e.g. domestic lawn mowers) 
[38]. Fuel sales data may be a viable indicator of emissions, where the operation of 
off-road machinery are geographically constrained to the location of fuel purchase 
[39], although this method fails where fuel purchase does not represent the location 
of consumption. 

Unlike road transport, the majority of off-road machinery units are not regis-
tered making estimation of populations and activity difficult. Proxy estimates of 
population can be made based on national purchases or populations pro-rated to 
the local level, as per the case study [40]. This assumes a uniform distribution of 
machinery across total national population, which may not be representative of 
local conditions. Alternative allocation methods could be utilised that consider a 
number of machinery units as a function of purpose or spatial area (e.g. lawnmow-
ers f(greenspace), construction machinery f(growth)), however the wide range and 
chaotic usage patterns of off-road machinery are likely to confuse this issue. 
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3.7 Shipping 

Cities that are international cruise and container terminals rely heavily on 
these industries for economic growth and employment, exclusion of emis-
sions from these industries would lead to misinterpretation in policy making 
[1]. Territorial inventories may, depending on the extent of territorial waters 
in the geopolitical boundary, include port-side operations or entirely exclude 
shipping operations. A transboundary approach must consider the indirect 
emissions (movement between ports) of these sources [1, 5]. Emissions from 
shipping are a function of engine operation and fuel consumption. Calculation 
of fuel consumed has broadly been undertaken using two approaches—‘engine 
use models’ and ‘bunker fuels’. Engine use models apply engine load, power and 
run-time, by engine and ship type (e.g. ro-ro ferry, liquid bulk), in the three 
phases of operation (hoteling, manoeuvre and cruise) to calculate emissions 
[41]. This requires detailed data input on vessel characteristics, routes, and 
operational time. Detailed data for all ship movements (>250 gross tons) and 
characteristics are available from the from historic Automatic Identification 
System datasets. However, the majority of these datasets demand a high cost 
purchase, which excludes some sub-national governments from using the data 
(e.g. Lloyds List Intelligence [42]). Alternatively, the method taken in the case 
study, a bunker fuels approach considers international bunker fuels loaded at 
the departure port provide a proxy to estimate emissions from shipping [41]. 
However, shipping companies are likely to source the cheapest available fuel for 
the route, the result being where fuel cost is low, emissions are overestimated 
(e.g. Belgium), and where costs are high, emissions are underestimated 
(e.g. New Zealand) [43, 44]. 

3.8 Aviation 

Aviation emissions are transboundary, smany airports are located outside 
geopolitical boundaries, and cities often act as aviation hubs with transit pas-
sengers occupying a significant proportion of capacity [45]. Allocation of emis-
sions must address these concerns, so as not to generate political tensions. Some 
territorial studies exclude emissions as almost entirely transboundary and largely 
beyond the control of local government (e.g. [46–48]). Others include domestic 
emissions and take-off and landing cycles to 1000 m altitude for international 
emissions (e.g. [49]). As applied in the case study emissions can be calculated 
on an activity basis (engine runtime, technology, flight occupancy). Similarly a 
number of studies have reported transboundary emissions based on quantities of 
fuels loaded at airports within city boundaries (e.g. [14]). These methods do not 
consider the movement of passengers between flights and the surface movement 
of passengers from outside city limits. Previous authors suggest that regional 
airport usage by community inhabitants can be estimated as a function of local 
to regional population [4, 21]. Assignment of emissions by community demand 
offers a truer picture emissions, considering only those emissions associated with 
the local population. However, this method is fraught with complexity, especially 
in cases where a number of international airports operate within close proximity 
(e.g. southern UK—Southampton; Bournemouth; Gatwick; Heathrow; Stansted, 
London City). Without accurate passenger origin—destination data, subjective 
judgments must be made to establish the geographic extent of airport demand. 
Demand from beyond the geographic boundary could be considered a function 
of the community demand, thus arguably, related aviation emissions should be 
accounted [4]. 
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3.9 Agriculture, Forestry and Other Land Use (AFOLU) 

Some argue AFOLU is potentially insignificant at the urban level and therefore 
may be excluded [50]. This is based upon the assumption that green space is both 
relatively limited in urban centres, and the perception that urban green space 
has limited value due to human modification [51, 52]. This is often untrue (e.g. 
Southampton Common is 145 hectares; London’s Hyde Park is 142 hectares, Beijing’s 
Fragrant Hills Park is 160 hectares, and Vancouver’s Stanley Park is >400 hectares), 
and fails to consider the importance of public and private land in urban centres (e.g. 
private gardens, green roofs) which, whilst small compared to per unit area GHG 
emissions, are potentially important stocks of GHGs [53]. 

Land use and management significantly influences ecosystem processes that 
effect GHG fluxes, (e.g. photosynthesis, respiration, decomposition). The IPCC [8] 
guidelines for national inventories contain significant information for the calcula-
tion of AFOLU GHG fluxes. These guidelines suggest two methods: (i) net carbon 
stock change over time and (ii) direct carbon flux rate (more commonly utilised for 
non-CO2 species) [8]. AFOLU carbon flux for Southampton was calculated using 
the first option, to provide consistency with annual reports and promote favourable 
management of non-urbanised space over an extended time scale. 

Estimates of C flux were derived from Rothamsted soil carbon model (RothC-
26.3) and the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM) 
[54–56]. Basic climatic inputs (temperature, precipitation, daylight hours) were 
required (Met Office, 2014), in addition to data on organic matter inputs (obtained 
from LPJ-DGVM), soil clay content, and atmospheric CO2 concentrations [56]. 
GIS data (OS MasterMap) of land-cover types were used to create a map of the city 
area; where available this map was augmented with specific vegetation cover data 
provided by the municipal authority [36]. Land-cover data was classified into 11 
broad categories, adapted from a condensed set of JNCC Phase 1 habitat classifica-
tions, a standard mode of habitat classification in the UK. (Table 1) The Phase 1 
habitat classifications provide a specific name and brief description of each habitat 
type/feature, appropriate for vegetation modelling using LPJ-DGVM [54–57]. In 
cases where land-cover types are not complete for an area (e.g. scattered trees), the 
land-cover was assumed to be divided evenly between land-cover types. Where 
trees are described as ‘scattered’ (>30% of surface by canopy extent) 20% of total 
area is classified as that tree type, the remainder is divided evenly between other 
represented land-cover types [57]. In the grass (cut) category, data are required 
for total clippings collected, thus removed from the system, and total clippings left 
in-situ. 

Private gardens are representative of multiple land-cover types (e.g. lawn; 
ornamental planting; patios; tarmac; gravels). Typical land cover types in private 
gardens were estimated based on a representative sample of private gardens in the 
study area, categorised for land cover types using aerial photography (expert judge-
ment) (Table 2). 

The model was run across a temporal period of 1 year, with GHG flux calculated 
as the change in storage between runs. 

3.10 Waste 

Waste management generates emissions of CO2, primarily of biogenic origin, 
with some fossil carbon and CH4, often outside the city boundary [5]. Regional or 
municipal governments are both actors in and managers of waste. Each has their 
own waste infrastructure, service provision and socio-economic conditions with 
influence over collection; treatment, and destination with significant emission 
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Land-cover category Example land-cover types 

Grass (cut 11 times a Natural surface, slope 
year) 

Rough grass (not Rough grass, rough grass and other 
mown) 

Other herbaceous Perennials, flowers, roses 
plants 

Private gardens Multiple surfaces in private residence 

Broadleaved Non-coniferous trees, scattered non-coniferous trees, orchard 
summergreen trees 

Needle leaved Coniferous trees, scattered coniferous trees 
evergreen trees 

Scrub Scrub, shrubs, hedges, heath 

Marsh Marsh reeds or saltmarsh 

Sealed surface Road, made surface, paths, steps, track, structure, traffic calming, pylon, rail, 
upper level of communications, building, glasshouse, overhead construction, 
unclassified 

Water Inland water, foreshore, tidal water 

Table 1. 
Land-cover categories for modelling of vegetation or other land-cover types (adapted from [49]). 

Land-cover type Proportion of total area (%) 

Grass (cut 11 times a year) 

Clippings removed 10 

Clippings left in situ 30 

Shrubs 10 

Temperate broadleaved summergreen trees 10 

Other herbaceous plants 10 

Sealed 30 

Table 2. 
Assumed proportions of land-cover types in private gardens for the southern UK (expert judgement). 

savings available through system reconfiguration [58, 59]. Many previous stud-
ies apply ‘generic’ emissions factors to waste treated. Detailed tools and methods 
for the accounting of GHG emissions from waste systems have been developed 
although there are concerns regarding consistency, accuracy and transferability of 
these methods [60, 61]. The following offers a brief overview of methods applied in 
the case study with greater detail exploring various stages in the waste system given 
in supplementary information. 

Knowledge of waste composition and subsequent mass balance of CO2 and CH4 
throughout the waste system is the key determinate in modelling waste emis-
sions. The composition of the wastes in the treatment system will affect the mass 
balance due to the changes in carbon content and subsequent degradation patterns 
[60]. Once known waste stream emissions can be calculated on a mass balance 
or activity basis. Many city based assessments do not suggest breakdown of the 
various stages of the waste management process, instead offering per unit treated 
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emissions factors. Per unit emissions factors are applicable to processes where 
the primary main source of emissions are from energy use (e.g. waste recovery 
and recycling), or for incineration processes (mass balance of carbon could also 
be applied). Greater accuracy can be achieved in modelling biological processes 
using a mass balance approach, with CO2 and CH4 emissions calculated on mass 
balance of carbon input to carbon lost from the final product. Emissions estimates 
from landfill must recognise both operational and closed phases [62]. Following 
closure, a landfill continues to emit GHGs, possibly for several hundred years, 
although some carbon will be indefinitely stored in the landfill [63]. Kennedy 
et al. [21] propose a pragmatic solution, applied in the case study, whereby 
estimates of long-term emissions were calculated for the waste landfilled in the 
assessment year. 

3.11 Water 

The provision of water and waste water services are similar to the provision of 
electricity. Emissions associated with water are calculated on an end-user basis for 
water processing, treatment and transportation using per unit consumed emissions 
factors. Commonly, as during this case study, water use is not metered and thus no 
actual consumption data are available. In the UK significant effort is being directed 
to the installation of end-user metering; this will provide improved data resolution 
for future investigations [64]. Emissions were calculated using standard estimates 
of water consumption provided by water suppliers. 

3.12 Consumption 

It is generally accepted that the addition of a consumption-based model-
ling approach extends the research implications and policy potential of a GHG 
inventory [2]. Territorial accounts include emissions associated with exports at 
the point of production; but exclude those associated with supply chains and 
imports. The upstream impacts of production are allocated to the producer—the 
tendency is to mask embedded emissions and burden shifting (energy intensive 
industries are effectively exported). Transboundary approaches add an ele-
ment of these out-of-boundary emissions, but do not give a full picture of the 
impact of consumption. Consumption-based accounting focuses on the final 
consumption of households and governments; methods account all GHG emis-
sions upstream of the community but exclude emissions from production within 
the city [10]. A consumption based approach compliments a transboundary 
methodology, capturing emission flows and the driving forces associated with 
consumption [65]. 

A consumption-based approach requires linking supply chain emissions with 
local consumption activities. Input-output (IO) models detail the transactions 
between industries and sectors within the economy. An IOT requires knowledge 
of all flows of goods and services among intermediate and final sectors in disag-
gregated form for a given time period. This implicitly implies high volumes of data, 
which is difficult to obtain at the sub-national level, necessitating some form of 
scaling from national data. The core element of an input-output model is a matrix 
concerning flows through the economy—sales and purchases from an industrial 
sector (a producer), to other sectors and the sector itself (consumers) [66]. The 
basic input-output out model assumes homogeneity in sectors (i.e. each sector 
produces a single product) and linear production (i.e. proportionality of inputs and 
outputs which precludes economies of scale). The basic IO model can be extended 
to include material consumption and emissions—an Environmentally Extended 
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Input-Output (EEIO) model. Effectively this creates an ‘environment’ sector, and 
the value of each item represents the ‘output’ of pollution [67]. 

Consumption-based emissions factors (GHG/£ spent) for the UK were 
calculated using an EEIO model. The IO data only holds data on final consump-
tion at the national level. A downscaling methodology was therefore required to 
estimate final consumption at the local level. The model assumes no variation 
in emissions per monetary unit spent between the national and local levels. 
The technical coefficient matrix was derived from UK supply and use tables 
for the year 2008 with 123 products and industry sectors in basic prices [68]. 
GHG emissions data by industry sector for the period were taken from the UK 
Environmental Accounts [69]. The Environmental Accounts provide data on 
GHG emissions from 129 industrial sectors and 2 household emissions sources 
(travel and non-travel). The GHG data is provided at a more disaggregated level 
than the IO data in some sectors, this was scaled to the 123 sectors of the IO 
model using the parent sector of the lower level disaggregation according to the 
UK Standard Industry Classification 2007. A domestic technology assumption is 
applied to imported goods and services, whereby imports are assumed to have 
the same GHG intensity as domestic equivalents. It assumes the energy struc-
ture and economic structure of the imports can be approximated based on the 
domestic make-up of the UK. This may be a valid assumption for some regions, 
but underestimates GHG intensities of imports from emerging and developing 
regions [11]. 

Expenditure between regions will vary considerably as a result of a range of 
socio-demographic factors. However, the underlying IO data only provide expen-
diture at the national level. Household demand was downscaled to the local level 
using household expenditure data from the UK Living Costs and Food Survey 
(LCF) (annual survey of household expenditure on consumer products and ser-
vices), and derived summary datasets provided in the Family Spending report 
[70, 71]. Government expenditure was downscaled on a per capita basis. Whilst this 
assumes individuals in the national population benefit equally from all government 
expenditure, it is considered a reasonable assumption in the absence of alternative 
data. Researchers have downscaled government expenditure using local expendi-
ture statistics, however these data do not exist for the UK [11]. The study does not 
consider emissions relating to capital investments. 

4. Uncertainty 

The city system is inherently complex and comprised largely of non-deter-
ministic features (i.e. responses of the system that are not predicable because 
of uncertainty within the system itself). Qualification and assessment of these 
uncertainties is important for both model validation and reliability. Sensitivity 
analysis is used to assign the uncertainty in the output of the model to differ-
ent sources of uncertainty in the model’s inputs and how the model responds to 
changes in input data [72]. The sensitivity of the transboundary inventory model 
is considered using a one-at-time (OAT) local sensitivity analysis technique. 
Sensitivities for the consumption estimates are considered at the aggregated 
emission factor per unit expenditure level, rather than at the EEIO input vari-
able level due to complexities involved in this form of modelling [73]. Whilst 
sensitivity analysis provides a good indicator of variables with high impact on the 
model, it does not provide qualification of uncertainty and must be accompanied 
with an uncertainty analysis [72]. A Monte Carlo analysis was performed using 
random sampling of input variables, based on defined uncertainty probability 
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distributions in input parameters. The analysis consisted of ten thousand model 
runs, completed for the model as a whole and for three of the broad category areas 
identified in the OAT transport emissions; power generation; and waste disposal. 
Supply chain and consumption emissions uncertainty was excluded due a need for 
further investigation and modelling. 

5. Results and discussion 

5.1 Summary 

As identified, there are three methods for the assessment of life-cycle GHG 
emissions from cities and other communities—territorial, transboundary, and con-
sumption based. This section discusses the implication of the three methods using 
the Southampton case study. Furthermore, the Carbon Footprint (CO2 and CH4) 
and Climate Footprint (Kyoto Basket) metrics are compared for each method. The 
summary results (Table 3) indicate increasing size in both the carbon and climate 
footprints as further emissions sources are added between methods, and a slight 
increase between the carbon and climate footprint metric. 

5.2 Territorial emissions 

Southampton territorial emissions suggest carbon and climate footprints of 
268ktCO2e and 273ktCO2e, respectively. Addition of end-use electricity consump-
tion increases this figure by 601ktCO2e and 604ktCO2e, respectively (Figure 1). 
The minor increase (0.99%) in emissions between the total carbon and climate 
footprints is driven primarily through inclusion of additional GHGs in transport 
(primarily N2O). Calculation of per capita emissions for the case study indicates 3.7 
tCO2e/capita carbon footprint, lower than the equivalent national production-based 
10.32tCO2e per capita estimate for the UK [74]. Whilst strictly geographic based 
methods can successfully identify local production-based emissions patterns and 
inform local development policy, they fail to capture the full extent of sub-national 
community infrastructures which extend beyond the geopolitical boundary 
(e.g. transport) [5, 6]. 

5.3 Transboundary emissions 

Described by Ramaswami et al. [4], Denver (CO, USA) represents the first 
known community to have been inventoried using a transboundary methodology. 
The study accounted all in boundary emissions and identified key community 
flows defined as: food; water; transport, and building materials (for shelter). 
Hillman and Ramaswami [75] suggest, based on a study of eight US cities that these 

Method Carbon footprint (ktCO2e) Climate footprint (ktCO2e) 

Territorial 268 273 

Territorial+ 601 604 

Transboundary 2643 2787 

Consumption 3160 3590 

Note: territorial+ includes emissions from end-user electricity consumption. 

Table 3. 
Summary carbon and climate footprints for the case study of Southampton. 
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Figure 1. 
Comparison of case study territorial and transboundary carbon (CO2, CH4) and climate (Kyoto Basket) 
footprints. 

cross-boundary activities contribute on average 47% more than the in-boundary 
emissions sources. This consideration is reflected in developing international 
standards (e.g. [12, 13]) which suggest a transboundary approach to account both 
the territorial and transboundary aspects of a community—ideally moving towards 
an approach that replicates the process(s) of urban metabolism [2]. 

The Southampton transboundary inventory includes direct emissions with the 
addition of: commuter road transport; shipping; aviation; out-of-boundary waste 
emissions; water and wastewater supply/treatment; construction materials, and 
food and drink—representative of the requirements of recent PAS2070 standard. 
The 2008 results, carbon footprint 2643 ktCO2e, and climate footprint 2787 ktCO2e, 
are, as expected, substantiality larger than the comparative territorial results 
(Figure 1). The results of the Monte Carlo simulation suggest a 95% confidence 
interval of 3395–4295 ktCO2e. The two footprinting techniques, as per territorial 
emissions methods produce results within 1%. The increased emissions in the cli-
mate footprint stem primarily from transboundary transport. The largest contribu-
tor, shipping emissions, are a result of the extended travel distance and subsequent 
high fuel demands. Whilst sub-national governments have limited control (typi-
cally only port-side operations) over these emissions sources, inclusion is important 
due to the strong economic reliance on these industries [1]. However sub-national 
governments do have access to control to address these emissions through local air 
quality control. Similarly road transport control can be found through air quality 
control and additional controls in planning and road management. 

Energy emissions comprise a large component of total emissions, electricity 
provides the dominant contribution to this sector. The disaggregation of emissions 
related to heat production from emissions associated with electricity generation 
impacted >1% on emissions per unit electricity consumed. At a local level, renew-
ables account for an equivalent grid emission of 3 ktCO2e. Evidently emissions from 
electricity are mainly dependent on the intensity of supply, highlighting a powerful 
interlink between local and national policy making. This interlink will become 
particularly pertinent with the potential advent of locally led energy initiatives 
(e.g. micro-generation; rail electrification; electric vehicle charging networks) [76]. 
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Emissions from AFLOU are minimal, however this masks the carbon stored in 
urban green space (470.00 ktCO2e). Exclusion of these emissions assumes green 
space storage is minimal; the results demonstrate this may not be the case. Careful 
consideration must be given to development that affects community green space 
(both negative—e.g. green space urbanisation—and positive—e.g. installation 
of green roofs), for the creation of carbon sinks, the wider potential social, and 
economic benefits [52]. 

Supply chain and infrastructure related emissions form the majority of total 
transboundary emissions, highlighting the importance of supply chains in commu-
nity footprinting. The recent PAS2070 [13] suggests further inclusion of all materi-
als making >2% material contribution to the community. This would add a further 
1315 ktCO2e and 1435 ktCO2e (carbon and climate footprint, respectively) to the 
Southampton results. However, there are concerns about double counting with the 
territorial element of the assessment. 

The primary advantage of a transboundary footprint is the level of completeness 
created through inclusion of in-boundary emissions sources and transboundary 
infrastructures that supply these activities. Given this completeness, transboundary 
based footprints can be utilised to inform a broad range of mitigation and manage-
ment strategies at the local, regional, and national scales. Additionally transbound-
ary footprints are more relevant and easier to communicate to residents due to the 
inclusion of major activities included in personal and home carbon calculators [6]. 

The main shortcoming of the transboundary method is the inconsistency in 
approach and application of metrics between studies. Standards (e.g. PAS2070 [13], 
GHG Protocol for Community Reporting [12]) are emerging that attempt to clarify 
and develop consistency in reporting structures. Comparability is also difficult; 
results require normalisation to enable inter-community comparisons. The majority 
of territorial inventories are normalised using a per capita metric, however this may 
not be appropriate for transboundary approaches. Metrics for the representation 
and comparison of transboundary approaches require further research. 

5.4 Consumption emissions 

Results for Southampton (carbon footprint 3160 ktCO2e, climate footprint 3590 
ktCO2e) (Figure 2) are consistent with previous studies where consumption-based 
estimates are higher than production-based emissions, with the majority of emis-
sions driven by households [77]. The disparity between the carbon and climate 
footprint is higher (circa 12%), this is primarily driven by high emissions of N2O in 
agriculture, highlighting the need for a climate footprint approach in certain situa-
tions where high emission of GHGs other than CO2 and CH4 occur [15]. 

The addition of a consumption based account extends the policy implications 
of a local GHG inventory [2]. The approach provides value for the assessment 
of household consumer lifestyle on GHG emissions, making the consumption 
impact of households and government visible [6]. Arguably a consumption based 
approach provides for the most rigorous method for per capita GHG comparison, 
as consumption is driven by the residents of a community. Additionally a consump-
tion based approach can inform local policy to reduce supply chain emissions as, 
when accurate local data are available, imports/exports can be traced. Recognising 
these advantageous policy implications, the new PAS2070 requires the separate 
completion of both a transboundary inventory, and a consumption-based inventory 
[13]. However consumption-based methods are data intensive, and are only truly 
valuable where accurate IO data are available. Misallocation of emissions can occur 
where physical flows do not match monetary flows represented in local IO tables 
[6]. Additionally, the consumption method effectively divides the community into 
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Figure 2. 
Comparison of case study consumption carbon (CO2, CH4) and climate (Kyoto Basket) footprints. 

two, with activities for exports not included in the unit of analysis. This can exclude 
a large element of a local economy (e.g. resorts, industrial communities) which 
could be managed through local policy. 

In this study, there are limitations to note. The assumption of a homogenous 
technology mix in the EEIO model presents a level of inherent uncertainty— 
imports come from a range of countries using a range of different emission and 
resource intensities. This may be a valid assumption for some regions, but under-
estimates GHG intensities of imports from emerging and developing regions. 
The accepted solution is to employ a Multi-Region Input-Output (MRIO) model. 
MRIO models represent the interactions between any number of regions with 
potentially differing technology mixes, by internalising trade flows within internal 
demand [78]. The method of downscaling presents two important limitations. 
Firstly expenditure can only be estimated for broad categories—partially a result 
of the homogeneity assumption of the underlying IO model, this assumes common 
per unit emissions in these categories, which may not be entirely representative. 
Secondly, this generalisation may misrepresent the quantity of product purchased. 
For example the same expenditure on a high cost product variant would provide less 
quantity of product and potentially lower emissions, than a high quantity low cost 
product. 

6. Conclusions 

This study has presented several important developments to the assessment of 
community carbon footprints. Methods have been developed to assess emissions 
at a spatial and temporal disaggregation suitable for use by policy makers at the 
community level. The methods have been presented to show the policy implications 
of territorial, transboundary, and consumption based accounting procedures. To 
explore the uncertainties associated with the model a Monte Carlo simulation was 
constructed. The effort required for a comprehensive uncertainty analysis of this 
type is considerable, the alternative however, is to provide decision makers with 
incomplete information. At best this will lead to a false sense of reliability, at worse 
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incorrect assumptions and decision making. We strongly recommend that as more 
studies become available continuous effort to identify and improve uncertainty be 
applied; leading to a better communication of information to policy makers and 
a better underpinning of their decisions. Only a limited difference in emissions 
totals was observed between the carbon and climate footprints for the case study 
city, clearly showing that the carbon footprint (CO2 and CH4 only) offers a low 
cost, low data, universal metric of anthropogenic GHG emission and subsequent 
management. 

Territorial accounts may be suitable for national GHG inventories, but can-
not represent the transboundary infrastructures of sub-national communities. 
Transboundary approaches extend the territorial approach to include emissions 
from key infrastructures essentially to sub-national communities. The addition of 
a consumption-based account further extends the policy relevance and research 
applications of community accounting. Consumption-based approaches show the 
impact of household consumer lifestyle on GHG emissions, and making the supply 
chain impact of households and government visible. 

Recognising the advantages of transboundary and the simultaneous application 
of a consumption-based approach, standards, such as PAS2070, advocate combin-
ing a transboundary approach with a consumption-based approach in order to 
provide a comprehensive report. 

Finally, the establishment of a global network of low carbon cities requires 
the appropriate tools. PAS2070 and related standards represent a significant step 
towards the development of a comparative assessment of urban community GHGs. 
Barriers still exist—comparable metrics need to be further developed and local 
governments often do not possess the resources and skills required to complete an 
inventory assessment. 
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Chapter 6 

Suggestion of Life Cycle Impact 
Assessment Methodology: 
Selection Criteria for 
Environmental Impact Categories 
Magali Rejane Rigon, Rafael Zortea, 
Carlos Alberto Mendes Moraes 
and Regina Célia Espinosa Modolo 

Abstract 

In life cycle assessment (LCA), environmental impacts are classified according 
to the methodology used. Several life cycle impact assessment (LCIA) methods are 
currently used, and the method selected and the particulars thereof may influence 
the results obtained. This study characterized the main LCIA methods used and 
the most relevant categories of environmental impact. In total, 87 articles were 
initially retrieved using relevant keywords. After screening, 11 articles were shown 
to address the topic of study and were reviewed. The results showed that CML is 
the most widely used method. The main environmental impact category was global 
warming potential followed by acidification. Studies using LCA depend on the 
confirmation of the efficacy of the methods in the effort to represent and assess 
impacts in different regions of the world. 

Keywords: LCA, LCIA methodologies, environmental impacts, 
global warming potential, acidification 

1. Introduction 

Life cycle assessment (LCA) is an essential tool in the characterization of 
environmental risks in the different stages of a product’s life cycle [1]. Research on 
LCA is a source of important information in management and decision-making 
strategies designed to improve environmental practices and execute technological 
adjustments or transformations in organizations [2]. 

With the use of LCA on the increase, the biofuel sector is the object of consider-
able research publications, followed by energy generation and agriculture [3]. In 
addition, LCA is the foundation of studies that assess environmental impacts in 
several production chains such as the steel industry [4], construction [1, 2], steel 
recycling processes [4], and urban solid waste management [5, 6]. 

Standardized by the International Organization for Standardization (ISO) as ISO 
14.040, the execution of an LCA is divided into four stages, namely the definition of 
goal and scope, inventory analysis, impact assessment, and interpretation of results [7]. 
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In LCA studies, environmental impact is classified according to the methodol-
ogy used to assess it. The methods used for life cycle impact assessment (LCIA) 
establish the relationship between each stage of the life cycle inventory and the 
corresponding environmental impacts [8]. Several LCIA methods based on soft-
ware and inventory databases have been developed. Notably, the variety and the 
specific aspects of these methods may affect the end results of LCA [9]. Moreover, 
it is important to understand the implications of LCA studies from a broader, more 
inclusive perspective that considers not only the environment but also human 
health, since important factors may be overlooked if an all-encompassing, holistic 
approach to environmental impact is not carried out [10]. For this reason, LCA 
studies require the evaluation of the LCIA method that best characterizes the poten-
tial environmental impacts in a given process considering the scope and hypotheses 
guiding the conduction of study. 

The objective of this study was to identify the key LCIA methods used today 
and characterize the main categories of environmental impact assessed using these 
methods. 

This chapter is structured so as to initially characterize the obstacles and diffi-
culties faced when classifying the environmental impacts central to the conduction 
of LCA. Next, we carried out a literature review using specific keywords currently 
used to define the main criteria and the most important categories of environmen-
tal impact. Early research already warned of the implications of not including all 
relevant categories of environmental impact in LCA when comparing the impacts 
of recycling paper solid waste and incinerating it [11]. 

2. Methods 

Prior to the literature review carried out, we first discussed cases of environ-
mental impact that indicated the importance of a diagnostic evaluation of the 
selection of all impact categories used in decision-making. 

This study was carried out searching the Journals Portal of University 
Professor Improvement Bureau (CAPES), which includes more than 250 
databases of theses, journals, and books. Some of the databases included are 
SCIELO, Science Direct (Elsevier), and Scopus (Elsevier). The search was carried 
out in November 2018, and the keywords used were industrial solid waste and 
LCA. Initially, the keywords retrieved 87 publications issued from 1993 to 2018. 
Subsequently, the articles were screened so as to include only the publications 
addressing the study topic, namely the use of LCA to investigate solid waste from 
industrial processes. Some of the articles included were noteworthy literature 
reviews on the use of LCA [12, 13]. Waste management assessments carried 
out using other methodologies were excluded from the present report [14, 15]. 
Similarly, studies that used advanced environmental tools like material flow 
analysis (MFA) [16, 17], circular economy [18], and industrial symbiosis [19] but 
did not employ LCA were also disregarded. 

The inclusion criteria adopted concern the third stage of LCA studies, namely 
LCIA. Software, the LCIA method, and the categories of environmental impacts 
used in these publications were considered. If a study presented assessments of 
more than one category such as midpoint and endpoint categories like global warm-
ing potential and climate change, for example, it was still considered one publica-
tion only. The impact categories considered had to be addressed in more than one 
single publication. However, studies that have produced significant findings were 
mentioned in the assessment. Later, evidence explaining the selection of environ-
mental impact categories assessed in each study was analyzed. 
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3. Criteria used to select life cycle impact categories 

The use of a LCIA is justified considering the effort to generate a priority matrix 
that may be used to define the most relevant impact categories in LCA studies. This 
matrix would be helpful in the characterization of the impact categories that should 
be considered in each LCA based on specific criteria and score systems. 

The criteria to be defined should take into account the importance of each 
impact in each case studied. Therefore, criteria like type of process (that is, the envi-
ronmental impacts that are more important in a given process and the most affected 
compartments) and region (the scarcest or most susceptible natural resources in a 
determined area, for example) become important factors to be considered in the 
definition of the priority matrix. Other important requisites include spatial cover-
age, duration, reversibility, probability of occurrence, harm to human health, harm 
to ecosystems, exhaustion of resources, and treatment alternatives [20]. 

Therefore, based on these criteria, the priority matrix may be helpful in the 
definition of the most appropriate impact categories to be considered in a given 
LCA study. It is also important to evaluate the metric that most accurately and 
realistically represents the categories defined. 

For example, the contaminants generated by a given industrial activity are a 
function of the associated production processes [21]. A metalworking company 
carries out processes like purification, surface treatments, and quenching. For this 
reason, such a company would generate by-products like 

• foundry sand waste 

• cured resin waste 

• polymer paint bottoms 

• boiler ashes and soot 

• quenching salt waste 

• galvanizing bath dregs 

• metal scrap in general 

More specifically, metal processing may generate waste items like metal scrap 
and sand casting scrap that in turn release phenols, cyanides, mineral oil, and 
heavy metals. In turn, surface treatments and quenching operations are sources of 
antimony, arsenic, petroleum ether, benzene, lead, cadmium, chromium, cyanides, 
copper, mineral oil, nickel, mercury, acids, bases, selenium, and zinc. Investigation 
on these contamination hazards is an important source of data on the major 
environmental impact categories in LCA of products manufactured using such 
processes. 

Concerning the situation of a given region in order to assess how its environ-
mental compartments behave and how degraded the region is, the Rio Grande har-
bor, in southern Brazil, provides a good example. According to Fundação Estadual 
de Proteção Ambiental Henrique Luiz Roessler (FEPAM), the local environmental 
authority that records incidents with hazardous materials (http://www.fepam. 
rs.gov.br/emergencia/rel_acidentes.asp), the accident with the cargo ship Bahamas 
in 1998 was the first major event in Rio Grande harbor. This ship was transport-
ing concentrated sulfuric acid when it was moored to canal in Rio Grande harbor. 
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Due to operational problems, sea water leaked into the tanks, diluting the acid in 
a strongly exothermic process in view of the large cargo (approximately 12,000 t) 
and considerable volume of water that leaked into the ship [22]. The risk of explo-
sion was significant. The alternative found was to control the release of the sulfuric 
acid into the canal of the Rio Grande harbor. Fortunately, the canal waters were 
discharging into the ocean, leading the contaminant to flow away from the harbor 
area. It should be emphasized that if the waters were flowing into the canal, then 
the acid would have remained in the harbor area, spreading to Patos Lake and trig-
gering a large-scale environmental disaster due to the ecological susceptibility of 
the region [22]. From the chemical standpoint, the dilution of sulfuric acid releases 
high levels of hydroxonium (H3O+), sulfate (SO4

2−), and bisulfate (HSO4 
−) ions. 

Considering that the density of sulfuric acid is higher than that of sea water and 
that the pH varied from 8 to 3 during the incident (returning to 8 subsequently), 
it may be hypothesized that solubilized metal ions were stabilized in the aqueous 
medium by conversion to insoluble sulfate or bisulfate species [22]. This induced 
the sedimentation of these materials on the floor of the canal. 

Three minor accidents took place in the Rio Grande harbor in the past 20 years. 
Two of these events involved fuel oil and one involved bunker fuel, in 2001 and 
2004, respectively. However, since these fluids are poorly soluble and less dense 
than water, the contamination of the canal floor could be ruled out. 

But a lead acetate spill was recorded in the container park of the harbor in July 
2001. Different from the accidents with oil, lead acetate was being transported in 
the solid state. Due to the high solubility in water and high density compared with 
sea water, the compound posed a high risk of contamination of the canal floor. 
Though lead acetate is a low-hydrolysis rate organic salt formed from a weak acid, 
the compound is toxic and the possibility that hydrolysis takes place indicates that 
Pb2+ ions might have reacted with the ions in solution in the waters of the canal of 
Rio Grande harbor. 

In view of that, the record of incidents in the Rio Grande harbor clearly indicates 
the categories of environmental impacts that are essential to be considered in LCA 
studies in the region—or in any other harbor zone. These events signal that the 
activities carried out in a harbor may have high environmental impact hazard. 

Considering the prerequisites discussed in previous research [20] and the cri-
teria defined above, which are represented in detail in the accidents described, the 
present study indicates the need for a priority matrix that addresses these prerequi-
sites. The objective is to provide a decision-making tool in the definition of the main 
life cycle impact categories to be considered in an LCA. 

4. Life cycle impact assessment (LCIA) methods 

Of the 87 studies initially retrieved, 11 met the objectives of this review and were 
appraised. The studies included in this investigation were about LCA of industrial 
waste like copper tailings [23], management of hazardous industrial waste [24], 
steel recycling processes [4], solid urban waste management [5, 6], and cement 
industry [1, 2, 25, 26]. Table 1 shows the case studies and the environmental impact 
categories assessed. 

It is possible to observe that the LCIA method called CML was the most applied 
in research, being used in three articles carried out in Turkey, China, and Arabia 
[1, 5, 6]. The Eco-Indicator 99 method [23] and the Impact2002+ method [2] were 
also used. Other studies used the software tool developed by IKE Environmental 
Technology Co. Ltd., the eBalance package, which defines 16 midpoint categories of 
LCA [26, 27]. 
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The use of the LCIA method is explained based on how a method is applied 
in LCA studies [2, 23]. However, some studies provide no explanation about the 
decision concerning the LCIA method selected. The use of a given method based on 
technical criteria was not reported in any study reviewed. 

In LCA studies, environmental impacts are classified into categories based on the 
methodology used to assess the impact. The selection of categories of environmental 
impacts to systematically understand the aspects involved in each process is highly 
important at this stage, since the paucity of information may affect all decision levels. 

The results of this review show that the main categories of environmental 
impacts taken into account in LCIA studies were global warming potential and 
acidification potential, which were used in 11 and 9 studies, respectively. Ecotoxicity 
was a category assessed in three studies. 

More specifically, the four LCA studies that addressed cement as the only 
product were carried out in China using different methods. Only one category 
was assessed in the four studies, namely global warming potential. The categories 
acidification potential, eutrophication potential, and ecotoxicity were evaluated in two 
studies [1, 2]. The fact that these categories were evaluated does not mean that they 
were relevant in the respective studies. In the studies that assessed industrial waste 
and processes, the main categories used were global warming potential followed by 
acidification potential and eutrophication potential. 

Previous research carried out an environmental evaluation of a typical Portland 
cement production line in China and compared the environmental impacts 
observed with the best available technologies with effects of the replacement of raw 
materials and of calcination fuels [1]. The functional unit defined was the produc-
tion of 1 ton of Portland cement. The data were collected in a company operating in 
northern China and compiled as a database. The environmental impact categories 
were assessed using the CML 2001 method. The environmental impacts assessed 
were normalized. It was possible to observe that the category global warming 
potential is more severe compared with the other categories, followed by acidifica-
tion potential and photochemical oxidation. The authors observed that the most 
efficient way to reduce greenhouse gas emissions in Portland cement production 
in China includes the study of alternative raw materials and fuels, especially due to 
the effects of calcination and coal consumption. These results were similar to the 
findings published in previous research [2], which found that the use of alternative 
materials like industrial waste and by-products is an efficient way to reduce envi-
ronmental and economic impact generated in cement production. 

The environmental performance of cements produced to yield various resistance 
levels has been compared [2]. The functional unit chosen was the production of 1 
ton of cement. Mean annual production data of cement types were obtained from 
a research carried out by the China United Cement Corporation. Energy, coal, 
and shipping data were obtained from the literature. The LCIA method used was 
Impact 2002+. The environmental impacts were calculated based on midpoint and 
endpoint categories and were normalized. Based on an LCA, the authors concluded 
that the cement produced to yield high resistance caused the highest environmental 
impacts compared with lower resistance cements. The results showed that the 
categories that most contributed to global environmental impacts are global warm-
ing potential, respiratory toxicity potential, non-renewable energy consumption, and 
terrestrial acidification/eutrophication. Therefore, two categories were significant in 
these studies, namely global warming potential and acidification potential. 

Also, CO2 emissions by the cement industry in China were quantified using an 
LCA [25]. Although these authors did not use a specific software, the calculations 
were carried out based on the necessary equations. 
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In another study, environmental impacts of the production of sulfoaluminate 
clinker using industrial solid waste were compared to the results obtained with 
the conventional method [26]. The results showed that industrial solid waste may 
significantly reduce the environmental load of the process due to the lower con-
sumption of natural resources and greenhouse gas emissions. The production of 
sulfoaluminate clinker using industrial waste may reduce the total environmental 
impact by 38.62% compared with the conventional process. 

It has been maintained that most studies about cement production considered 
only CO2 emissions and ignored the other environmental impacts [2]. It is observed 
that this is the case of several LCA studies not only about cement production, but 
also about other processes. The category global warming potential was considered in 
all studies, which explains the concern of industrial sectors to reduce greenhouse 
gas emissions. 

Another study assessed the generation of energy from coal in China considering 
the steps of the mining life cycle and the washing and shipping of coal [27]. The 
authors observed that the main environmental impact category was smoke and dust, 
which is associated with the emission of total suspended particles. 

However, it is important to consider all environmental impacts associated with 
LCA, in view of the relevance of the results of assessments to all decision-making 
levels. Therefore, it is essential to consider the specific aspects of the regions where 
a LCA is conducted and identify the relevance of the likely environmental impacts 
and aspects involved locally. 

In addition, decision-makers have to consider a full LCIA, taking into account 
the associated economic and environmental impacts [4]. 

The lack of a holistic assessment of environmental impacts was observed in LCA 
carried out today based on a critical evaluation of LCA studies about concrete [10]. 
The author reports that LCA studies about concrete published in the literature are 
based on the use of energy and greenhouse gas emissions, despite the importance of 
questions like volatile organic compounds, heavy metals, and other toxic emissions 
involved in the production of concrete components. 

5. Final considerations 

Based on the rationale presented to determine the selection criteria and the 
survey carried out about LCA studies on industrial solid waste, it is observed that 
there is a long way ahead in the definition of a methodology to establish the life 
cycle environmental impacts that best fit each study in particular. Therefore, it is 
important to evaluate the methods that include the set of priorities established for 
the definition of the categories of impact that are of relevance in LCA studies. The 
priority matrix should include items such as type of activity and overall regional 
characteristics [20]. 

6. Conclusions 

The objective of this chapter was to evaluate the use of different methods to 
define the most representative categories of environmental impact in LCA of 
industrial solid waste. Although initially 87 studies were selected, no study on 
LCA was carried out using a method that actually helped identify these categories. 
However, the categories global warming prevailed in research, followed by acidifica-
tion potential and eutrophication potential. 
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This chapter also aimed at demonstrating the importance of assessing processes 
and respective downcycling and upcycling by-products as well as the most frequent 
pollutants, as in the example of the metalworking organization discussed. The 
importance of considering the physicochemical characteristics and behavior of 
compartments like water, air, and soil in the region where an impact occurs is high-
lighted. It is essential to evaluate the region considering its record of environmental 
accidents that affect its vulnerability to a given impact category. As opposed to what 
was observed in this literature review, these peculiarities should not be overlooked, 
meaning that specific aspects have to be considered in the search for critical points 
in LCA studies. 

In view of that, the present literature review warns of the need to use appropri-
ate LCA methods that consider the factor cited and address spatial area, duration 
of impact, reversibility, probability of occurring, human health hazards, harm to 
ecosystems, resource exhaustion, and treatment alternatives. Therefore, research 
on LCA requires a clearly developed approach to select impact categories that are 
more relevant in the establishment of environmental critical points, which is one of 
the objectives of LCA. These considerations form the foundation for a modernized 
production chain based on sustainable development under research, where LCA is 
the main tool in decision-making. 
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