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Abstract: This article examines the sustainability of beer production through a review of the available scientific
literature. Beer production, a beverage of both cultural and industrial importance at a global level, significantly
impacts the environment due to the use of natural resources and emissions generated during the various stages
of the production process. This study adopts the Life Cycle Analysis (LCA) approach to assess the
environmental impact of beer production, from the extraction of raw materials to the disposal of the finished
product. Only peer-reviewed studies published between 2001 and July 2024 that address at least one stage of
the beer production process were included in the review. The results highlight the critical points of the
production cycle and suggest sustainable practices to reduce the environmental impact. This study provides a
detailed overview of LCA methods applied to beer production, including defining objectives and scope, life
cycle inventory, impact assessment and interpretation of results, and providing recommendations to improve
sustainability in the brewing sector. The objectives of this study were to identify the critical point within the
beer production cycle that significantly contributes to environmental impacts and to suggest sustainable
practices and strategies that can be adopted to reduce the environmental footprint of beer production.
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1. Introduction

Beer is a key product both industrially and culturally at the global level. It is widespread in
different regions of the planet and its impact on the international economy is significant. In 2022,
global beer production increased by 1.3% year-on-year, reaching 1.89 billion hectoliters. The main
beer-producing countries, including China, the United States, Brazil, Mexico and Germany, alone
contribute 49% of global production [1]. The consumption of this beverage has become so popular
that it is the fifth most consumed beverage in the world, preceded only by tea, carbonated drinks,
milk and coffee [2], and among alcoholic beverages it is the most consumed, sometimes taking root
in the cultural roots of many nations [3]. In an increasingly globalized world, consumers today are
accustomed to consuming mainly standardized and industrialized products that can be commonly
purchased in bars or supermarkets. Despite this, there has always been interest in craft beers in
several countries. According to the Brewer Association of the United States, a craft brewery is defined
as small, independent and traditional when it does not produce more than 700 million liters of beer
per year, no more than 25% of the company is owned by an industrial brewery and that the
ingredients used must be linked to the history of brewing processes [4]. Beer is composed of four
main ingredients that are water, fermented cereals, especially barley and corn, hops and yeast. In
addition, in order to customize the characteristics of the beer, other types of ingredients can be added
(e.g. fruit, herbs, honey, etc.) that provide particular aromas and flavors [5].

Producing beer is a complex process that includes several phases. The brewing process begins
with malting, followed by the formation of the wort, which is then boiled with hops and left to
ferment to produce alcohol and develop an aroma. Finally, the fermented wort is filtered, packaged,
and distributed to consumers. Depending on the style of beer produced, different ingredients are
used, but the four most common cereals are barley, wheat, oats, and rye [6,7]. Given the complexity
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of the stages involved in the production and consumption of beer, its production process can have a
significant impact on the environment. This involves the use of natural resources and the generation
of emissions at various stages [7-9]. Sustainability assessment is therefore an increasingly important
issue in a global context that requires industrial activities to reduce their environmental impact. Life
cycle assessment (LCA) is essential to assess the environmental impact of a product or process from
raw material extraction to disposal (cradle to grave) [10-12]. Over time, LCA has undergone
significant methodological improvements, including an expansion of the impact categories
considered and greater complexity in the methods used. Furthermore, the concept has evolved to
include social (Social-LCA) and economic (Life Cycle Costing) aspects, becoming a tool oriented to
sustainable development known as Life Cycle Sustainability Assessment [13-15]. This study aims to
conduct a review of the scientific literature on the sustainability of brewing to provide a detailed
overview of LCA methods applied to brewing, including setting goals and objectives, Life Cycle
Inventory, impact assessment, and interpretation of results. In addition, the study aims to highlight
hot spots in the brewing process and highlight possible strategies that can enable a reduction in the
environmental impact of the entire production process. It also aims to recommend improvements for
the sustainability of the brewing industry based on the results of the reviewed studies.

2. Literature Review Methodologies

The methodology of the literature review is important to ensure that the research is
comprehensive and accurate. In this study, we took a systematic approach to collect and analyze
relevant studies on the sustainability of brewing using Life Cycle Analysis (LCA). This approach
allowed us to identify and critically evaluate studies covering different stages of the beer life cycle,
from extraction of raw materials to disposal of the finished product. This section details the criteria
for selecting the studies, the data sources used, and the analysis methods adopted to synthesize the
available evidence. Figure 1 shows in detail the LCA studies selection following Anees et al 2023
indications [16].

Record identification thought
the Goole Scholar database —
(n=59)

Recorded screened Full text article assessed Sty mclm‘.lgd e
— . —— _— analysis
(n=85) (n=43) (1=29)

Record identification through
the Scopus database —
(n=70)

Figure 1. Article selection processes of Google Scholar and Scopus Database.

The review only considered LCA studies including the brewing process. This included both the
production phase of raw materials and packaging such as bottles, cans, and kegs. Only studies that
assessed at least one stage of the brewing process were considered. Articles that only dealt with the
LCA of beer packaging were not considered in the review.

Articles published from 2001 to July 2024 were considered. In addition, only articles from peer-
reviewed journals were included in the review, as the aim of the review was to focus on studies that
had undergone an independent review. Books and book chapters were excluded as it could not be
determined whether they had been subject to the same level of peer review. However, this represents
a limitation of the review as relevant LCA studies may have been overlooked. Review articles and
methodological articles were also excluded as the focus was on LCA studies. The literature search
was conducted using Scopus and Google Scholar. The search included the following keywords in
combination with the word ‘Beer’: LCA, life cycle analysis, and carbon footprint. From the literature
search, only 70 potential articles were retrieved. After screening based on topic and publication text,
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36 studies remained. The studies were mainly from Western Europe (Spain, Italy, Greece, Sweden,
the UK, Finland), and the USA.

3. LCA Methodology

Life Cycle Analysis (LCA) is a methodology comprising four main steps (Figure 3): goal and
scope definition, inventory analysis, life cycle impact assessment, and interpretation. This
methodology is based on the ISO 14040 standards, first released in 1997 and updated in 2006
[11,13,15,17]. The LCA methodology can be divided into four main phases: goal and scope, life cycle
inventory, life cycle impact assessment, and interpretation. The initial phase, that of defining the
objectives and scope, focuses on the reasons for conducting the study, the target audience, and the
intended application. It also includes a description of the boundaries of the study system and the
definition of the functional unit, which is a quantitative measure of the function provided by the
product or service. In the inventory analysis phase, a list of the inputs and outputs of a product is
compiled about the functional unit [18,19]. Then, in the life cycle impact assessment, the calculated
flows are translated into environmental impacts using emission factors. Finally, in the interpretation
phase, the results are evaluated against objectives and scope to derive conclusions and
recommendations [19,20]. Its fields of application are numerous; the three main areas in which this
methodology is applied are highlighted below [21-23]:

i. Food industry: LCA is used to assess the environmental impact of food products, from production
to distribution and consumption. For example, in the brewing industry, LCA can identify the
production steps that contribute most to greenhouse gas emissions and suggest ways to reduce
these impacts.

ii. Energy Sector: LCA is used to compare different energy sources, such as fossil fuels and
renewable energies, providing a comprehensive assessment of their environmental
performance.

iii. Construction: In the construction industry, LCA helps assess the environmental impact of

building materials and construction processes, promoting the use of sustainable materials and

environmentally friendly construction techniques.

Life cycle analysis is a robust methodology to assess the environmental impacts of products and
processes comprehensively and holistically. By providing an overview of environmental
performance across the entire life cycle of a product, LCA is an essential tool for promoting
sustainability and defining effective environmental policies. With the continuous development of
new databases and the harmonization of methods, LCA plays a crucial role in supporting
sustainability-based decisions in various industries [13,24].

3. Results and Discussion

Different methodological aspects of LCA applied to beer production have been identified in the
literature, which will be discussed and dealt with according to the four development phases of an
LCA study: Goal and scope (goal, functional unit, system boundaries); Life cycle inventory (LCI); Life
Cycle Impact Assessment (LCIA) e Interpretation [13,25]. Table 1 shows the main methodological
aspects and parameters that mainly influence the application of LCA and the environmental results
of the studies, representative of the main impact categories examined.

3.1. Goal and Scope

The objective and scope-setting phase of an LCA involves the design of the study according to
the set objectives. These objectives and scope establish a series of methodological decisions, which
influence the assumptions and intensity of work in the subsequent phases. According to ISO 14000,
the objectives and scope of LCA studies must be clearly defined at the outset, so that they are
consistent with the intended application of the study [13,26,27]. In the studies examined, the
objectives were generally well-defined and although they focused on assessing the environmental
performance of the entire beer production cycle, they also focused on packaging, which shows the
versatility of LCA as an analysis tool (Table 1). Often, these studies were aimed at identifying critical


https://doi.org/10.20944/preprints202408.0450.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2024

d0i:10.20944/preprints202408.0450.v1

4

points and/or comparing alternative methods, in particular about the use of fertilizers and pesticides
during cultivation, electricity use, and packaging. In addition, all studies aimed to identify
opportunities to improve the environmental performance of beer production [28-30].

Table 1. Representation the principle LCA study on beer production (N/A, not applicable; N/S, not

specified, white space is non-present in the study).

c . System Impact Categories
Study PubYl;C;:mn GZ‘;g[::E:IC Goal And Scope Functional Unit Bou:sdari Method Zm Unit Result
Evaluate the
environmental impact of
manufacturing and
disposing of the most GW g CO: 826
common packaging P eq
options for three
beverage products: juice,
beer and water.
Evaluate the packaging required Gate to
[31] N/A contribution of to contain 1 I of -
. Grave
2010 Packagmg to th? beverage
environmental profile of
a product’s life cycle.
This includes an analysis CED Mj 19.06
of the impact of
beverage production,
transport (local),
packaging production
and packaging disposal.
Evaluate the
potentialities of a series 1 hL of beer
of mitigation produced in three
opportunities in order to large- (LS),
minimize the cradle-to- medium-(MS) and
grave carbon footprint ~ small-(SS) sized Carb0¥1
[32] 2018 NA of 1 hL of beer produced  breweries and Gate toFootprin GW Kg CO 127 to
. . grave t(IPCC P 2eq 192
in three large- (LS), packed in 66-cL 2007)
medium-(MS) and glass or
small-(SS) sized polyethylene
breweries and packed in terephthalate (PET)
66-cL glass or PET bottles
bottles
EYaluate the infh.Jence of GW gCO>
different packaging and Europea P 727 to
. . €q
distribution options on n 1336
the environmental 1 L of packaged Product ,0.0095
[33] 2022 N/A footprint of beer beer at the point of cradle to Envirom AP Mol H 2to
produced by seven  ratail to consumer ental 0.0103
small-scale breweries, Footprin 13.55
often referred to as t (PEF) M;j to

“micro-breweries”

19.66
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Assess the carbon
footprint of
a lager beer, made of Carbon
1HIof1 b
Wester  malted barley and hop OTABEE DT Gate to Footprin GW Kg CO
[34] 2018 packaged in 66-cL 90
Europe  pellets, and produced lass bottles grave t(IPCC P 2eq
from & 2007)
industrial and craft
breweries
Carbon
. . Footprin GW Kg CO 392 46
. The functional unit t(IPCC P  2eq
Identify key .
. . . is one bottle of beer 2007)
issues associated with . Cradle to
(28] 2005 Greece the life cycle of beer (combined rave ks 0.0023
rogluction weight of beer and & OD CFC11- 4
P glass 1.066 kg) N/S eq
kg 0.0001
AP SO2-eq 5
Develop an LCA model
to assess
the carbon footprint of a
pale lager beer, made of 1hL of
malted barley,
maize grits and hop lager beer packaged
[35] 2016 Ttaly pellets, and produced in cl.lfferent Cradle to Ecoindic GW Kg CO 68.91
. packaging formats  gate ator99 P  :eq
from the Italian brewery and sollin
Birra Peroni Srl (Rome, se. e
. units
Italy), and consumed in
Italy, as well as to
identify its life-cycle hot
spots
Development of the cc Kg CO 80
basket of products 2eq
method responds to kg
0.0000
the needs to analyse and OD CFC-
] average food 15
monitor European . 1leq.
consumption patterns consumption per mol Hp
PH person in the EU in AP 0.88
and their global Cradel to ILCD
[29] 2017 N/A . . terms of
influence, in order to . gate 2011
. food categories
shift to more . .
.. (including the food
resourceefficient kg
. . losses at each stage)
consumption practices POF NMVO 0.32
that have a lower impact Ceq
on the
environment
timated Pcc Gw |, <8
estimate
NMVO 0.73
the GHG emissions kg of carbon dioxide 2007 P Ceq
1 lcoholi ival 2 1
[36] 2018 Sweden related to alcoholic equlYa ents (CQ .e) Cradle to kg
beverages that per liter of specific ~ gate AP SOD-c N/S
are representative for  alcoholic beverage N/S K 1
Swedish consumption POF 8 N/S

NMOC
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GW g Co2 760 to
P eq 1900

FRD 12 t
P Mj 300
production of 1 litre Europea 0.0024
valuate the of beer, packaged Cradleto ™ AP o She ‘to
environmental impact of  according to roduct 8 ¢ 0.0067
craft beer production, in individual brew- nvirom
2 2021[37 N/A ft beer production, in individual b (end-of Envi 0‘0067
particular at small scale ery specifications life) ental molcH ™
in microbreweries  and delivered to the Foorpri +eq °
. 0.013
retailer nt (PEF)
0.0001
g CFC 3to
D
© 11 eq. 0.0003
7
Co2
Europea CC 8 o
Evaluate the . n oo
environmental im one 330 mL filled ME kg Peq
pact of beer bottleat ~ Cradle to product mol H*
[37] 2022 N/A the barley been beer the brewery in ate envirom AC o N/S
respect the traditional . Y & ental =
Edinburgh . mol H*
beer footprin FE
t (PEF) &9
LU pt
Evaluate the GWP of cw 8 cOo2
[38] 2010 Sweden beverages in relation to N/S N/S p edqper 101
nutritional value 100g
assess the
potential environmental
£f f the diff
¢ eczst;g:s f) fdt1heerent 505 multi-packs of
[10] 2001 N/A beer life cycle and to b bo;t:edf b Cradle to Ecoindic GW' g CO2 N/S
also obtain new and EEI: (10 hi of beer) gate  ator95 P eq
updated information in the shop
for establishing the new
facility.
GW K
assess the P COZg eq
environmental impacts . . S ——
'the del f CEC
through the life cycle of s t e delivery o oD &
returnable and non 330 litres of beer to Cradle to - Mleq.
[39] 2001 Portugal returnable elass the consumer’ ate N/S Kg N/S
beer bottlos co 1%1 > which corresponds & POF NVMO
different reuze ® 101000 bottles - c
percentages AP Kg 502
€q
cc " 5745
Co2 eq
Establishing criteria for AP Kg SO2
[40] 2023 South advancing circular 1 cubic meter (m®) Gate to N/S eq
Vietnam economy practices in the of beer produced  grave FE KgP eq NS
beer industry ME Kgneq
LU m2

WS m3eq
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Establish the Carbon kg
1 H
[41] 2019 Italy footprint of beer 1 hL of malt beer Cradle to c CO2e 1272
. grave
production hL-1]
1 h K 2
envii‘r;irizei:aleand mount of beverage W eg C;)r 22
.. products consumed p 1P
[42] 2007 Norwey esource efficiency and er capita in Cradle to N/S L
Y effectiveness of the per cap grave
. Norway in the year M]J per
beverage sector in CED 8.0
Norway 2000 L
GW ii E:rzo.ls to
P 0.35
L
packaging of 11 of Recipe
1 WD 3
[23] 2022 kegged beer in a 30- Cradle to Midpoin o .
ke grave tH) FD kg oil-
& eq) N/S
MD kg Fe-
€q
GW I:i ;3;2 104 to
P 126
L
. analyze the . 0.647
environmental profile of AP kg SO2 to
the brewing process of ed 4739
craft beer and compare Recipe :
[43] 2023 USA the environmental Ibblofbeer  Gateto yp4 i FwWE 0-113
¢ f ale and brewed. gate kgPeq to
performance of ale an t (E) P
0.125
lager 0.092
brewing in a kgN
microbrewing facilit MEP to
8 0061
50.2 to
WU m3 533

*GWP. Global woarming potenzial; CED, Cumulative energy demand; FRDP, fossil resource
depletion potential; AP, Acidification potential; FEP, Freshwater eutrophication potential; IR,
Ionizing radiation Potential; MEP, Marine eutrophication potential; OD, Ozone deplation; POF,
Photochimical ozone formation, TEP, Terrestrial eutrophication potenzial; Abiotic Resorce Deplation
Potential; AC, Acidification, CC, climate change; LU, Land Use; FE, Freshwater eutrophication; ME,
marine eutrophication, WS, Water Scarsiti,, GHG, greenhouse gas; WD, water deplation; FD, fossil
deplation; MD, metal deplation; FWEP, freshwater eutrophication potential, WU. Water Use.

3.1.1. System Boundaries

System boundaries delimit the system studied through the inclusion and exclusion of unit
processes. Defining the boundaries is crucial to delimit the scope of the study and to be able to
compare different LCAs in time or space. The decision on which processes to include within the
system boundaries should be based on clearly defined and well-justified exclusion criteria, which
include criteria such as mass, energy, or environmental importance [44]. However, these criteria are
not always applied [45]. The studies examined presented a variety of definitions of system boundaries
depending on the purpose of the study. In general terms, the following life cycle phases are
recognized in an LCA study of beer (Figure 2) [10,23,28,32,41,46]:

- Raw materials and auxiliaries: barley and hop cultivation, barley malt production, production of
sodium hydroxide, sulphuric acid, carbon dioxide, and other auxiliary materials.

- Beer Production: electricity and materials for beer production, including preparation and milling
of malt, fermentation, carbonation, storage, filtration, and bottling.
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- Packaging: materials and energy to produce glass bottles (with metal caps and multi-packaging
cardboard boxes in which bottled beer is typically sold), aluminum, and steel cans.

- Retail and consumption: refrigerated beer storage at the retailer (only as part of the sensitivity
analysis) and post-consumer waste generated after consumption.

( N\

RAW MATERIALS -ai BEER PRODUCTION N
PRODUCTION () 3
Crops (barley, rye, wheat, etc,) and MASHING ;’
\Hop harvesting and Yeast cultivation ) };:
IS
(" AUXILIARIED PRODUCTION ) LOHIRE
Diatomocens ~ earth,  Sodium | ] R
hydroxide , Sulforic acid, — FERMENTATION SOLID WASTE
Refrigeration liquid , etc. (spent grain)
/ MALTING
(" PACKAGING PRODUCTION -
Glass, Plastic (PET, HDPE, etc.), [0 ’a& FILTRATIONE
Aluminium, etc.
. J

(west water) - MANAGMENT

.I

B BEER m

(output) fl
1 i

&9 RECYCLING OF | EI
‘; BOTTILING/PACKAGING
PACKAGING

+

Cradle-to-gate ;
. [ DISTRIBUTION ] SOLID WASTE
2 (packaging)
: [ ] l

g L

] L) { RATAIL AND CONSUMPTION ]—

<

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
LIQUID WASTE WASTE :
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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1
1
1
1
1
1
1
1
1

Figure 2. Principle System Boundaries of Beer LCA Study (Different colors represent the main system
boundaries approaches: blue for cradle-to-grave; orange for gate-to-gate and green for cradle-to-gate).

However, not all studies include all six of these phases but only focus on some of them
[10,31,35,37,39,40,46]. Most of the studies considered the raw material cultivation phase
[2,23,28,35,39,42,47,48], however, some studies only focused on the industrial brewing process [43].
Furthermore, the packaging or waste disposal phase or the transport phase of the product and its
consumption are frequently considered [2,23,28,31-34,40,47].

3.1.2. Functional Unit

The functional unit (FU) is the reference unit that quantifies the performance of a product system
and defines a reference flow, i.e. it measures the outputs of the system required to fulfill the function
defined by the FU and is used as a tool for comparing systems (ISO, 2006b). It represents the function
provided by the system studied and can be used to compare it with alternative systems offering the
same function. The functional unit often only measures the primary function of the product system
under investigation [44,45]. The functional units chosen were heterogeneous, varying widely among
the investigated studies (Table 1). Most of them favored FU the unit intended for the consumer, i.e. 1
L beer [2,33]. Occasionally, packaging material was included in the functional unit [32,34]. However,
1 hL of beer [34,35], the per capita consumption of beer [29] the consumption of 1kWh of electricity
[49], 1 barrel/keg of beer [43], and the packaging required to contain 1 L of beer were also considered
as functional units [2,10,31,33,43].

3.2. Life Cycle Inventory

Life cycle inventories (LCIs) are compiled by collecting data on the environmental inputs and
outputs belonging to each unitary process within the system boundaries. These data must describe,
both quantitatively and qualitatively, material and energy inputs and outputs, as well as emissions
to air, soil, and water (ISO, 2006b). LCI data are compiled and often reported about the reference flow
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(e.g. 1 L of beer bottled in 66-cL glass bottles). After the inventory is compiled, when necessary, the
allocation of resources and emissions between co-products (allocation) is carried out [43,45,50].

Table 2 highlights the main inputs and outputs considered in the literature for the inventory
analysis.

Most studies use both primary and secondary data, with a significant number of primary data
(data collected directly from breweries or through experiments). This indicates a high degree of
accuracy in the evaluations. The studies examined presented inventory data collected directly from
small, medium, and large breweries, suppliers of equipment and supplies for barley growing and
processing operations (primary data), government statistics, reports, databases such as Ecoinvent,
Agri footprint, ILCD, and previous publications (secondary data)[35,51]. The most commonly used
database for beer LCA studies is Ecoinvent which includes numerous unit processes including energy
(electricity, fuels), transport, building materials, biomass, wood and fiber, metals, chemicals,
electronics, mechanical engineering, packaging, waste treatment and agricultural products [29,52].
Primary data collection was mainly carried out through interviews or questionnaires sent to
companies. Ecoinvent was used when other primary or system-specific data were unavailable and to
obtain background processes (e.g., supply of fossil fuels, fertilizers, pesticides, and chemicals) [35,39].
The number of inventory items included (Table 2) varied between the studies examined, as did the
detail of their chemical composition (e.g. coolant used, type of diesel examined). The levels of detail
in the data collected for LCls appear to be highly heterogeneous and often briefly documented.
However, some studies report detailed and well-contextualized data collected for LCA analysis
[35,46,53].

Table 2. Life cycle inventory of beer’s LCA; X = considered, blank space = excluded.

STUDY

INVENTORY ITEM  [31[32 . [34[28 [35 [29 [36 [54

1 ] | N I
DATA ACQUISITION N/A

Primary X X X X X X X X X X X X X X X X

2] [33] [37] [38] [55] [10] [39] [40] [41] [52] [42] [56] [1] [43]

Secondary X X X X X X X X X X X X X X
CROP CULTIVATION N/A X N/AN/A N/A

Barley X X X X X X

Wheat

Faba

Yeast

Hop X X X

Fertilizer X

X X | X | X

Lime X

Manure

Pesticide X X X X
BREWY PROCESS N/A N/S N/S N/A N/AN/S N/S
Malt X X X X X X X X

Corn Grain

Hops Pellet X X X X X

Peracetic Acid X X

Filtration Eart X

Caustic Soda X X X
PVPP
Refrigerant Liquids X X
PRIMARY AND
SECONDARY N/A X X N/A N/A N/A
PACKAGING
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Aluminum X X X
PET X X X X
Glass X X X X
HDPE X
Pallet (wood) X
Cardboard X X X
ENERGY SOURCES X N/S N/S N/S N/S N/S N/S
Thermal X X X X
Electricity X
Diseal X

X X [ x| X
X
X
X

Natural Gases X
WATER X X X X

BY PRODUCTS

Surplus Yeast

XXX | X
X
X

Spent Grain X X X X

Westwater X X X X

*N/A=not applicable **N/S =not explain the inventory item considered.

3.2. Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) step, which is optional according to the ISO standard,
consists of classifying and assigning characterization factors to the life cycle inventory (LCI) results
for the selected impact categories (ISO, 2006b). In this way, the different LCI results can be more easily
expressed as a reduced number of environmental indicators [17,45,57,58]. LCIA methods are usually
applied using dedicated LCA software. The studies examined mainly used SimaPro (http://www.pre-
sustainability.com/content/simapro-lca-software), the most widely used LCA software application,
Open-LCA, and GaBI. In the studies reviewed, the main methods used to calculate several impact
categories simultaneously were ILCD 2011 [2,29,54], Ecoindicator 99 [10,35], and Environmental
Footprint (PEF) [2,37,39] mainly in the midpoint, only one study conducted life cycle analysis using
Ecoindicator 99 endpoints [10]. The diversity of the methods used in LCA studies shows the variety
of methodological approaches for assessing impacts. In addition, some studies used single-issue
methods: Cumulative energy demand (CED)[31], Carbon Footprint (IPCC 2007) [2,10,31-35,37,39—
41,43,59,60] and water footprint [40]. The application of LCA methods allows the outputs of a process
to be calculated and grouped into impact categories. The latter represents a specific area of
environmental concern in which the environmental effects or consequences of a product, process, or
service throughout its life cycle are measured and evaluated. Impact categories organize and classify
the data collected, allowing the various environmental effects to be quantified systematically and
comparably. In an LCA study, the impact categories selected reflect the environmental issues
associated with the product system under consideration, as well as the objectives and scope of the
study (ISO, 2006b). In the Life Cycle Impact Assessment (LCIA) phase, the inventory fluxes (e.g.
methane or nitrogen oxides) are converted using characterization factors and grouped into LCIA
categories (e.g. Global Warming Potential, Eutrophication Potential, Acidification Potential) using
rule sets [44,45,61]. Table 3 shows the main impact categories considered in literature studies. The
calculation of Global warming potential (GWP), also called Carbon Footprint (CF), has been
considered in almost all studies. The CF is one of the most frequently evaluated impact categories as
it highlights the importance of reducing CO: emissions in the beer production cycle. Water Footprint
(WF) is considered in a few studies but is crucial given the high water consumption in beer
production. [23,40,43]. Although not directly considering WEF, they focused on specific impact
categories concerning water (Marine eutrophication, Freshwater eutrophication, water scarcity,
WRD, Water resources depletion) [23]. Another category used is CED (Cumulative Energy Demand)
as it bridges the focus on total life cycle energy consumption. There are several other categories of
environmental impact on which studies have focused such as acidification (AP), eutrophication (EP),
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photochemical ozone formation (POF), and human toxicity (HuT). The variety of categories
demonstrates a holistic assessment of environmental impacts [10,43,46].

Table 3. Principle impact categories used in published beer LCA studies. X = considered, blank
space = excluded.

IMPACT CATEGORIES CARBO

STUD WATER
IES FRD FEP WS AR CC ODHuT IR PM POF AP TE FE ME FEcT LU RD WR SW FOOTP FOOTP CED
P D D RINT
RINT
[31] X X
[32] X
[2] X X X X X X X X X
[34] X X
[28] X X X X X
[35] X
[29] X X X X X X X X X X X X X X
[36] X
[54] X X X X X X X X X X X X X
[33] X
[37] X X X X X X
[38] X
[55] X X X
[10] X X
[39] X X X X X X
[40] X X X
[41] X
[52]
[42] X X
[56] X X X X X X X X X X

*CC, Climate Change; FRDP: fossil resource depletion potential; AP, Acidification potential; FEP,
freshwater eutrophication potential; IR, Ionizing radiation; ME, Marine eutrophication, OD, Ozone
deplation; POF, photochemical ozone formation potential;TE, Terrestrial eutrophication; ARD,
abiotic resource depletion potential; HuT, Human toxicity; PM, Particulate matter; IR, Ionizing
radiation; FEcT, Feshwater ecotoxicity; LU, Land Use; WRD, Water resource depletion; Resource
Depletion; SW, Solid Waste.

3.3. Interpretation

The results interpretation phase allows for robust conclusions and recommendations on which,
for example, to base a communication strategy and an eco-design process [13,44,61]. The main
elements of the interpretation of results are [62]:

- identification of hot spots (materials/processes that contribute most to overall impacts are
identified),

- assessments of the completeness and robustness of the model (such as sensitivity and uncertainty
analysis),

- definition of the study’s conclusions, including considering the limitations present.

The results interpretation phase allows the results to be clearly and transparently communicated
about environmental issues related to products and services to plan improvement actions.

The reviewed beer LCA studies considered beer production through different methodological
approaches, so it is not easy to compare the reviewed studies with each other; however, studies with
similar interpretations of results were considered and compared [14].
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The main hot spots of the brewing process that have been identified in the reviewed studies are
packaging, [28,31,32,35,46], raw materials production, in particular barley cultivation and maturing,
and later transport and waste management [46].

Several studies have reported that packaging accounts for approximately 85-95% of the total
impacts of the beer production cycle [28]. Cimini et al. (2018) who examined the entire beer
production process (cradle to grave) in their study attributed about 34 kg CO2 eq per 1 liter of beer
bottled in 66 cL glass bottles to packaging [41,46].

The main impact of this input is mainly related to the production phase of primary and
secondary packaging. The type of packaging greatly influences the environmental impact of the
entire brewing process. Glass bottles, especially non-returnable bottles, have the highest carbon
footprint (0.67 kg CO: eq per liter of beer), followed by aluminum cans (0.69 kg CO2 eq per liter of
beer), and 30-liter steel kegs (0.25 kg CO: eq per liter of beer) [46,63]. Furthermore, Cimini et al. (2019)
pointed out that the packaging format significantly affects the carbon footprint of beer. The use of
larger glass bottles (66 cL) can reduce CF by approximately 15% compared to 33 cL bottles. Returnable
glass bottles and kegs show significantly lower environmental impacts than disposable glass bottles
and aluminum cans [41]. The study by Cimini et al. (2018) also looked at the possibility of recycling
packaging, especially glass bottles and aluminium cans, recycling results in a significant reduction of
CF of about 20-30% for glass packaging and 95% for aluminium packaging [35,37,46]. In addition to
the carbon footprint, packaging has a significant impact on most impact categories, especially on
acidification (AP) with a contribution of about 68% of the total load, mainly due to the production of
sulfur dioxide in the manufacture of glass packaging, which also leads to higher temperatures and
consequently higher energy consumption [51].

Another process step that is considered a hot spot is barley cultivation. Several studies have
reported that the cultivation of barley has a significant impact on the environmental footprint of the
product due to the significant emissions associated with agricultural processes and cultivation
techniques. Barley cultivation contributes to approximately 8-13% of greenhouse gas (GHG)
emissions, 27-32% of soil eutrophication, 12-18% of acidification, 39-48% of marine eutrophication
and 34-66% of land use. This is mainly due to the use of nitrogen fertilizers, tillage techniques, and
the use of agricultural machinery [1,37]. Especially nitrogen fertilizers release nitrous oxide (N20), a
potent greenhouse gas. Furthermore, irrigation of barley can require large amounts of water,
especially in arid regions. This contributes to the consumption of water resources, affecting
significantly all impact categories related to water consumption (marine eutrophication, water
scarcity, freshwater eutrophication) [35].

Another aspect to consider is agricultural practices, which in the case of barley are often
intensive and can lead to soil degradation, including loss of organic matter, erosion and soil
compaction. This reduces the capacity of the soil to support crop growth and can lead to
desertification. Mattila et al. (2012) indicated that barley production and malting were associated with
0.051 kg CO2 equivalent per 0.33 L of beer, underlining the importance of barley cultivation as an
environmental hotspot in beer production [1]. However, the application of crop rotation in the
cultivation of barley for brewing can have significant impacts on reducing environmental impacts,
although the benefits may vary depending on the specific impact categories and products considered.
Mattila et al. (2012) indicated that crop rotation of barley soil can significantly reduce the use of
chemical fertilizers and improve biodiversity; this resulted in a reduction of approximately 200% in
some impact categories compared to the exclusive use of soil for barley cultivation [1,64].

About brewing, brewery operations (mashing, boiling, fermentation, malting, filtration)
contribute between 2% and 28% of the total life-cycle greenhouse gas emissions of beer, the main
driver of emissions in this phase being energy use [35,65]. Therefore, improvements in the energy
efficiency of breweries can lead to significant reductions in carbon footprint and other impact
categories [56]. For example, better isolation and heat recovery can reduce energy demand by 20%
[35].

Transport, including transport of raw materials (such as barley and hops) and finished products,
contributes significantly, about 10%, to CO: and other greenhouse gas emissions (20 kg CO:2 eq)
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[31,46]. These impacts vary depending on the distance travelled and the type of vehicle used.
Furthermore, the use of fossil fuels for transport is a significant source of environmental impact,
contributing to the depletion of natural resources and air pollution. Furthermore, transport by heavy
vehicles (trucks, ships, planes, etc.) can cause wear and tear on infrastructure and require more
frequent maintenance and repairs, with additional environmental impacts associated with the
construction and maintenance of infrastructure. Another aspect to be considered, related to beer
transport is the geographical area in which the LCA study is carried out studies conducted with the
analysis of transport in urban areas with high population density may lead to an increase in local
emissions and a lowering of the quality of the environment [2,10,31,40].

Another aspect, that few studies have considered, is the impact of the retail and consumption
phase. In fact, in these final steps of the beer production process, two aspects have the greatest impact,
and these are the transport and refrigeration of the beverage that is then bought by consumers. As far
as transport is concerned, the considerations are like those described above [43]. Whereas about sales,
distribution, and consumption, it has been shown that they mainly affect the consumption of
electricity, due to the lighting and refrigeration of the beverage. Furthermore, impacts related to
waste management and disposal must be considered. Ineffective waste management can lead to
pollution and increased landfill volumes [33,42]. The recycling rate of post-consumer packaging is
crucial in determining the environmental impact. The higher the recycling rate, the lower the overall
impact, in fact, recycled packaging [23,31].

3.3.1. Sensitivity and Uncertainty Analysis

To better understand the results obtained with LCIA, two types of investigations can be
conducted: sensitivity and uncertainty analysis. Sensitivity analysis is a technique used to determine
how changes in a model's input parameters affect the model's output. It allows us to identify which
variables have the greatest impact on the results. This analysis aims to identify the parameters
(inputs) that most influence the result, understand the behavior of the studied model in response to
changes in the inputs, and support decision-making choices to obtain more accurate data and
improve the model [11,52,66].

In the context of the life cycle assessment of beer, several studies have conducted a sensitivity
analysis mainly on cultivation techniques, packaging, and energy.

Regarding cultivation, agricultural practices and the use of fertilizers can significantly alter the
results. Sensitivity analysis has highlighted that more sustainable practices reduce greenhouse gas
emissions and other environmental impacts [29]. In the case of packaging, the analysis was conducted
to understand the uncertainties related to the recycled content of the packaging material [29,35].
Three variables were considered: aluminium cans with 80% recycled material, glass bottles with 70%
recycled material, and 100% recycled PET. These approaches have shown that varying the percentage
of recycled material in packaging determines changes in the carbon footprint (10-15% less) and in the
potential for depletion of abiotic resources (up to 18%) [33,67]. Another aspect that has been studied
is energy sources. Sensitivity analysis has shown that the use of different energy sources during the
production process can significantly influence greenhouse gas emissions. For example, the use of
renewable energy compared to conventional energy significantly reduces the environmental impact
by about 20-30% compared to fossil energy sources [29]. Furthermore, improving brewery efficiency,
for example, with better thermal insulation, can reduce GHG emissions by 15-20% [68]. Hallstrom et
al., 2018 considered in their study the consumption of alcoholic beverages, including beer, through a
cradle-to-grave approach, highlighting how reducing beer consumption by 50% can reduce diet-
related GHG emissions by 5-11%. Furthermore, he highlighted how beer storage practices in the
distribution and sales phases, but also home storage of this beverage, can affect GHG, underlining
that preferring the storage of beer at room temperature improves greenhouse gas emissions by 10-
15% [36]. These numerical results show how different operational and behavioural choices can
significantly influence the overall environmental impact of beer production and consumption.
Uncertainty analysis is a technique used to quantify the degree of uncertainty in a model's outputs,
resulting from uncertainty in input parameters. It provides a measure of confidence in the model's
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outputs. The purpose of this analysis is to quantify the overall uncertainty associated with the model's
outputs, assess its robustness, and provide confidence intervals. The reviewed studies have mainly
used a Monte Carlo analysis to assess the uncertainty in Life Cycle Assessment (LCA) outputs. This
technique allows repeated simulations to be performed by randomly varying input values within
given confidence intervals. Choosing 1,000 simulations to estimate the uncertainty associated with
the input data and emissions models [5,29,68]. In the context of beer, Cimini & Moresi 2018 assessed
the uncertainty of the carbon footprint (CF) for beer packaged in glass and PET bottles. All
independent variables were varied by approximately +10% from the values used, these results
indicate that variations in independent variables can significantly influence the total carbon footprint,
highlighting the importance of considering uncertainties in environmental assessments [46]. For the
carbon footprint of beer, CO2 eq emissions range between 0.8 and 1.3 kg CO2 eq per liter with a 95%
confidence interval [64,69]. Hallstrom et al., 2018 estimated GHG emissions for alcohol consumption
in Sweden with a variability of 10-20%, i.e. average emissions of 52 kg CO2 eq per person per year can
range from 41.6 to 62.4 kg CO: eq [36]. These uncertainty analyses provide a detailed picture of how
variability in data and methodological assumptions influence the results of studies on the
environmental impact of beer production and consumption.

4. Conclusion, Limitations, and Future Research

Beer production presents significant challenges in terms of environmental sustainability, but the
application of Life Cycle Analysis (LCA) offers a robust methodology to identify and mitigate these
impacts. From the results of the literature review, it is clear that the stages of raw materials cultivation,
energy use, and packaging are the main contributors to greenhouse gas emissions and other
environmental impacts (e.g. Eutrophication potential, acidification potential, etc.). However, it is
important to note that the available studies are few and heterogeneous in the application of LCA
methodologies, making a direct and meaningful comparison between the results difficult. One of the
main limitations found in this review is the paucity of studies on LCA applied to beer production.
This limits the ability to generalize the results and draw definitive conclusions. Furthermore, the
studies reviewed use different methodologies, impact categories, and functional units, which further
complicates the comparison and synthesis of the results. The definition of the system boundaries also
varies greatly between the studies: some include only specific stages of production, while others
consider the entire life cycle, from cultivation to distribution and disposal. Energy use and packaging
are two critical aspects identified in the review. Energy use in breweries represents a significant part
of the environmental footprint, with room for improvement through the adoption of more efficient
technologies and the use of renewable energy sources. Packaging, especially glass bottles and
aluminum cans, contributes substantially to greenhouse gas emissions and other impacts, such as
acidification and eutrophication. Reduction strategies include the use of recycled materials and the
promotion of reuse and recycling systems. In the future, there is a clear need to standardize LCA
methodologies applied to beer production to allow more accurate and meaningful comparisons
between different studies. Furthermore, future studies should focus on identifying technologies and
practices that improve energy efficiency in breweries, thus reducing the carbon footprint of
production. Research on alternative, more sustainable packaging materials, and effective reuse
systems could also significantly contribute to reducing the environmental impact of packaging.
Finally, there is a need for long-term studies that assess the environmental impact of sustainable
innovations and practices implemented over time. In conclusion, while LCA is confirmed as an
essential tool to guide decisions towards more environmentally responsible brewing, there is a clear
need for further research and greater methodological harmonization to address current and future
sustainability challenges in the brewing sector.
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