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ABSTRACT 

The energy-water nexus is a concept widely established but rarely applied to product 

and, in particular, to food and beverage products, which have a great influence on 

greenhouse gases emissions. The proposed method considers the main nexus aspects in 

addition to other relevant aspects such as climate change, which is deeply linked with 

energy and water systems, and assessing process as well as product. In this framework, 

this study develops an integrated index (IWECN) that combines life cycle assessment 

(LCA) and linear programming (LP) to assess energetic, water and climate systems, 

enabling the identification of those products with minors energetic and water intensity 

and climate change effects and helping to the decision-making process and to the 

development of eco-innovation measures. In this case, the product assessed was one 

bottle (70 cl) of gin and two main hotspots were identified: the production of the glass 

bottle and the energy requirements of the distillation stage. Based on that, several eco-

innovation strategies were proposed: the use of photovoltaic solar energy as energy 

source and the substitution of the glass bottle by a plastic one and by a tetra brick. The 
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nexus results indicated that the use of solar photovoltaic energy and plastic as bottle 

material was the best alternative decreasing 58% the IWECN value of the production of 

one bottle of gin. The sensitivity analysis presented a strong preference for photovoltaic 

solar energy in comparison with electric power and for the reduction of the glass bottle 

weight or its substitution by a plastic bottle. The use of the IWECN index is extendable to 

any product with the aim of facilitating the decision-making process in the development 

of more sustainable products to introduce them in new green markets. 

 

1. Introduction 

As the global population grows, consumption of energy and water also increase, placing 

stresses on these two sectors that are interlinked in terms of resource use and generation 

of CO2 emissions.  Energy is required to secure, deliver, treat and distribute water while 

water is used throughout the energy industry for the production of primary energy and 

for transforming it in power plants (Scott et al., 2011). According to the International 

Energy Agency, the energy consumption of the water sector in Europe is equivalent to 

3.5% of the EU´s electricity consumption (IEA, 2019). On the other hand, the water 

demand from the EU´s energy sector accounts for 42% of the total EU water abstraction 

(European Commission, 2019a). These data make clear that the use and management of 

energy and water resources need to be addressed simultaneously and only with a nexus 

approach is it possible to maximise opportunities in both systems. The nexus approach 

implies that the action in one of the systems has impacts on the others (FAO, 2014). 

Food and energy are interconnected; managing one of them cannot be considered in 

isolation but should be seen as part of an integrated system (El-Gafy, 2017). 

Consequently, any strategy that focuses on one system without considering its 

connections with other systems may lead to acute consequences (Del Borghi et al., 

2020). Although the interdependencies between water and energy are well known, and 
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have become a subject of increasing attention for the scientific and policy communities 

(Yan et al., 2019), the development and implementation of water-energy nexus policies 

remain largely disconnected at EU and Member State levels (European Commission, 

2019b). Several policies, such as the Water Framework Directive (European 

Commission, 2000) and the Energy Efficiency Directive (European Commission, 2012), 

give scope for addressing the water-energy nexus in a broader policy context: However, 

it is necessary a more holistic policy approach that supports the design of cross-sectoral 

water-energy nexus policies to move towards the achievement of the Sustainable 

Development Goals (SDG) (UN, 2019).  

The lack of nexus applications in policy and decision making can be related to 

numerous factors, mainly due to the complex nature of “nexus” systems combined with 

the lack of consensus about the best methods and approaches to model its 

interconnections (Dargin et al., 2019). The International Renewable Energy Agency 

(IRENA) states that several nexus tools exist (IRENA, 2015), which covers at least two 

of the three elements of the water-energy-food or climate nexus (i.e., water and energy) 

and are widely accessible, ready to be used and open access. For instance, the Water, 

Energy, Food (WEF) Nexus Tool 2.0 developed by Daher and Mohar (2015) estimates 

the total environmental and financial costs, and sustainability of the user-defined food 

efficiency scenario (Dargin et al., 2019). The Climate, Land-use, Energy-Water 

strategies (CLEWs) performed by Howells et al. (2013) identifies how changes in one 

sector influence others under a nexus approach. On the other hand, the Food and 

Agricultural Organization of the United Nations (FAO) developed the WEF Nexus 

Rapid Appraisal Tool (FAO, 2014), which provides a quick method for assessing 

specific policy and technology interventions with respect to bio-economic pressures at 

national scale. In the comparative study of the nexus tools performed by Dargin et al. 
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(2019), the tools mentioned are considered medium-to-high complexity tools 

highlighting the gap between the field of policy/decision-making and scientific 

community due to the lack of consensus about the best approach. This fact points the 

need for further effort towards making nexus methodologies more accessible and 

usable, which allow making easy comparisons between products or processes by policy 

and decision-making communities.  

In this sense, the interest of the scientific community towards the interdependences 

between resources has raised in recent years. The vast majority of previous works 

conducted considers the relationship between two resources, most notably energy and 

water (Al-Ansari et al., 2015).  For instance, some of these studies are focused on cities. 

Lofman et al. (2002) and Siddiqi et al. (2011) discussed the energy-water nexus in 

California and the Middle East, respectively. Li et al. (2019) assess the water-energy 

nexus at city level in Beijing,-Tianjin-Hebei region and Nawab et al. (2019) studied the 

interconnections between energy and water in the urban framework of Shanghai. Other 

authors, such as Ding et al. (2020), focused on processes evaluating the water-energy 

nexus of the industrial sector in China by proposing an interactive meta-frontier network 

DEA approach. And Pacetti et al. (2015), which applied water-energy nexus to the 

production of biogas from the anaerobic digestion of energy crops. Apart from energy 

and water systems, and in light of the growing concerns for food security, efforts have 

been made to expand the nexus boundaries to one that alludes to the relationships 

between energy, water and food resources (van Gelvelt, 2020). However, even though 

the energy-water nexus is a concept widely established, rarely is applied to product and, 

in particular, to food and beverage products, which have a great influence on 

greenhouse gases emissions. In this work, the main nexus aspects considered in the 

literature (water, energy and food) have been modified to accommodate other aspects 
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deemed relevant such as climate change, which is deeply linked with energy and water 

systems. 

The food and beverage industry is Europe´s leading manufacturing sector, with a 1,098 

billion € turnover, and is a key job provider, with 4.2 million employees (Fooddrink 

Europe, 2018). However, it is well stablished that the beverage industry has large 

impacts in the environment. According to the Beverage Industry Environmental 

Roundtable (BIER, 2015), the beverage sector accounts for around 2% of the global 

CO2 emissions of the industrial sector and for 0.42% of the global CO2 emissions 

produced by all human activities. This CO2 emissions mainly depends on the 

consumption of energy and water, which has been studied previously, but in an isolated 

way. To our knowledge, little has been done to determine the environmental profile of 

spirit drinks. In this sense, the Life Cycle Assessment (LCA) has been demonstrated to 

be a useful tool to assess the environmental impacts and resources consumption along 

the supply chain of distilled products. For instance, Eriksson et al. (2016) presented a 

LCA of Swedish single malt whisky and several environmental improvements based on 

the results obtained. Bhattacharyya et al. (2019) proposed the use of expired baked 

goods to produce distilled spirits such as vodka and performed a comparative LCA 

comparing this alternative to the vodka generated from virgin wheat. On the other hand, 

Vázquez-Rowe et al. (2017) analysed six pisco wineries under a LCA approach, 

including the viticulture, vinification/distillation and bottling stages. Hallström et al. 

(2018) described the climate impact of beer, wine and liquor by using LCA in Sweden. 

Apart from distilled drinks, other authors have performed the LCA of other alcoholic 

drinks, such as Australian red wine (Amienyo et al., 2014), Ribeiro wine (Vázquez-

Rowe et al., 2012; Villanueva-Rey et al., 2015) and Spanish crianza wine (Gazulla et al., 

2010).    
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In this framework, one of the novelty of this study resides in the fact that, as far as we 

are aware, it constitutes the first LCA study of gin production in Spain. In addition, this 

study goes further, filling the gap of the nexus application and proposing a quantitative 

method to calculate an aggregated Water-Energy-Climate Nexus (WECN) index based 

on LCA methodology.  Composite indexes have become extremely popular since they 

summarise, rank and/or benchmark the performance in several dimensions of systems, 

facilitating the decision-making process (Mauricio-Iglesias et al., 2020). This nexus 

index encompasses the energy and water resource consumption and the greenhouse 

gases emissions, identifying hotspots in order to decide where and how to act to boost 

eco-innovation and to reduce impacts. To have a holistic approach that considers the 

whole supply chain of a product, LCA methodology was used to determine the energy 

and water consumption and the environmental impact in terms of global warming 

potential. From these sub-indicators that have no common meaningful unit of 

measurement, a composite index was performed using linear programming (LP) as way 

of weighting. In this case, the proposed method was applied to the production of 

beverages, in particular a spirit drink, facilitating the decision-making process and 

developing eco-innovated strategies to seek the optimal production pattern that 

minimises water and energy consumption and climate change effects.  

 

2. Methods 

Nowadays there is a large number of tools for assessing environmental impacts. 

Environmental Impact Assessment (EIA), Environmental Auditing, Life-Cycle 

Assessment (LCA) and Material Flow Analysis (MFA) are some good examples 

(Finnvenden and Moberg, 2005). From all of them, LCA allows to assess the 

environmental impacts and resources used throughout a product’s life from raw material 
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acquisition through production use and disposal (Ghani et al., 2019). Some benefits in 

using LCA methodology are its holistic approach, the development of innovation, 

decision support, comparison with competitors, promotion of new products, and 

analysis of problems (Motta et al., 2018). However, the analysis of several 

environmental impacts separately could lead to decision-making not being 

straightforward. In addition, sometimes this methodology lacks some elements, such as 

energy, food or water impact assessment (Pacetti et al., 2015). In this sense, the 

proposed methodology combines the application of LCA and linear programming (LP) 

to determine the interconnections in the WEC nexus by means the definition of an 

aggregated index.  

The combination of linear programming (LP) and LCA has already been applied for 

system design and optimisation under environmental, economic and/or technical criteria. 

For instance, Azapagic and Clift (1999a, b) applied it to combine both economic and 

environmental criteria. Forman et al. (2014) used a refinery LP model to estimate the 

impacts of major petroleum products subjected to quality and demand changes. García 

et al. (2017) combined LCA methodology and LP optimisation to determine 

environmental improvement actions by means an integrated environmental index. This 

index considered the consumption of natural resources and the environmental burdens 

and it was optimised to determine the optimal joint of weighting factors that lead to an 

optimised global index.  

At the food product level, there are a great variety of methods used to apply the nexus 

concept, most of them based on life cycle approach. Frankowska et al. (2019) grouped 

LCA impacts into the three pillars of the WEF nexus and transformed those impacts into 

dimensionless scores. The impact on each aspect was then estimated by aggregating the 

normalised scores across the impacts allocated to that aspect to obtain a single score for 
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each aspect, assuming equal weighting factors. Irabien and Darton (2015) assessed the 

nexus energy-water-food of the tomato greenhouse production in the Almeria region 

(Spain) following a Process Systems Analysis Method connecting the ecosystem 

services to the market demands with a holistic view based on LCA. On the other hand, 

Zhang and Vesselinov (2017) developed an integrated model analysis framework and 

tool called WEFO that provided a multi-period socioeconomic model for predicting 

how to satisfy WEF demands based on model inputs representing productions costs, 

socioeconomic demands, and environmental controls. The management objective of the 

WEFO model is to minimize the total system cost, that is to say, the sum of energy 

supply, water supply, electricity generation, food production, and CO2 emission 

mitigation costs. Al-Ansari et al. (2015, 2017) presented an integrated energy, water and 

food (EWF) life cycle assessment tool to evaluate the environmental impact of 

expanding food production for Qatar. The EWF tool utilised LCA to translate system 

outputs into environmental assessment scores. 

In this framework, although the use of a life cycle thinking has a large potential to be 

used in the context of nexus, it is necessary to develop a methodology to obtain a 

composite environmental index as decision support tool. This index could allow to 

elaborating a Product Category Rules based on integrated nexus variables with the aim 

to design a nexus eco-label under a LCA approach.  

Figure 1 outlines the methodological procedure followed in this study. Firstly, the goal 

and scope of the study was defined setting the function and functional unit (FU), system 

description and boundaries (Rebitzer et al., 2004), as well as the allocation procedures if 

necessary and assumptions to be considered (Margallo et al., 2014a). Then, all relevant 

inputs and outputs for the process are collected in the life cycle inventory (LCI) 

(Margallo et al., 2014b) based on the assumptions and allocations rules defined in the 
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previous step. All these data are related to the FU in order to provide a fair comparison 

of the results (Guinée et al., 1993). Finally, the transformation of the data collected in 

the LCI into resources consumption and environmental impact was carried out in the 

life cycle impact assessment (LCIA) stage. According to the ISO standards, LCIA 

comprises four stages: classification and characterisation (mandatory steps), which 

include the selection of the impact categories and characterisation models, and 

normalisation and weighting (optional stages). The last two steps allow to relate the 

magnitude of different impact categories to reference values and the weighting of these 

normalised value using factors according to their relative importance. In this case, the 

proposed methodology includes all the mandatory and optional LCIA stages.  

The environmental results are summarised into two macro-categories: natural resources 

integrating water consumption (Wc) and energy consumption (Ec) and, on the other hand, 

environmental burdens considering the climate system by means of the global warming 

potential (GWP). The nexus indicators are explained below: 

 Natural resources  

Water consumption (Wc) 

Wc is defined as the consumption of direct and indirect water, that is, the water used in 

the process and the water required in the raw material production. In this case, the 

process uses water as a resource for gin distillation and indirectly for the production of 

several raw materials and energy. Eq. (1) displays the calculations to obtain the Wc. 

             (1) 

Where    is the direct water consumption (m
3
/FU) (for example, the water needed in 

the maceration step) and    is the indirect water consumption (m
3
/FU) (e.g., the water 

used for the production of botanicals). 

Energy consumption (Ec) 
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This indicator is similar to the Wc but in terms of direct and indirect energy consumption. 

The production of gin uses energy directly, as electricity, along the different stages of 

gate-to-gate of the life cycle, and indirectly in the production of raw materials. Ec is 

determined according to Eq. (2). 

             (2) 

Where    is the direct energy consumption (e.g., electricity for machinery operation) 

(MJ/FU) and    represents the indirect energy consumption (MJ/FU).    and    can be 

calculated following Eqs. (3) and (4). 

    ∑     
 
      (3) 

    ∑     
 
      (4) 

Where k represents electricity or other energy sources, n represents the rest of inputs 

used in the production process, q is the energy equivalent measured in MJ per unit of 

input flow (i.e. MJ/h for machinery operation) and h is the activity whose units depends 

on the input flow (i.e. h/FU for machinery operation). 

 Environmental burdens 

Climate (GWP) 

This indicator used the impact category of GWP (kg CO2 eq.) for a 100 years time 

horizon proposed by the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 

2013) according to Eq. (5). 

    ∑       
 
      (5) 

Where i represents the substances that contribute to the GWP, m is the weight of 

substance i emitted (kg/FU) and EF is the emission factor of substance i (kg CO2 eq./kg 

i). 

According to the LCA methodology, after the selection and characterization, the results 

are normalized to render the variables comparable. Normalisation provides a measure of 
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the relative contribution from a product system to one or more environmental problems 

(Huijbregts et al., 2003). In this case, an internal normalisation is proposed according to 

Eq. (6). 

  
  

  

  
       (6) 

Where    represents the value of the different i nexus indicators (water, energy and 

climate);   
  is the normalised value of    and   

   
 is the reference value for each nexus 

indicator, in this case represented by the maximum absolute value of the sample as 

expressed in Eq. (7): 

  
   

 |  |       (7) 

The water-energy-climate nexus index (IWECN) was calculated by weighting the 

environmental components according to Eq. (8): 

      ∑    
    (8) 

Where    is the weighting factor for each i nexus indicator that serves at the aggregation 

of the three indicators into a single composite index and   
  represents the normalised 

indicators to minimise.  
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Figure 1. Graphical representation of the Water-Energy-Climate Nexus assessment 

method proposed. 

 

The development of a global index requires the definition of well-founded weights. In 

fact, one of the major criticisms faced by a composite index relates with the selection of 

methods for each step and the influence of these choices on the composite index value 

(Mauricio-Igleias et al., 2020). However this is not a trivial issue, and according to the 

literature the use of equal weighting is a good first approach (Zhou et al., 2012). Thus, 

water, energy and climate were firstly considered to be equally relevant. Nevertheless, 
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this approximation can disguise the absence of statistical or empirical bases for 

determining the weights. Consequently, the calculation of the     values in this work is 

based on the LP optimisation work developed  by García-Herrero et al. (2017) The 

objective function of the model is the minimisation of the IWECN index (Eq. (8)), taking 

into account the restriction of the weighting factor defined by Eq. (9): 

           ∑        (9) 

Limits on the weighting factors were imposed as a constraint to fix the lower and upper 

bounds of    (this way the environmental indicators of the index cannot be reduced until 

insignificant levels): 

                         (9) 

3. Case study: Cantabrian spirit drink 

3.1.Goal and scope of the analysis 

The methodological issues postulated before were applied to the beverage company 

Siderit, located in Cantabria (Northern Spain). This company, dedicated to the artisanal 

elaboration of premium spirit drinks such as gin and vodka, produces more than 

250,000 units per year, exporting 50% in more than 35 countries. 

The goal and scope of this study was the assessment of the energy and water 

consumption as the main resources consumption, as well as the quantification of CO2 

emissions as the main environmental burden that are attributable to the production of 

one bottle of gin under a water-energy nexus approach. An additional goal of this 

analysis was to propose eco-innovation strategies, specifically assessing the influence of 

the energy source and the packaging material in order to propose improvement 

measures. 

3.2.Function, Functional Unit and System Boundaries 
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The function of the study is the manufacture and packaging of a certain amount of gin 

ready for distribution to regional storehouse, consumption and end-of-life. To this end, 

it is necessary to define a functional unit (FU) that, in this case, is based on the common 

choice in LCAs of other alcoholic and spirit drinks (Eriksson et al., 2016; Vázquez-

Rowe et al., 2017; Bhattacharyya et al., 2019):70 cl of gin white glass bottle ready for 

distribution. The white glass bottle, the wooden cap and three labels compose the 

primary packaging while the cardboard box and the pallet compose the secondary 

packaging.  

The system boundaries were divided into three stages: cradle-to-gate, gate-to-gate and 

gate-to-grave (see Figure 2). The cradle-to-gate stage considers the production of all 

raw materials and packaging and their transportation. The main raw materials of the 

product are its botanicals stands. The Rock Tea, an endemic Picos de Europa 

Mountain´s plant, makes it a unique and unequalled product. Other essential botanicals 

are the Flower of Jamaica that gives a floral aroma and a fresh aftertaste in the case of 

Hibiscus gin, and the ginger and lime for Gingerlime gin. Primary packaging is 

composed by a glass bottle, a wooden cap and three labels and the cardboard box, 

HDPE film and pallets compose the secondary packaging. The gate-to-gate stage 

encompasses the production of gin and the management of the residues generated. The 

direct consumption of energy and water is produced in the gate-to-gate stages, whereas 

the indirect consumption comes from the production and transportation of raw materials 

and packaging and from the residues management. Regarding the production and filling 

stage, it is composed by seven steps: raw materials reception, maceration, distillation, 

homogenisation, filling, labelling and packaging. The distillation is made from the 

maceration of its twelve botanicals, double distilled in batches in a reflux fractional 

column using electric power as energy source. The entire equipment is made of glass to 
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prevent foreign smells or tastes. Regarding to residues generation, three types of 

residues are distinguished: organic matter, heads and tails of the distillation, and 

municipal solid waste. The organic matter is used as compost; the municipal solid 

waste, mainly cardboard boxes from the packaging transportation, are recycled avoiding 

the production of virgin cardboard; and the heads and tails of the distillation are sent to 

an authorised manager. Finally, the gate-to-grave stage considers a local distribution 

located at 25 km and consumers who live in the city centre frequent the small 

supermarket by foot (Laso et al., 2017). At home, the gin does not require to be stored 

in freezers and the environmental impact of its consume is null. Regarding the EoL of 

the product, the glass bottle collection system was not considered but its recycling. 
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Figure 2. Life cycle of the production of one bottle of gin. System boundaries under 

study. 

3.3.Allocations 

Multifunctional processes require the use of allocations to determine the environmental 

impacts of each product when a process is shared between several product systems 

(Laso et al., 2016). In this case, this process generates two product systems: gin and 

residues (cardboard at plant and the glass bottle after the household consumption) that 
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must be properly managed. Recycling serves as a waste treatment process for the 

discarded products and, at the same time, produces a new material to be used in a new 

product (Laso et al., 2017). An attributional perspective based on those proposed by 

Bala et al. (2015) was chosen. The attributional approach assumes that the analysed 

system does not modify its environment, and thus, each additional unit of material 

recycled would displace an equivalent quantity of the current mix of virgin + recycled 

material being used as raw material by the market. In this case, the avoided burdens 

were calculated using the actual mix of virgin and recycled cardboard and glass in the 

market. 

3.4. Data acquisition 

3.4.1. Primary activity data.  

Data on the gin process were obtained by a questionnaire covering the main phases of 

gin production. This questionnaire was used by the LCA practitioners, who collected 

data on-site after performing a visit to the plant. The questionnaire comprised an 

extensive range of operational aspects, such as the consumption of energy, water and 

raw materials, and the generation of solid wastes as principal outputs referred to the 

year 2017. 

3.4.2. Secondary data. 

Background data regarding the production of the primary and secondary packaging, the 

transportation of raw materials and packaging and the management of the process 

residues and end-of-life of the glass bottle were obtained from the databases PE 

international (Think step, 2016) and Ecoinvent® 3.1 (Frischknecht et al., 2007). These 

databases are the most robust life cycle inventories on the market with representative 

data for European conditions (Laso et al., 2017).  
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The transportation of raw materials and packaging was performed considering a Euro 5 

truck with a maximum total capacity of 28t, which circulates on a motorway over a 

longer distance. Some of the botanicals, such as cinnamon or cardamom, were 

transported combining a container ship and a truck. The emissions that are associated 

with the use of fuel were calculated using generic data from the PE database. Table S1 

in the Supplementary Material (SM) collects the origin and distances considered for the 

transportation of the raw materials and packaging.  

To improve data quality and consider the local idiosyncrasy, the electricity mix 

provided by the PE database was adapted to the characteristics of the Spanish electricity 

mix of 2017. 

3.5.Life Cycle Inventory 

Table 1 collects the life cycle inventory (LCI) that was divided into four main 

subsystems: i) raw materials production and auxiliaries, ii) packaging, iii) production 

and filling, and iv) waste management. The raw material reception was subdivided into 

the botanicals and auxiliaries required and the primary and secondary packaging used. 

For the production and filling stage, the main inputs required were the energy and water 

required along the process. Regarding outputs, Table 1 collects the wastes generated in 

the production of gin, mainly distillation residues, organic materials and municipal solid 

wastes. In all cases, data were reported per FU (i.e., 70 cl bottle of gin). 

Table 1. Life cycle inventory (LCI) of one bottle (70 cl) gin (year 2017). 

Inputs Unit Value 

RAW MATERIALS AND AUXILIARIES 

Botanicals  

Juniper kg 1.67∙10
-2

 

Coriander kg 1.00∙10
-2

 

Rock Tea kg 2.25∙10
-3

 

Flower of Jamaica kg 2.25∙10
-3

 

Mandarin peel kg 1.33∙10
-3
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*The introduction of each bottle in the cardboard box is manual. 

3.6. Limitations, assumptions and hypotheses of the study 

This section details the main considerations that has been taken into account to describe 

the performance of the system and to model it. 

Pink pepper kg 2.25∙10
-3

 

Angelica root kg 2.25∙10
-3

 

Cardamom kg 2.25∙10
-3

 

Cinnamon kg 2.25∙10
-3

 

Iris root kg 2.25∙10
-3

 

Bitter orange peel kg 2.25∙10
-3

 

Almond  kg 2.25∙10
-3

 

Auxiliaries   

Alcohol m
3
 2.00∙10

-4
 

PACKAGING 

Primary packaging   

Glass bottle kg 0.70 

Cap kg 1.2∙10
-2

 

Label kg 2.2∙10
-3

 

Secondary packaging   

Cardboard box kg 5.7∙10
-2

 

Pallet kg 0.10 

PRODUCTION AND FILLING   

Energy   

Raw materials reception MJ 2.40∙10
-2

 

Maceration MJ 0.00 

Distillation MJ 0.27 

Homogenisation MJ 1.80∙10
-3

 

Filling MJ 1.20∙10
-2

 

Labelling MJ 6.00∙10
-3

 

Packaging* MJ 0.00 

Water   

Tap water m
3
 1.67∙10

-4
 

Spring water m
3
 3.00∙10

-4
 

Outputs Unit Value 

WASTE MANAGEMENT   

Wastes   

Distillation residues m
3
 4.50∙10

-5
 

Organic materials kg 4.50∙10
-2

 

Municipal solid wastes kg 2.00∙10
-2
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For all botanicals used in the production of gin only their transportation was modelled, 

except to mandarin and bitter orange peel, whose production was obtained from the 

Gabi database 2019 (Sphera, 2019) in order to include the most recent data available. 

This was due to the fact that some of botanicals, such as Rock Tea, are wild plants and 

there is no data about its production. In addition, it was considered the environmental 

impacts associated with the production of the whole mandarin and orange since no 

allocation rules were applied to estimate only the environmental impacts of the peel. 

4. Results 

4.1. LCA results 

The environmental assessment of the product was performed with the LCA software 

GaBi 9.2 (Sphera, 2019). Figure 3 displays the amount of direct and indirect energy 

consumption of the life cycle of one bottle (70 cl) of gin produced in 2017. The value of 

direct energy consumption is composed by the sum of electricity consumption used in 

the gate-to-gate stages. The total value of direct energy consumption was 0.92 MJ, 

where the distillation step presented the highest contribution (86%), with a value of 

direct energy consumption of 0.79 MJ. The raw materials reception and the filling 

stages also presented a relevant contribution, 8% and 4%, respectively. Regarding the 

indirect energy consumption, this variable is composed by the energy requirements for 

the production and transportation of raw materials and packaging, the waste 

management and the distribution and EoL of the product. The total value of indirect 

energy consumption was 11.86 MJ, where the production and transportation of 

packaging required 10.05 MJ representing 90% of the total indirect energy (orange 

series) due to the production of the glass bottle (87%). On the other hand, the 

management of the different residues generated required 1.56 MJ (purple series) while 

the production and transportation of botanical was negligible (green series).  
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Concerning the water consumption displayed in Figure 4, the consumption of direct 

water was only due to the requirements of water in the maceration step, 0.22 kg. On the 

other hand, the total indirect consumption of water presented a total value of 62.02 kg, 

mainly divided into the consumption of indirect water in the production and 

transportation of packaging (orange series) and production and filling stage (blue 

series). The production and transportation of packaging consumed 27.02 kg of water 

mainly in the production of glass material for the production of the bottle, which 

represented 67%. In addition, the production of the electricity consumed in the 

processing and filling stage required 28.03 kg of indirect water, which main 

contribution was the distillation step since this process was the most energy-demand, as 

shown in Figure 3.  

 

Figure 3. Values of direct and indirect energy consumption. Contribution per stages. 
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Figure 4. Values of direct and indirect water consumption. Contribution per stages. 

 

Finally, regarding the climate system, the total value of the GWP generated in the life 

cycle of one bottle (70 cl) of gin was 0.58 kg CO2 equivalent (see Figure 5). This 

system follows the same trend than energy and water systems, being the packaging 

production and transportation the stage with the highest contribution (86%) to the total 

GWP value, generating 0.50 kg CO2 equivalent per FU, mainly due to the production of 

the glass bottle. On the other hand, the production and filling, and the distribution, 

consumption and EOL stages presented relevant contributions, 5% and 7%, 

respectively. In case of the production and filling stage, similarly than the other systems, 

the energy required in the distillation step was the main hotspot, whereas in the 

distribution, consumption and EOL stage the main contributor was the recycling of 

glass.  
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Figure 5. Value of the Climate variable measured as Global Warming Potential (kg CO2 

eq.). Contribution per stages. 

4.2.WEC Nexus results 

The LCA results allowed the identification of hotspots and selection of potential 

improvement options in terms of technical eco-innovation. In this case, the production 

and transportation of the glass bottle and the consumption of electricity in the distillery 

plant were identified as the main hotspots of the whole life cycle of one bottle of gin. 

Accordingly, two improvement alternatives were proposed: (a) the substitution of the 

energy source and (b) the substitution of the packaging material.  

a) Scenario A. Substitution of the energy source.  

This scenario considered the installation of photovoltaic panels in the distillery plant. 

Therefore, the Spanish electricity mix, which is the current energy source, were 

substituted by photovoltaic solar energy. Photovoltaic panels are composed of 

different materials and, therefore, processing requirements lead to diverse emission 

profiles. To handle this issue, a global average share of different photovoltaic panels 

was considered including mono-silicon 47.7%, multi-silicon 38.3%, cadmium-
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telluride 6.4%, amorphous-silicon 5.10%, ribbon-silicon 1.50%, and copper- indium-

gallium-diselenide 1.00% (Dominguez et al., 2017). Table 2 collects the values of 

energy and water consumption and greenhouse gases emissions of the baseline 

scenario analysed previously and the values of Scenario A, where the conventional 

energy source were substituted by photovoltaic panels. Considering these results, the 

decision-making process is not forthright because there is no scenario that has the 

best (or worst) scores for the three metrics. This is the reason why determining an 

aggregated index is key for identifying the best performing environmental 

improvement actions (Garcia-Herrero et al., 2017).  

Table 2. Values of total energy (Ec) and water (Wc) consumption and global warming 

potential (GWP) and their normalised values for the baseline scenario and the 

Scenario A where the energy source was photovoltaic solar energy. 

Outputs       GWP   
    

       

Baseline scenario 12.78 59.56 0.614 0.568 0.019 0.858 

Scenario A 14.09 40.22 0.588 0.626 0.013 0.821 

 

The methodology based on the IWECN index presented in this study was applied to 

simplify the decision-making process. Once the set of environmental impacts for the 

product analysed was obtained, the optimisation process determined the weighting 

factors 1 (energy contribution), 2 (water contribution) and 3 (climate change) that 

conduct to a minimum value of the IWECN index. Since the LCA outputs were 

normalised in the range between 0 and 1, the IWECN index was also ranged in this 

same interval (0 would be the most preferred value, as it indicated neutral impacts on 

the environment of the processes and products, while 1 would be the worst situation, 

with maximal negative impacts). The GAMS software (GAMS, 2017) was used to 

solve the optimisation problem that estimated the optimal values of the weighting 

factors. 
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Table 3 shows the minimal values of the IWECN index in each scenario and the 

corresponding value of the weighting factors (1, 2 and 3). The minimal values 

corresponded with the situation where the weighting factor of the energy and climate 

contribution became minimal (1=3= 0.1). These results were consequence of the 

high values of the water contribution in contrast to the values of the energy and 

climate contribution. On the contrary, maximal values of the climate change 

contribution implied maximal index values (0.745 and 0.721 for baseline and A 

scenarios respectively). As can be observe in Table 3, the IWECN values are very 

similar, although Scenario A was the best alternative presenting a IWECN value of 

0.155 while the baseline scenario appeared to be the worst alternative, with a IWECN 

value of 0.158.  

Table 3. Water-energy-climate nexus results of Baseline scenario and Scenario A. 

Outputs IWECN min  1 opt 2 opt 3opt 

Baseline scenario 0.158 0.100 0.800 0.100 

Scenario A 0.155 0.100 0.800 0.100 

 

b) Scenario B. Substitution of the packaging material. 

In this scenario, the glass bottle was substituted by a plastic bottle (Scenario B1) and 

by a tetra brick (Scenario B2). This analysis was made based on the assumption that 

the packaging contained the same amount of product (70 cl of Classic gin) and that 

the type of transportation of the packaging and distances were identical in both cases. 

In addition, the end of life of the package was included. 

Table 4 collects the values of total energy and water consumption and greenhouse 

gases emissions and their corresponding normalised values of the baseline scenario 

and the values of Scenario B1, where the glass bottle was substituted by a plastic 

bottle, and Scenario B2, where the bottle was substituted by a tetra brick. In this case, 
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it should be highlighted that Scenario B2 presented the worst scores for every metric. 

This was mainly due to the influence of the aluminium material, which is one of the 

six layers of the tetra brick. The production of the aluminium represented 19.5% of 

the total energy consumption, 98.5% of the total water consumption and 32.7% of 

the total greenhouse gas emissions of the Scenario B2. 

Regarding the remaining two scenarios (Baseline scenario and scenario B1), 

similarly than the previous case, the decision-making process is not simple, and the 

aggregated WECN index was key for identifying the best performing environmental 

improvement actions.  

Table 4. Values of total energy (Ec) and water (Wc) consumption and global warming 

potential (GWP) and their normalised values. 

Outputs       GWP   
    

       

Baseline scenario 12.78 59.6 0.614 0.568 0.019 0.858 

Scenario B1 4.19 66.6 0.095 0.186 0.020 0.132 

Scenario B2 22.52 3,181 0.716 1.000 1.000 1.000 

 

Table 5 shows the minimal values of the IWECN index in each scenario and the 

corresponding value of the weighting factors (1, 2 and 3). Scenario B1 was the 

best alternative presenting a IWECN value of 0.047 compared to the value in the 

baseline scenario (0.158). In this sense, the use of plastic as packaging material 

instead of glass lead to a 72% IWECN reduction. In light of these results, packaging is 

thus proved as the most significant phase to be further investigated from an eco-

design perspective, mainly due to the high energy and water consumption of 

producing glass materials, leading to high CO2 emissions. This is in agreement with 

Borghi et al. (2018) which evaluated the production of legumes under a water-

energy-food nexus approach identifying the production of glass bottles as one of the 

main hotspots of the life cycle and highlighting the need of sustainable packaging 

design. Authors proposed the use of plastic containers reducing global environmental 
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effects 30%. Furthermore, Garfi et al. (2016) evaluated the environmental impacts 

caused by drinking water bottled in plastic (PET) and glass bottles. They stated that 

environmental impacts with glass bottles were higher than PET bottles for all 

categories analysed with the exception of GWP and Photochemical Oxidation 

Potentials. Apart from the high consumption of raw materials and energy, the amount 

of packaging material needed per 70 cl of gin is other issue that lead to a higher 

impact of glass bottles vs PET bottles (700 and 12.18 g per 70 cl of gin in glass and 

PET bottles, respectively). Finally, Bhattacharyya et al. (2019) stated that the use of 

bottles composed of part of recycled glass improved the environmental profile of 

vodka production.  

In general, plastic bottles seems to be the best environmentally-friendly alternative 

for distilled drinks, however, the recent increase in mainstream awareness over the 

pollution caused by single-use plastic could lead to a consumer rejection. The current 

biggest problem with this type of packaging come when bottles are thrown into 

landfill or, worse, not properly managed and littered and biodegraded into highly 

damaging micro-plastics that accumulate in the oceans. But, as long as plastic is 

responsibly managed, this problem disappears considering that plastic can be easily 

recycled.   

In this sense, the use of the IWEN index as an environmental management tool allows 

choosing the best option from a Water-Energy-Climate nexus point of view taking 

into account all the product’s life cycle stages and applying measures based on 

circular economy concept, such as recycling and reusing. 
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Table 5. Water-energy-climate nexus results of Baseline scenario, Scenarios B1 and 

B2.  

Outputs IWECN min  1 opt 2 opt 3opt 

Baseline Scenario 0.158 0.100 0.800 0.100 

Scenario B1 0.047 0.100 0.800 0.100 

Scenario B2 1.000 - - - 

 

The WEC nexus results indicated that an eco-innovated scenario could be that one 

where the required energy comes exclusively from photovoltaic solar energy and the 

glass bottle were substitute by a plastic bottle. Figure 6 compares the normalized IWECN 

values of the Baseline scenario and the eco-innovated scenario, and it can be observed 

that the new scenario implied a reduction of 58%. 

 

Figure 6. Water-Energy-Climate Nexus index for the Baseline scenario and an eco-

innovated scenario. 

4.3.Sensitivity analysis 

Based on previous LCA results, a sensitivity study was conducted to analyse the 

influence on that results of some of the parameters which were employed. The objective 

of this section is to determine the model robustness varying some variables that could 

affect the production process. Key parameters identified were the production and use of 
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electricity in the manufacturing stage and glass bottle production. Thus, a sensitivity 

analysis was conducted in which the environmental impact variation compared to the 

baseline scenario of combine electric and photovoltaic solar energies, reduce the glass 

bottle weigh or change the bottle material was evaluated. To determine de sensitivity of 

the production systems to these key parameters, the percent difference from the initial 

impact analysis results (baseline scenario) was calculated, varying the parameter listed 

in Table 6.  

Table 6. Parameters and new scenarios assessed in the sensitivity analysis. 

 
Parameter 

Baseline 

scenario 

New 

scenario 

SA.1.1 
Percentage of electric power as energy 

source at plant (the rest is photovoltaic 

solar energy) 

100% 

75% 

SA.1.2 50% 

SA.1.3 25% 

SA.1.4 0% 

SA.2.1 

Percentage of glass bottle weight reduction 0% 

25% 

SA.2.2 50% 

SA.2.3 75% 

SA.3 Bottle material Glass Plastic 

 

Figure 7 shows the results of the sensitivity analysis compared to the baseline scenario. 

Eq. (10) has been applied to estimate the environmental impact variation, where NIm 

represents the nexus index - IWECN - with the modified parameter, while the NIb 

represents the IWECN of the baseline scenario. Therefore, a value upper than zero means 

that the new scenario is worse than the baseline scenario whereas a negative value 

indicates that the new scenario has lower IWECN  than the baseline scenario (Bala et al., 

2020; Abejón et al., 2020). 

        
(       )

|   |
    (10) 
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Figure 7. Results of the sensitivity analysis: a) influence of the energy source and b) 

influence of the bottle material. 

 

Percentage of electric power as energy source at plant  

This parameter has been modified considering the combination of electric power and 

photovoltaic solar energy in the distillation plant. Therefore, the percentage has been 

distributed between 0% (only photovoltaic solar energy) and 75% (75% electric power – 

25% photovoltaic solar energy). Figure 7a displays the relative results of this variation 

in the energy source respect to the baseline scenario. As can be observe, the increase of 

the use of photovoltaic solar energy improves the environmental profile of the system 

under study since the IWECN was reduced 25.7%. 

Primary packaging material   

In this case, it has been considered that the glass bottle weight was reduced from 25% to 

75% or substituted by a plastic bottle. As Figure 7b shows, a 75% reduction of the glass 

bottle weight could improve the environmental profile of the system under study a 

26.8%. However, it is important to analyse if this option is viable from a technical point 

of view. On the other hand, a 25% reduction of the glass bottle weight and the use of a 

plastic bottle presented similar environmental impact variations, 8.9% and 7.3%, 

respectively, being these new scenarios more feasible from a technical point of view. In 
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fact, in the glass industry there is a new technique called “Doble Alto” for which the 

glass weight can be reduced at least 10%.  

4.4.Comparative analysis with other similar studies in the literature 

Despite the fact that comparison with other LCA studies can be misleading due to 

differing techniques, methods and assumptions between studies, a comparison per unit 

of volume and per amount of alcohol are displayed in Table 7 in terms of GWP. 

Table 7. Comparison of Global Warming Potential (GWP) values between the 

production of gin in Cantabria and other alcoholic drinks. Results are reported per litre 

and per alcoholic. 

Alcoholic 

drink 

GWP per unit of 

volume (kg CO2 eq./L) 

GWP per amount of alcohol 

(kg CO2 eq./ºalcohol) 
Reference 

Gin 0.877  0.014 Current study 

Whisky 2.857 0.043 
Eriksson et 

al.,2016  

Vodka* - - 
Bhattacharyy

a et al., 2019 

Pisco 3.448-7.916 0.041-0.0942 

Vázquez-

Rowe et al., 

2017 

Wine 

 

2.333 0.140 

Vazquez-

Rowe et al., 

2012 

1.666 0.089 
Amienyo et 

al., 2014 

1.200-1.333 0.064-0.071 
Gazulla et al., 

2010 

2.16-2.38 0.127-0.140 
Hallström et 

al., 2018 

Beer 

0.76 (class I)** 

0.73 (class II)** 

0.81 (class III)** 

0.338 (class I) 

0.254 (class II) 

0.231 (class III) 

Hallström et 

al., 2018 

Liquor 2.07 0.048 
Hallström et 

al., 2018 

*This study utilised the ReCiPE methodology and results were normalised using 

average annual impacts in each category from 28 European countries. Therefore, it was 

not possible to compare it with other studies. 
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**Class I beer (alcohol by volume <2.25%), class II beer (2.25-3.5%), class III beer 

(>3.5%). 

 

The production of gin appears to be in the lowest range of GWP as compared to other 

distilled drinks (whisky and pisco) and wine, but similar to beer. This is mainly due to 

the fact that the production of gin does not present an agricultural stage as wine or pisco 

production since, as mentioned in section 3.6, most of botanicals used are wild plants 

and there is no data about its production. 

 

4.5.Managerial and practical and policy implications  

Firstly, results from the nexus can be used for market communication, both towards 

customers and owners. In this sense, with the aim to introduce the product in green 

markets, it is necessary the definition of strategies focused on improving the 

environmental impact of energy production and consumption and the packaging. This 

could mean for the company the need to replace its glass container with a plastic one. 

However, in the current framework of limited use of plastic, it is necessary to foster a 

greater effort in the correct plastic management, not in its use.  On the hand, the 

company could take one step further towards eco-labelling, considering a nexus eco-

label, which indicates the consumption of water and energy and the greenhouse gases 

emissions linked to the production of the gin, all of them encompassed in an aggregated 

index that facilitates the decision-making process. This fact may attract new customers 

and thus also increase the competitiveness.   

5. Conclusions 

The current study provides a method for decision-makers to holistically assess the 

interdependencies based on the assessment of energy, water and climate. This method 

allows the identification of hotspots along the supply chain and, consequently, the 

development of eco-innovation measures to improve the environmental profile of a 
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product. A Water-Energy-Climate Nexus (WECN) index is proposed based on the direct 

and indirect consumption of energy and water and the CO2 emissions for processes and 

products. In particular, the procedure was applied to the production of one bottle (70 cl) 

of Classic gin artisanal elaborated by the beverage company Siderit, located in 

Cantabria (Northern Spain). 

Results from a previous life cycle analysis showed that the distillation step consumed 

the highest amount of direct energy while the production and transportation of 

packaging, in particular the glass bottle, was the step with the greatest contribution to 

the indirect energy consumption. On the other hand, the total consumption of direct 

water was due to the water required in the maceration step, whereas the total indirect 

consumption of water was mainly divided into the consumption of indirect water in the 

production and transportation of packaging and production and filling stage. Finally, the 

climate system followed the same trend than energy and water systems. Since the main 

hotspots of the production of one bottle of gin were the production and transportation of 

the glass bottle and the consumption of electricity in the distillery plant, two alternative 

eco-innovated options were proposed: the use photovoltaic solar energy as energy 

source and the substitution of the packaging material (glass) by a plastic bottle or by a 

tetra brick. Given the inherent uncertainty of the decision-making area to compare 

different scenarios, the values of the weighting factors have been determined according 

to the methodology described, obtaining a quantitative IWECN by means of the 

minimisation of the objective function, which allows comparisons between the 

scenarios. The nexus results indicated that an eco-innovated scenario could be that one 

where the required energy comes exclusively from photovoltaic solar energy and the 

glass bottle was substituted by a plastic bottle. These improvement measures reduced 

the IWECN 58%. 
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The nexus methodology proposed in this study serves as a tool to identify hotspots 

along the supply chain, to propose eco-innovation alternatives and to facilitate the 

decision-making process in situations where it is not clear which is the best option from 

a point of view of resource consumption and environmental impacts.  
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NOMENCLATURE 

Wc water consumption 

wd direct water consumption 

wi indirect water consumption 

Ec energy consumption 

ed direct energy consumption 

ei indirect energy consumption  

q energy equivalent measured in MJ per unit of input flow  

h  activity whose units depends on the input flow 

  
  normalised value of X_i 

   value of the different i nexus indicators (water and energy) 

  
   

 reference value for each nexus indicator 
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   weighting factor for each i nexus indicator 

IWECN Water-Energy-Climate Nexus 
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