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Abstract 

The EU27 countries exert significant influence on the global patterns of the CO2-Emissions-

Water-Energy (CWE) nexus. However, whether the associated benefits are similar for all 

countries is unclear. The authors of this paper constructed an EU27, multiregional input-output 

model, at a sector level to identify the inter-regional and -sectoral CWE flows, and clarify the 

regional, sectoral and worldwide patterns of EU27 CWE network. The results revealed an 

environmental inequality across the EU27 and impacts on the rest of the world. The EU27 

countries contributed 1.4 Gt less CO2 emissions, 64.5 Gm3 less water utilisation and 49 EJ less 

energy consumption, compared to the rest of the world while generating the equivalent 

economic output in 2014. This has dramatic effects upon the global environment. Germany, 

France and Italy are the biggest beneficiaries in the CWE nexus in the EU27. The authors 

recommended that the EU27 provide more technical support to upstream countries in the EU 

and elsewhere to strive to improve their resource utilisation efficiencies. 
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Nomenclature 

Symbol Meaning Unit 

𝑧𝑖,𝑗
𝑟,𝑠

 Inter-sectoral monetary flow from sector i in economy r to sector 

j in economy s 

€ 

𝑓𝑖,𝑘
𝑟,𝑠

 Final demand of term k in the economy s from sector i in economy 

r 

€ 

𝑥𝑖
𝑟 Total output of sector i in economy r € 

𝑣𝑗
𝑠 Added value of sector j in economy s € 

𝑥𝑗
𝑠 Total input of sector j in economy s € 

𝑒𝑗
𝑠 Direct energy input of sector j in economy s J 

𝑤𝑗
𝑠 Direct water input of sector j in economy s m3 

𝑐𝑗
𝑠 Direct CO2 emissions from sector j in economy s t 

𝜀𝑗
𝑠 Embodied energy intensity of sector j in economy s J/€ 

𝑧𝑗,𝑖
𝑟,𝑠

 Intermediate embodied energy, or water, or carbon flow from 

sector j in economy r to sector i in economy s 

J; m3; t 

𝜀𝑖
𝑟 Embodied energy intensity of sector i in economy r J 

𝜔𝑗
𝑠 Embodied water intensity of output from sector j in economy s m3/€ 

𝜔𝑖
𝑟 Embodied water intensity of output from sector i in economy r m3/€ 

𝜃𝑗
𝑠 Embodied CO2 emission intensity of output from sector j in 

economy s 

t/€ 

𝜃𝑖
𝑟 Embodied CO2 emission intensity of output from sector i in 

economy r 

t/€ 

𝐼𝐸𝐸𝑖
𝑟 Import embodied energy consumption of sector i in economy r J 

𝐸𝐸𝐸𝑖
𝑟 Export embodied energy consumption of sector i in economy r J 

𝐼𝐸𝐸𝑟 Import embodied energy consumption of economy r J 

𝐸𝐸𝐸𝑟 Export embodied energy consumption of economy r J 

𝐷𝐸𝐸𝑟 Net value of import and export embodied energy consumption J 
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𝐼𝑊𝐸𝑟 Import embodied water consumption of economy r m3 

𝐸𝑊𝐸𝑟 Import embodied water consumption of economy r m3 

𝐷𝑊𝐸𝑟 Net value of import and export embodied water consumption m3 

𝐼𝐶𝐸𝑟 Import embodied CO2 emission of economy r t 

𝐸𝐶𝐸𝑟 Export embodied CO2 emission of economy r t 

𝐷𝐶𝐸𝑟 Net value of import and export embodied CO2 emission t 

𝐴𝐸𝑈−𝐶 Average coefficients of embodied CO2 emissions of EU27 t/€  

𝐴𝐸𝑈−𝑊 Average coefficients of embodied water consumption of EU27 m3/€ 

𝐴𝐸𝑈−𝐸 Average coefficients of embodied energy consumption of EU27 J/€ 

𝐴𝑊𝑂−𝐶 Average coefficients of embodied CO2 emissions of non-EU27 t/€  

𝐴𝑊𝑂−𝑊 Average coefficients of embodied water utilisation of non-EU27 m3/€ 

𝐴𝑊𝑂−𝐸 Average coefficients of embodied energy consumption of non-

EU27 

J/€ 

𝐷𝐶 The amount of embodied CO2 emissions that EU27 import from 

the rest of the world 

t 

𝐷𝑊 The amount of embodied water that EU27 import from the rest of 

the world 

m3 

𝐷𝐸 The amount of embodied energy that EU27 import from the rest 

of the world 

J 

𝑅𝐶 The reduction amount of embodied CO2 emissions by EU27 t 

𝑅𝑊 The reduction amount of embodied water by EU27 m3 

𝑅𝐸 The reduction amount of embodied energy by EU27 J 

 

Abbreviations/ Acronyms 

Abbreviations Full Names 

GHG Greenhouse Gases 

UN United Nations 

SDGs United Nations Sustainable Development Goals 

UNFCCC United Nations Framework Convention on Climate Change 
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CO2 Carbon Dioxide 

CWE CO2 - Water - Energy 

MRIO Multi-Regional Input-Output 

AUT Austria 

BEL Belgium 

BGR Bulgaria 

HRV Croatia 

CYP Cyprus 

CZE Czech Republic 

DNK Denmark 

EST Estonia 

FIN Finland 

LVA France 

LTU Lithuania 

LUX Luxembourg 

MLT Malta 

NLD Netherlands 

POL Poland 

PRT Portugal 

ROU Romania 

SVK Slovakia 

SVN Slovenia 

ESP Spain 

SWE Sweden 

EIO Environmental Input-Output 

WIOD World Input-Output Database 

MFA Material Flow Analysis 

LCA Life Cycle Assessment 

WIOT World Input-Output Tables 

GDP Gross Domestic Product 

A&F Agriculture and Forestry 

M&Q Mining and Quarrying 

MAN Manufacturing 
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ENE Energy Supply 

WAT Water Management 

WAS Waste Management 

CON Construction 

W&R Wholesale and Retail Trade 

T&W Transport and Warehousing 

SOC Social Services 

NAFTA North American Free Trade Agreement 

WTO World Trade Organization 

ASEAN Association of South-East Asian Nations 

 

1 Introduction 

The EU27 members, as one of the biggest economies, have become increasingly interlinked. 

Large quantities of raw materials, products and energy are transported among the EU27 

countries and throughout the world. A massive amount of embodied materials and energy are 

shared, which is a significant growth booster for the economy of many countries. However, the 

question of whether the interests are mutual for all members needs more in-depth analysis, 

especially when focusing on three of the most basic environmental and economic strategy 

elements, which are carbon, energy and water. These three impact factors are intensely 

entwined [1]. Exploring the nexus of carbon emissions, water and energy has important 

strategic significance for both regional and global sustainability. 

1.1 The Daunting Challenge of Climate Change Remains 

Percapita, global greenhouse gas (GHG) emissions continue to increase in spite of some 

progress in implementation of the United Nation (UN) Sustainable Development Goals (SDGs) 

and the Framework Convention on Climate Change (UNFCCC) [2]. At present rates, global 

warming would result in 1.5 ℃ increase compared to the preindustrial levels in 15 to 20 years. 

If humankind wishes to keep the increase below the 1.5 ℃ targets, GHG emissions have to be 

reduced to net zero increase within the next 30 to 40 y [3]. The likelihood of achieving the 1.5 ℃ 

targets will be less like a considerably decrease if the measures were postponed to 2030 [4]. To 

meet the 2 °C target, a massive volume of fossil fuels should be untapped globally from 2010 

to 2050, including 33% of oil reserves, 50% of gas reserves and over 80% of current coal 

reserves, which is a daunting and perhaps one of the biggest global challenges humanity will 
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ever face [5]. Emissions of CO2, one of the key GHG emissions, accounts for two-thirds of 

GHG [6]. The top ten CO2 emitters in the world in 2017 were China, the USA, the EU27, India, 

Russia, Japan, Iran, Sandi Arabia, South Korea, and Canada [7]. The EU27 contributes 8.7% 

(3.12 Gt) to global emissions, which is less than the quantity emitted by China (27 %) and the 

USA (15 %) [7].  

If the EU27 are considered as separate countries, then Germany (800 Mt) would be positioned 

after Japan (1.19 Gt). Other EU27 emitters in the top twenty list are France (347 Mt) and Italy 

(349 Mt) [7]. The primary focus in global climate action and policy has to be on GHG 

reductions. With the global human population increasing at a net rate of 83,000,000/y, they are 

major challenges and opportunities to develop and implement new policies, procedures and 

technologies within new normal societies in the post-COVID-19 era [8]. 

1.2 Profoundly Entwined Carbon, Energy and Water 

Many measures and targets have been revolving around CO2 emissions, but this is not the 

complete picture. The real impacts of the UNFCCC and the more recent Paris Agreement [9] 

still need accurate quantification. The 17 SDGs offer a more comprehensive way to contribute 

to the global sustainable development, where food, water, and affordable, clean energy within 

the context of sustainable partnerships are outlined so that a sustainable future becomes a reality 

for all.  Climate changes are already causing significant uncertainties in water resource security 

and management [10], and trigger negative effects on both energy demands and the resilience 

of energy systems [11]. If this continues, there will be increases in social disharmony and 

political imbalance.  

Global and regional trade, results in major displacements of social and environmental 

influences, which accompany the massive embodied flows of energy, water and CO2 emissions 

[12]. The net CO2 emissions transferred from developing to developed countries significantly 

increased due to global trade during the past decade [13].  It demonstrates that international 

trade plays a crucial role in explaining national emissions worldwide. It is important to monitor 

the embodied materials transfers via regional or global trade, for the stabilisation of global CO2 

emissions.  

The disparities among countries or regions in embodied CO2 - Water - Energy (CWE) flows 

still needs to be systematically researched. Previously, fossil fuel security was king in the global 

energy landscape, but climate changes, increasing human population growth combined with the 

effects of the global COVID-19 pandemic are causing unprecedented societal changes. 
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Globally, total water and energy consumption continue to rise. Energy consumption will 

continue to increase as well, although with more variability. An important factor in global CWE 

flows is that the real and virtual footprints for water and energy are very different depending on 

economic activity [14]. These phenomena were examined considering the SDGs and to 

highlight the disparities and inequities in the current CWE nexus. In this study, embodied CO2, 

embodied water and embodied energy were defined as the total CO2 emitted, water used and 

energy consumed for generating a product or for providing a particular service [15]. They cover 

the entire process from raw materials to final products from the supply chain and life cycle 

perspectives.  

An urgently needed understanding of the CWE nexus is important for helping societies to more 

effectively mitigate climate changes [15], improve energy and water resource security [16], 

upgrade resource efficiency management [17], reduce environmental footprints [18], and 

promote regional sustainability [19]. Typically, CO2 emissions are considered to be pollution 

and energy is considered as a paid-for resource [20]. However, ‘free’ water is mostly studied in 

isolation and has no real borders. It is also analysed very differently by discipline, expert and 

country, depending upon the user’s needs [21]. Some authors have examined total water and 

virtual water footprints in isolation by looking at green, blue, and greywater flows [22].  

1.3 Research Importance 

No publication, to date, was designed to examine CWE flows in a holistic approach to address 

climate changes. The CWE flows across the EU27 countries are explored using a Multiregional 

Input-Output (MRIO) approach. The CO2, water and energy embodied in interregional trade of 

products across the EU27 and the rest of the world were analysed. Embodied water was used 

for measuring the total amount of water involved in producing materials, indicating the sum of 

all water that is embodied in generating the product or in providing the service itself from the 

supply chain perspective. It usually involves a set of inter-linked sectors in different regions. 

The embodied energy and embodied CO2 are defined in the same way. The MRIO flows are 

divided at a sectoral level to identify trends and strengths, challenges, and weaknesses in the 

ecosystem. Our findings are discussed in the context of EU27 ‘Effort Sharing’ and binding 

emissions targets, and energy and water security, considering the SDGs, equity and the 

environment.  

2 Data 
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The EU27 countries, after BREXIT, were taken as cases in this study. However, this study not 

only focuses on the EU27 members; the linkages between the EU27 countries and the rest of 

the world are crucial as well. It is important to explore the global patterns of EU27 CWE nexus. 

Therefore, the authors included the rest of the world as the 28th region. The Multi-Regional 

Input-Output (MRIO) model has been developed and employed, which was based on the WIOD 

(World Input-Output Database) [23], and the output of the relevant environmental impacts, 

which includes the latest year (2014) data of energy consumption and CO2 emissions from 

different regions/countries that involved in this study [24].  

The monetary units in the input-output table were changed from USDs to EURs according to 

the rate from the World Bank [25]. The following kinds of energy were included in the analyses: 

Coke, Coal, Gasoline, Electricity, Crude, Naphtha, Jet Fuel, Biodiesel, Light Fuel Oil, Heavy 

Fuel Oil, other Petrol, Natural Gas, Wind, Geothermal, Diesel, Hydro, Biogas, Solar, Waste 

and Nuclear. The data of water utilisation were obtained and processed from the Eurostat [26]. 

The World Bank database was used for obtaining the data of national populations [27]. The 

latest available data were used in this study. 

3 Methodology 

Several methods are useful for exploring the critical CWE flows, for example, Material Flow 

Analysis (MFA) [28] and Life Cycle Assessment (LCA) [29]. Both are useful tools for 

quantifying environmental impacts. However, each tool has drawbacks, for example, the supply 

chain assessment function of MFA is comparatively partial, and it is difficult for MFA to be 

used document the environmental influences within the multi-sectors and multiregional systems 

[30]. Regarding LCA, exploring the WEC flow’s characteristics and identifying the specific 

linkages among different regions or sectors are big challenges [31]. Multi-Criteria analysis is a 

useful tool for analysing similar issues [32], but it doesn’t have the same quantitative level as 

MRIO. The MRIO highly depends on big sets of systematic and consistent data, which is 

usually slightly lagging. However, it is a widely used and effective method with good 

robustness for handling economic and environmental data from the supply chain perspective 

[18].  

3.1 Multi-Regional Input-Output 

The 2014 MRIO database was the latest one available for the 28 economies, including the EU27 

countries and the rest of the world, was analysed. (Format as shown by Table 1).  
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The MRIO model was developed based on the World Input-Output Tables (WIOT), which is 

for 27 EU countries and 16 other major countries/economies [33]. There are 56 economic 

sectors and five final demand sectors for each economy. In the MRIO table, 𝑧𝑖,𝑗
𝑟,𝑠

 indicates the 

inter-sectoral monetary flow from sector i in economy r to sector j in economy s. 𝑓𝑖,𝑘
𝑟,𝑠

 means 

the final demand of term k in the economy s from sector i in economy r, (k = 1, 2, 3, 4, 5, 

indicate final consumption expenditures by households, non-profit organisations serving 

households and government, as well as changes in inventories and valuables and the gross fixed 

capital formation). 𝑥𝑖
𝑟 is the total output of sector i in economy r. 𝑣𝑗

𝑠 indicates the added value 

of sector j in economy s. 𝑥𝑗
𝑠 is the total input of sector j in economy s. 𝑒𝑗

𝑠 is the direct energy 

input of sector j in economy s. 𝑤𝑗
𝑠 is the direct water input of sector j in economy s for both 

intermediate input and final demand. 𝑐𝑗
𝑠 means the direct CO2 emission from sector j in 

economy s. Each sector of each economy was designated as an individual producer node in the 

global economy to connect all economic activities of water consumption, energy consumption 

and CO2 emissions. There are 1,568 nodes in total for 28 economies involved in this study.  

Table 1. The format of MRIO table 

 

There are two types of balance in the MRIO table: ⅰ) The rest of world balance is given by 

Equation (1); ⅱ) input-output balance as shown by Equations (2), (3) and (4), which represent 

energy input-output balance, water input-output balance and CO2 emission input-output 

balance.  

  𝑥𝑖
𝑟 = ∑ ∑ 𝑧𝑖,𝑗

𝑟,𝑠56
𝑗=1

28
𝑠=1 + ∑ 𝑓𝑖,𝑘

𝑟,𝑠28
𝑠=1 ,  (1) 

From \ To Intermediate Input  Final Demand Total 

Output 
Economy 1 … Economy 28 Economy 1 … Economy 28 

Sector 1 … … Sector 1 … 

Intermediate 

Output 

Economy 1 Sector 1 𝑧𝑖,𝑗
𝑟,𝑠  𝑓𝑖,𝑘

𝑟,𝑠 𝑥𝑖
𝑟 

… 

… … 

Economy 28 Sector 1 

… 

Value-added 𝑣𝑗
𝑠 

Total Input 𝑥𝑗
𝑠 

Energy Input 𝑒𝑗
𝑠 

Water Input 𝑤𝑗
𝑠 

CO2 Emissions 𝑐𝑗
𝑠 
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 𝑒𝑗
𝑠 + ∑ ∑ 𝜀𝑗

𝑠56
𝑗=1

28
𝑠=1 × 𝑧𝑗,𝑖

𝑟,𝑠 = 𝜀𝑖
𝑟 × (∑ ∑ 𝑧𝑖,𝑗

𝑟,𝑠56
𝑗=1

28
𝑠=1 + ∑ ∑ 𝑓𝑖,𝑘

𝑟,𝑠5
𝑘=1

28
𝑠=1 ),    (2) 

where 𝜀𝑗
𝑠 indicates the embodied energy intensity of sector j in economy s, 𝑧𝑗,𝑖

𝑟,𝑠
indicates the 

intermediate flow from sector j in economy r to sector i in economy s, 𝜀𝑖
𝑟means the embodied 

energy intensity of sector i in economy r. 

 𝑤𝑗
𝑠 + ∑ ∑ 𝜔𝑗

𝑠56
𝑗=1

28
𝑠=1 × 𝑧𝑗,𝑖

𝑟,𝑠 = 𝜔𝑖
𝑟 × (∑ ∑ 𝑧𝑖,𝑗

𝑟,𝑠56
𝑗=1

28
𝑠=1 + ∑ ∑ 𝑓𝑖,𝑘

𝑟,𝑠5
𝑘=1

28
𝑠=1 ),     (3) 

where 𝜔𝑗
𝑠 is the embodied water intensity of output from sector j in economy s, 𝑧𝑗,𝑖

𝑟,𝑠
 indicates 

the intermediate flow from sector j in economy r to sector i in economy s, 𝜔𝑖
𝑟 means the 

embodied water intensity of output from sector i in economy r. 

 𝑐𝑗
𝑠 + ∑ ∑ 𝜃𝑗

𝑠56
𝑗=1

28
𝑠=1 × 𝑧𝑗,𝑖

𝑟,𝑠 = 𝜃𝑖
𝑟 × (∑ ∑ 𝑧𝑖,𝑗

𝑟,𝑠56
𝑗=1

28
𝑠=1 + ∑ ∑ 𝑓𝑖,𝑘

𝑟,𝑠5
𝑘=1

28
𝑠=1 ),     (4) 

where 𝜃𝑗
𝑠 is the embodied CO2 emission intensity of output from sector j in economy s, 𝑧𝑗,𝑖

𝑟,𝑠
 

indicates the intermediate flow from sector j in economy r to sector i in economy s, 𝜃𝑖
𝑟 means 

the embodied CO2 emission intensity of output from sector i in economy r. 

The energy-relevant indicators, 𝜀𝑗
𝑠  and 𝜀𝑖

𝑟 , were taken as examples, to show the calculating 

processes, and introduce the following notations: 

𝐿 = [(𝜀1
1 ⋯ 𝜀56

1 ) ⋯ (𝜀1
28 ⋯ 𝜀56

28)], 

𝐸 = [(𝑒1
1 ⋯ 𝑒56

1 ) ⋯ (𝑒1
28 ⋯ 𝑒56

28)], 

𝑍 =  

[
 
 
 
 
 
 
 
(

𝑧1,1
1,1 ⋯ 𝑧1,56

1,1

⋮ ⋱ ⋮
𝑧56,1

1,1 ⋯ 𝑧56,56
1,1

) ⋯ (

𝑧1,1
28,1 ⋯ 𝑧1,56

28,1

⋮ ⋱ ⋮
𝑧56,1

28,1 ⋯ 𝑧56,56
28,1

)

⋮ ⋱ ⋮

(

𝑧1,1
1,28 ⋯ 𝑧1,56

1,28

⋮ ⋱ ⋮
𝑧56,1

1,28 ⋯ 𝑧56,56
1,28

) ⋯ (

𝑧1,1
28,28 ⋯ 𝑧1,28

28,28

⋮ ⋱ ⋮
𝑧56,1

28,28 ⋯ 𝑧56,56
1,28

)

]
 
 
 
 
 
 
 

, 

𝑌 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(

 
 
 
 

∑∑𝑧1,𝑗
1,𝑠

56

𝑗=1

28

𝑠=1

+ ∑∑𝑓1,𝑘
1,𝑠

5

𝑘=1

28

𝑠=1

⋱

∑∑𝑧56,𝑗
1,𝑠

56

𝑗=1

28

𝑠=1

+ ∑∑𝑓56,𝑘
1,𝑠

5

𝑘=1

28

𝑠=1 )

 
 
 
 

⋱

(

 
 
 
 

∑∑𝑧1,𝑗
28,𝑠

56

𝑗=1

28

𝑠=1

+ ∑∑𝑓1,𝑘
28,𝑠

5

𝑘=1

28

𝑠=1

⋱

∑∑𝑧56,𝑗
28,𝑠

56

𝑗=1

28

𝑠=1

+ ∑∑𝑓56,𝑘
28,𝑠

5

𝑘=1

28

𝑠=1 )

 
 
 
 

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Then the Equation (2) can be transformed into: 
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 𝐸 + 𝐿𝑍 = 𝐿𝑌 (5) 

The (Y − Z) reversible, then L can be gained based on Equation (5): 

 𝐿 = E(Y − Z)−1 (6) 

Based on the notation 𝐿 and Equation (6), we obtained the 𝜀𝑗
𝑠 and 𝜀𝑖

𝑟.  

Then the import embodied energy consumption ( 𝐼𝐸𝐸𝑖
𝑟 ) and export embodied energy 

consumption (𝐸𝐸𝐸𝑖
𝑟) of sector i in economy r can be given as: 

 𝐼𝐸𝐸𝑖
𝑟 = ∑ 𝜀𝑗

𝑠56
𝑗=1 × 𝑧𝑗,𝑖

𝑟,𝑠
, (𝑟 ≠ 𝑠) (7) 

 𝐸𝐸𝐸𝑖
𝑟 = ∑ 𝜀𝑖

𝑟56
𝑗=1 × 𝑧𝑖,𝑗

𝑟,𝑠
, (𝑟 ≠ 𝑠) (8) 

If both r and s belong to the EU27, then we can obtain the embodied energy consumption of 

EU27 countries that import from the EU27 members. Otherwise, we obtained the total value of 

embodied energy consumption that EU27 countries import from the whole world. The 

proportions can be obtained as well. 

Based on Equations (7) and (8), we obtained the import embodied energy consumption (𝐼𝐸𝐸𝑟) 

and export embodied energy consumption (𝐸𝐸𝐸𝑟) of economy r: 

 𝐼𝐸𝐸𝑟 = ∑ 𝐼𝐸𝐸𝑖
𝑟56

𝑖=1  (9) 

 𝐸𝐸𝐸𝑟 = ∑ 𝐸𝐸𝐸𝑖
𝑟56

𝑖=1  (10) 

The net value was given as: 

 𝐷𝐸𝐸𝑟 = 𝐼𝐸𝐸𝑟 − 𝐸𝐸𝐸𝑟 (11) 

The import embodied water consumption ( 𝐼𝑊𝐸𝑟 ), export embodied water consumption 

( 𝐸𝑊𝐸𝑟 ), import/export difference for embodied water ( 𝐷𝑊𝐸𝑟 ), import embodied CO2 

emission (𝐼𝐶𝐸𝑟), export embodied CO2 emission (𝐸𝐶𝐸𝑟), and the import/export difference for 

embodied CO2 emissions (𝐷𝐶𝐸𝑟), of economy r are allocated in the same way. 

The coefficients of embodied CO2 emissions, water utilisation and energy consumption were 

from our previous publication (Table 2), in which the data are consistent with that of this study. 

Table 2. Coefficients of embodied CO2 emissions, water utilisation and energy consumption 

[18] 

 EU27 Average Worldwide Average (𝐴𝑊𝑂) 
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Coefficients of Embodied CO2 Emissions  𝐴𝐸𝑈−𝐶, 286 t/M€ 𝐴𝑊𝑂−𝐶, 637 t/M€ 

Coefficients of Embodied Water Consumption  𝐴𝐸𝑈−𝐸, 8.8 MJ/€ 𝐴𝑊𝑂−𝐸 ,13.9 MJ/€ 

Coefficients of Embodied Energy Consumption  𝐴𝐸𝑈−𝐸, 27 m3/k€ 𝐴𝑊𝑂−𝑊 ,75 m3/k€ 

 

Because the EU27 average coefficients are lower than the worldwide average value, we 

assumed if the same amount of Gross Domestic Product (GDP) is generated, the EU27 can emit 

less GHG emissions and consume less water and energy. There should be a considerable 

difference or reduction. Based on the above equations, we obtained the amount of embodied-

CO2 emissions, -water and -energy that EU27 import from the rest of the world, given as 𝐷𝐶, 

𝐷𝑊 and 𝐷𝐸. Then the reduction amounts (𝑅𝐶 , 𝑅𝑊, 𝑅𝐸) by EU27 can be given as: 

 𝑅𝐶 = 𝐷𝐶(𝐴𝑊𝑂−𝐶 𝐴𝐸𝑈−𝐶⁄ − 1) (12) 

 𝑅𝑊 = 𝐷𝑊(𝐴𝑊𝑂−𝑊 𝐴𝐸𝑈−𝑊⁄ − 1) (12) 

 𝑅𝐸 = 𝐷𝐸(𝐴𝑊𝑂−𝐸 𝐴𝐸𝑈−𝐸⁄ − 1) (12) 

 

3.2 Sectors Classification Adjustment 

There were 56 very specific sectors, which were not suitable for exploring the embodied 

consumptions of water and energy as well as the CO2 emissions. These 56 sectors were 

aggregated into ten big sectors to eliminate this limitation. They included: Agriculture and 

Forestry (A&F), Manufacturing (MAN), Mining and Quarrying (M&Q), Waste Management 

(WAS), Energy Supply (ENE), Water Management (WAT), Wholesale and retail trade (W&R), 

Construction (CON), Transport and Warehousing (T&W). Social Services (SOC). For more 

details, see Appendix A1.  

4 Results 

4.1 Regional Patterns of EU27 CWE Nexus 

The authors quantified the embodied CO2 emissions chain (Fig. 1), water chain (Fig. 2) and 

energy chain (Fig. 3) among the EU27 countries to illustrate the CWE nexus. The CO2 

emissions chain of the embodied CO2 emissions flows among the EU27 countries during 

interregional trade was defined. Similarly, the water chain as the embodied water flows and the 

energy chain as the embodied energy flows were quantified. The net value of the embodied 

CO2 flows revealed the widely varied roles; different countries play in international trade. 
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Negative means that the country exported more embodied CO2 and positive indicates that the 

country imported more embodied CO2 than it exported.  

The countries with negative values of embodied CO2 emissions imports were non-beneficiaries 

in this CO2 emissions chain of EU27 interregional trade (Fig. 1), for example, Spain, Ireland, 

Poland, Romania, Bulgaria, Slovenia, the Czech Republic, Estonia and Lithuania, whereas 

countries with positive embodied CO2 values were beneficiaries, namely Germany, France, 

Germany, Italy, Greece, Denmark, Portugal, Sweden, Croatia and Finland. Beneficiaries leave 

massive embodied CO2 emissions with the non-beneficiaries (i.e. upstream countries) during 

interregional trade, via importing semi-finished or finished products [18]. Although the 

upstream countries obtained considerable economic benefits with access to the downstream 

countries’ economies, they bear the consequences of environmental impacts.  

Europe emits about 5.06 Gt of embodied CO2 emissions annually. Specifically, the Netherlands 

had -43.5 Mt, Poland -27.7 Mt, the Czech Republic -10.8 Mt and Belgium -8.6 Mt net outflow 

values, accounting for 39%, 25%, 10% and 8% separately of the total net embodied CO2 

outflows amount in the EU27 countries. The authors documented that these countries are the 

most upstream economies in the embodied CO2 emissions chain of EU27, bearing most in terms 

of embodied CO2 emissions and suffer the highest environmental impacts transferred from the 

downstream countries.  

In contrast, France, Germany and Italy have the highest net inflows values, which were 38 Mt, 

31.6 Mt and 13.9 Mt, accounting for 34%, 28% and 12% respectively, of the total net import 

amount in the EU27. These beneficiaries transferred most embodied CO2 emissions to the 

upstream countries and benefited most from the EU27 interregional trade from an embodied 

CO2 emissions chain perspective. The CO2 emissions chain is mainly driven by the demand of 

downstream countries, where France, Germany and Italy are the dominant consumers.  

The top embodied CO2 emissions flows in the EU27 are from Germany, France and Italy. As 

the largest trading partner of Germany in the EU27, the Netherlands exported most to Germany 

in 2014, 1.2×1011 € or 160 Mt in products quantity [34]. This was the biggest embodied CO2 

emissions flow, 39.4 Mt, from the Netherlands to Germany, followed by 24.3 Mt from Germany 

to France, 22.9 Mt from Poland to Germany, 19.3 Mt from Belgium to Germany and 17.7 Mt 

from Germany to Italy. Germany, France and Italy are the top three countries in the EU27 in 

terms of economy size [35]. Since Germany, France and Italy have lower CO2 emissions per 
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gross domestic product (GDP) [18], they have good potential to decrease their emissions from 

a global perspective. 

Europe uses about 243 Gm3 of water annually in economic activity [36]. Agriculture accounts 

for the largest amount of water consumption at 50% with energy production using a further 28 

% of water annually [37]. The Netherlands has the most net outflow value in the water chain of 

EU27 (Fig. 2), which is -3,502 Mm3, followed by Italy at -2,717 Mm3. The Netherlands and 

Italy account for 63% of total net outflow amount within the EU27, which is much more than 

the total amount of all other EU27 countries. These two countries are at the upstream position 

and serve as water suppliers in the water chain of the EU27.  

Comparatively, Germany and France have the highest net import flow values in the water 

supply chain, which are 4,127 Mm3 and 2,931 Mm3, which accounts for 42 % and 30 % of the 

total amount within the EU27. They are downstream in the water chain of the EU27 and benefit 

most in terms of embodied water from interregional trade. The key driver of the water chain is 

the demand of the downstream countries, where Germany, France and Italy are the dominant 

consumers. The top embodied water flows within the EU27 are within Germany, France and 

Italy. The biggest embodied water flow is from the Netherlands to Germany, 3,045 Mm3, which 

is because of the large amount of trade from the Netherlands to Germany [34], followed by 

2,036 Mm3 from Italy to Germany, 1,752 Mm3 from Italy to France.  

Although, Italy exports a large amount of embodied water to Germany and France, it imports 

massive amounts from other EU27 countries, such as from Germany (1,086 Mm3), France (632 

Mm3), the Netherlands (564 Mm3) and Spain (458 Mm3), which contributes to Italy being one 

of the top countries in terms of trade-related, embodied water share. Since Germany and France 

have lower water coefficients (m3/k€) [18], the more net embodied water they import, the more 

opportunity to improve water efficiency from a global perspective. Italy has the opposite of this 

trend, with higher water coefficient and lower water utilisation efficiency (m3/k€) [18]. 

The Netherlands leads the list of net embodied energy outflows (Fig. 3), -3.5×103 PJ in the 

EU27, which is much higher than the total amount of the other EU27 countries. It serves as the 

key supplier to Germany (2.5×103 PJ), Belgium (7.1×102 PJ), France (6.5×102 PJ) and Italy 

(4.8×102 PJ), in total account for 86% of its embodied energy export. This is because the 

Rotterdam mega-port in the Netherlands, with its large refining and petrochemicals sector and 

pipeline connections to neighbouring refineries in Belgium and Germany, is the key energy hub 

of North-West Europe.  
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Germany dominates the list of net imported, embodied energy with 2.4×103 PJ, followed by 

France at 1.2×103 PJ. These two countries have more than 1 ×103 PJ net import embodied 

energy. Germany is the most downstream country in the energy chain of EU27. It is one of two 

EU27 countries that imports embodied energy from all other E27 countries. The other one is 

Sweden, however, with a much lower import value of (8.6×103 PJ) and net import value (80 

PJ). The biggest embodied energy flow is from the Netherlands to Germany, 2.5×103 PJ, 

followed by 8×102 PJ from Germany to France and 7.2×102 PJ from Belgium to Germany. 

Based on our previous study, Germany, France, and Italy have higher energy efficiencies [18], 

than other countries of the EU27. 
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Fig. 1 Embodied CO2 Emissions Chain (> 8 Mt) of EU27. The width of the arrows reflects 

the relative magnitudes of the net flows. The colours indicate cities as net exporters 

(brown) or importers (black). The chains are listed in terms of flows to other 

countries for amounts greater than 8 Mt/yr. 

   

Fig. 2 Embodied Water Chain (> 800 Mm3) of EU27. The width of the arrows reflects the 

relative magnitudes of the net flows. The colours indicate cities as net exporters 

(green) or importers (blue). The chains are listed in terms of flows to other countries 

with the amount greater than 800 Mm3. 
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Fig. 3 Embodied Energy Chain (> 4×108 GJ) of EU27. The width of the arrows reflects the 

relative magnitudes of the net flows. The colours indicate cities as net exporters 

(yellow) or importers (red). The chains are listed in terms of flows to other countries, 

with amounts greater than 4×108 GJ. 

The interregional trade structure of EU27 directly causes its CWE nexus. The bigger economies 

usually have larger CO2 emissions, water and energy flows. The structure of the embodied CWE 
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import/export (Fig. 4) is roughly consistent with the GDP size of EU27 in 2014 [27]. Germany, 

France and Italy dominate the lists of embodied CWE imports understandably.  

Trade-related, embodied CO2 imported within the EU27 is 736 Mt in total (Fig. 4a). Germany, 

France and Italy together account for 46 % of that, in which Germany shared 25 %, followed 

by France at 13 % and Italy at 9 %. Unlike the import structure, the top embodied CO2 export 

country is Germany at 151 Mt, with 21 % of total export embodied CO2 of EU27, followed by 

the Netherlands at 89.4 Mt at (12 %), Belgium at 62.1 Mt (8 %) and Poland at 60.4 Mt (8 %). 

This illustrates why France has the most net value of embodied CO2 import, and the Netherlands 

is the opposite with a net export of the most embodied CO2 (Fig. 1). The Netherlands is one of 

the most CO2-intensive (per capita) countries in the EU27 [18]. This is positive because it 

exports the most embodied CO2 to downstream countries that have higher efficiencies (t/cap).  

Trade relevant embodied water demand within EU27 was 52,461 Mm3 in total (Fig. 4b), of 

which Germany, France and Italy contribute 13,278 Mm3 (25 %), 7,185 Mm3 (14 %) and 4,552 

Mm3 (9 %) respectively. The embodied water demand in these countries represents 

approximately half of the water demand in the EU27. The Netherlands and Italy have higher 

net embodied water outflows, and have higher embodied water consumption per capita [18], 

which means they have lower embodied water flow.  

Trade relevant embodied energy imports within EU27 was 2.6×104 PJ in total, of which 

Germany (7.2×103 PJ), France (3.4×103 PJ) and Italy (2.4×103 PJ) account for 50 %. Inversely, 

Netherlands and Germany export the most embodied energy. But the Netherlands has lower 

energy efficiency in both monetary units and per capita units [18]. The current situation, with 

the Netherlands exporting more embodied energy, means it should improve its energy 

efficiency.  
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Fig. 4 Embodied CWE Import/Export within the EU27.  

4.2 Sectoral Patterns of EU27 CWE Nexus  

This section presents ten integrated sectors in 2014, including A&F, M&Q, MAN, ENE, WAT, 

WAS, CON, W&R, T&W, SOC.  
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The CO2 chain within the EU27 is mainly shaped by MAN, SOC and CON sectors (Fig. 5a), 

accounting for 82% of the total trade relevant embodied CO2. Manufacturing contributed 451.3 

Mt embodied CO2, where 34 % is from the net upstream countries (with net negative values), 

and the remainder (66 %) is from downstream countries. This underscores the large impacts of 

trade among the net downstream countries (with net positive values), although, the net upstream 

countries supply many resources, they do not benefit much from the commercial chain. The 

results of other sectors also show the same phenomenon where the SOC sector accounts for 

98.5 Mt of trade relevant embodied CO2 flow, with 38% from net upstream countries and 62 % 

from net downstream countries. The CON sector’s net upstream countries have 35%, and the 

new downstream countries have 65%, which is a similar structure. All ten sectors showed a 

similar structure, with a lower share by net upstream countries than by the net downstream 

countries. The fourth sector, T&W, accounted for 6% of the total trade-related embodied CO2, 

followed by W&R at 5%, ENE at 3 %, and in last place WAT at only 0.2%.  

Germany was both the biggest supplier and consumer of embodied CO2 from the MAN sector, 

which accounts for 21% and 25% separately, as it is the most industrialised country in the EU27, 

followed by France and Italy. France contributes 13% of imported CO2 and 7% of export CO2 

of the EU27. In contrast, the Netherlands contributes 12% of the total supply; however, they 

import only 6% of the total. Poland provides 4.4% of the import and 8% of the export, while 

the Czech Republic provides 3.9% of the imports and 5% of the exports of CO2. Comparing 

global exporter importer CO2 emissions can be examined on a production basis also referred to 

as territorial emissions or on a ‘consumption-based’ approach adjusted for emissions. 

Consumption-based emissions can reflect the consumption and lifestyle choices of a country’s 

citizens [38]. Typically, consumption-based emissions increase when a country becomes richer 

(e.g. Ireland and the Czech Republic in the 2000s) and production-based emissions remain 

stationary. Some of the EU27 countries with growing economies (e.g. Latvia, Lithuania, etc.) 

need to be monitored carefully for this phenomenon, especially when making future CO2 

burden-sharing plans. The reverse of this can be seen with positive investment in 

decarbonisation projects and infrastructure in some of the wealthier industrialised nations, e.g. 

the UK, France and Germany.  

In the EU27’s water chain (Fig. 5b), MAN and SOC contribute 84% of the total trade-related 

embodied water. Manufacturing contributed 32,091 Mm3, embodied water consumption, where 

40% (12,892 Mm3) is from net upstream countries, and the remaining 60% (19,199 Mm3) is 

from the net downstream countries. The second key sector is SOC, with 7,798 Mm3 trade-
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related embodied water, where 45% is from net upstream countries and 55% from net 

downstream countries. For the CON sector, 41% of trade relevant embodied water is from net 

upstream countries and the remaining, 59%, is from downstream countries. In contrast, the 

WAS and WAT sectors have a higher share from net upstream countries than from net 

downstream countries, although these two sectors account for only 2% of the total amount.  

In the energy chain (Fig. 5c), the key transmission sector is MAN, contributing 1.7×104 PJ and 

accounting for 64%, which is much higher than the total amount of the remaining sectors. Of 

the MAN relevant, 40% is from net upstream countries, and 60% is from downstream countries. 

The key sectors are SOC and CON, accounting for 12% and 7% of flows in the energy chain. 

This indicates that the above three sectors significantly shape the energy supply chain structure 

in the EU27. 
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Fig. 5 CWE Chain in Sector Level of EU27.  

Agriculture and Forestry (A&F), Water Management (WAT), Mining and Quarrying (M&Q), Energy Supply (ENE), Manufacturing (MAN), 

Social Services (SOC), Waste Management (WAS), Wholesale and Retail Trade (W&R), Construction (CON), Transport and Warehousing 

(T&W).   
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4.3 Global Patterns of EU27 CWE Nexus 

EU27 imported significant resources from the whole world in 2014, including CWE. 

Quantification of the global patterns of EU27 CWE nexus (Fig. 6) is crucial for understanding 

the impacts of international trade of EU27 on the whole world in terms of climate change, water 

scarcity and energy consumption.  

The EU27 countries transferred 39% of embodied CO2 within the EU27 (Fig. 6a) while it 

imported 61% from the rest of the world. It was assumed in this analysis that if the same amount 

of GDP is generated, the EU27 could emit 1.4 Gt less CO2 than the rest of the world. Austria 

has the highest proportion of embodied CO2 imported from EU27, which is 35 Mt and accounts 

for 59 % of its total imported amount, followed by Hungary at 55% (22 Mt), the Czech Republic 

at 54 % (28 Mt), Estonia at 53% (3Mt) and Slovakia at 51% (14 Mt). They were the only 

countries that imported more embodied CO2 from the EU27 than from the rest of the world in 

2014.  

In contrast, all other 22 EU27 countries imported more embodied CO2 from the rest of the world 

than from the EU27. Ireland imported 85% embodied CO2 from non-EU27 countries, namely 

the UK, the USA, Switzerland and China [39], Greece imports 78% of trade-related embodied 

CO2 from non-EU27 such as Iraq, China, and Turkey [40]. Countries with large economies, like 

Germany, France, Italy and Spain, also imported more from non-EU27 countries than from 

EU27. Germany imports most embodied CO2 from the rest of the world, which is 227 Mt, 

followed by France at 152 Mt, Italy at 118 Mt, the Netherlands at 110 Mt and Belgium at 109 

Mt. These five countries account for 62% of that EU27 imported from the rest of the world. The 

EU27 accounted 15% of global trade in goods in 2019 [41], and the top 5 imported products 

were crude petroleum and natural gas (13% of the total import of EU27), computer, electronic 

and optical products (13%), chemicals & chemical products (7%), machinery, equipment and 

motor vehicles, trailers and semi-trailers (both 6%) [42]. 

Approximately 32% of the imported embodied water of EU27 countries is from the EU27 (Fig. 

6b). The remaining 68% is from the rest of the world, which was 111 Gm3. If the same amount 

of GDP generated was assumed, then the EU27 could consume 64.5 Gm3 less water than the 

rest of the world. Austria is the only country of EU27 that imported less embodied water from 

the rest of the world than from the EU27 countries. In contrast, the other 26 EU27 countries 

imported more from the rest of the world than from the EU27. More than 91% of Ireland’s 

trade-related water imports are from non-EU27 countries, which is because of the nature of the 

products it imports (e.g. pharmaceuticals, medical devices, integrated circuits and planes).  
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Significant quantities of products are virtually imported from the rest of the world—followed 

by Luxembourg (88%), Lithuania (78%) and the Netherlands (78%). Countries with big 

economies, like Germany, France, Italy, the Netherlands, Spain, and Belgium, imported more 

embodied water from the rest of the than from the EU27. Germany, imported the most embodied 

water from the rest of the world, which was 22,257 Mm3, followed by France at 14,647 Mm3, 

the Netherlands at 11,513 Mm3 and Italy at 10,320 Mm3, accounted for 53% of what the EU27 

imported from the rest of the world.   

For EU27 countries, 49% of imported embodied energy is from the EU27 (Fig. 6c). The 

remaining 52% was from the rest of the world, which was 2.8×104 PJ. If the same amount of 

GDP generated is assumed, then the EU27 will consume 49 EJ less energy than the rest of the 

world, because of the higher energy efficiency (J/€) of EU27 based on our previous results [18].  

Thirteen EU27 countries imported more embodied energy from the EU27 than from the rest of 

the world (e.g. Austria to Croatia), mainly due to lack of infrastructure and historical links to 

neighbours. The other 14 countries imported more from the rest of the world than from the 

EU27. 66% (1.1×103 PJ) of imported embodied energy of Austria is from the EU27 countries, 

the rest 34 % is from the rest of world, followed by the Czech Republic at 61 % (8.9×102 PJ) 

and Hungary at 60 % (1.1×102 PJ). 

In contrast, Ireland only imported 19% of its embodied energy from the EU27 countries but 

imported 81% from the rest of the world because of the trade with the UK, USA and China [39]. 

Greece is in second place, with 71% imported from the rest of the world, that was primarily 

refined petroleum [40]. Even when Germany imports more from the EU27, it also imports much 

from the rest of the world, which was 5.6×103 PJ, followed by France at 3.7×103 PJ and Italy at 

2.3×103 PJ. These three countries dominate the structure of the EU27 energy chain.  
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Fig. 6 Importation Sources Distribution of Embodied-CO2 (a), -Water (b), -Energy (c) of 

EU27. Import from the world: the total amount of embodied resource imports of a 

specific country; Import from the EU27: the total amount of embodied resources 

that were imported from the EU27 countries; Percentage of each country: the ratio 

of “import from the EU27” to “import from the world”; the percentage of the EU27: 

the ratio of the total import of EU27 countries from EU27 to the total import of 

EU27 countries from the whole world. 

5 Discussions and Implications 

Reducing CO2 emissions, and improving water and energy efficiency are key drivers for making 

progress in transitioning to more environmentally conscious and sustainable economies in line 

with the SDGs at local, regional and global levels. Unfortunately, the CWE chain in the EU27 

is imbalanced and inequitable, and the disparities in CWE flows across the EU27 are significant. 

Although the population, economy size and GDP of different EU27 countries are very different, 

there are clear contrasts in the efficiencies of CO2 emissions, water utilisation and energy 

consumption of the EU27 countries [7] related to products and goods they produce and 

consume.  

Germany and France have lower embodied CO2 emissions, embodied water utilisation and 

embodied energy consumption per unit GDP [18]. Even if both of them are the top net import 

countries in terms of embodied CWE, their higher efficiencies are beneficial when making plans 

to reduce emissions, water and energy utilisations, from a global perspective.  

Italy has lower embodied CO2 and energy consumption; however, they have higher water 

consumption per unit of GDP. Italy is the second-largest, net embodied water supplier, instead 

of the importer, and one of the top net demanders of embodied CO2 and embodied energy.  

The Netherlands has lower efficiency of embodied water and energy and serves as the largest 

supplier of embodied water and energy, which is good because it transfers embodied resources 

to downstream countries with higher efficiency. For net upstream countries like the 

Netherlands, they should focus on improving their domestic efficiency by reducing CO2 

emissions, water utilisation and energy consumption.  

The effect of lower coefficients and higher efficiencies in the EU27 than the rest of the world 

based on our previous study [18] showed that the more the EU27 import from the rest of the 

world, the better for reducing CO2, water and energy consumption in the EU27 while generating 

the same amount of economic output. The upstream countries would be more affected with 
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stricter emissions and energy obligations in the 2030 climate and energy framework as the EU27 

move to a climate-neutral economy [43]. This could be distributed by the burden sharing, 

emissions trading scheme (ETS) and fines. The ETS, a major pillar of the EU energy strategy, 

was launched for fighting global warming. The EUs ETS is positively contributing to managing 

the energy and emissions relevant sectors, like the electricity sector [44]. Based on our results, 

policymakers of the European Commission (EC) and the EU27 Member States are 

recommended to consider net embodied emissions to allocate burden-sharing.  

In the meantime, incentives should be issued for various sectors to make innovations, find 

alternative renewables, and reduce emissions to ultimately achieve net-zero emission 

economies by 2050. Theoretically, taxing the imported CO2 and outsourcing of emissions and 

consumption-based metrics can be effective ways for the EU to mitigate the impacts of CO2 

import; however, the unilateral acts of the EU might result in poorer performance of the 

politically sensitive sectors, like chemicals, iron and steel industry, fossil-fuel industry [45].  

In essence, the only way to achieve this is by improving efficiency. However, this can only be 

done by increased resources and regulations like those in the EU27. The issue is that this will 

require investments, and may result in increases in costs from supplier countries. Traditionally, 

pushing manufacturing to a poorer, less developed economy had been the strategy. Then the 

CWE virtual merry-go-round will begin again. How can this cycle be broken? 

For energy utilisation targets of EU from 2021 to 2030, renewable energy shares would achieve 

at least 32%, and energy efficiency would be improved by at least 33%. Those targets will help 

to mitigate global warming and energy crises. In planning for future energy flows and energy 

security in Europe, the EU27 countries are looking to ‘sector coupling’ with the electrification 

of transport and heating and cooling loads. This would help to enable deeper decarbonisation if 

done correctly using smart technologies and electric transport systems in tandem with 

renewable energy, and thereby also creating new manufacturing jobs across the EU27 [46].  

The big question for the EU27’s strongest economies, Germany, France and Italy is, will they 

import from outside the EU27 block or will they strike a balance with the other Member States 

to achieve harmony in the CWE nexus?  

The EC just announced a drive for offshore wind power to supply its electricity needs; for 

example, Ireland alone could supply up to 5 % of the EU27 electricity needs [47]. Similarly, 

countries along southern latitudes of the EU such as Spain, Portugal, Italy and Greece could 

supply solar photovoltaic energy. The countries that strive to develop green batteries in the 
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EU27 need wider economic support from the EU27, instead of only financing for the 

infrastructure to build wind and solar PV farms. With the European Green Deal [48] roadmap 

to make the EU27 the first climate-neutral continent by 2050, such opportunities should be 

embraced, especially with current, low lending cost and the economic impacts of the COVID-

19 pandemic.  

Key challenges for the EC and the EU27 member states are balancing the conflicting 

stakeholder interests, the low price of fossil fuels and the significant infrastructure and 

regulatory gaps at the distribution level. However, there has never been a better time to break 

the fossil fuel addiction across the EU27, which will have significant positive impacts on the 

global economy, the environment and human health.  

The challenge for water management is to make more reasonable and effective strategies with 

specific goals. The main objective of EU water policies is to ensure water quality standards 

across the EU27 [49]. There are relevant actions and policies to mitigate water scarcity, to 

ensure the sustainability of the water systems and to improve water savings and efficiencies, 

such as launching the Blueprint to Safeguard Europe’s Water Resources [50] and updating the 

“peer-to-peer process support for the improvement of Water Framework Directive and Floods 

Directive implementation” [51].  

However, there are large gaps in the water policies; for example, the water aspect was 

overlooked for the EU27 in terms of Germany, France and Italy with limited water for their 

industrial activities [52]. More polluting activities might be transferred to upstream EU 

countries or elsewhere, as they need massive embodied water to support their industrial 

development. This needs urgent attention because water is a resource that Germany, France and 

Italy cannot import from further afield than its neighbours. Agriculturally, water-intensive 

EU27 countries in Southern and Eastern Europe are expected to suffer more hardships with 

increasing extreme weather events and higher summer temperatures associated with global 

warming. In new water policy plans, the EC must consider this for the EU27 so that the food 

baskets of Europe are not penalised by the more industrially intensive countries.  

In the future, this ‘breadbasket’ characterisation of certain EU27 Member States such as Spain, 

Italy and Irelands needs to be reflected in the Common Agricultural Policy (CAP) agreements 

and CO2 emissions burden sharing, reduction targets and fines. Water will become an even more 

valuable commodity in the future, especially in the more industrialised nations. 
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With the COVID-19 pandemic, the situation and the relations have become more complicated, 

and this demands close observation step-by-step, as CO2 emissions have been embodied en 

masse in Personal Protective Equipment (PPE) [53] and also with the uncertain development in 

the energy consumption [54].  

This pandemic has already interrupted the regional, interregional and global interdependencies 

and relationships as the economic, environmental and social impacts. This needs further 

consideration and will form the follow-up work of this team of researchers. 

6 Conclusions 

With rapid globalisation, regional sustainability should be considered from the global and multi-

sector level, instead of only on a regional single-sector basis, especially in terms of climate 

change, and the CWE trilemma. This research quantified the CWE flows of EU27 from three 

angles: regional patterns, sectoral patterns and global patterns. The exploration revealed 

apparent disparities among different countries within EU27, different sectors, as well in the 

EU27 as a block of nations compared and with the rest of the world. 

Germany, France and Italy are the largest beneficiaries of embodied CWE, accounting for 46 

% of imported embodied CO2, 48% of imported embodied water and 50% of imported 

embodied energy in the EU27. In contrast, the Netherlands is the largest supplier of these 

resources. However, considering the higher efficiency of Germany and France, the current 

structure is beneficial for reducing emissions and the consumption of water and energy from a 

global perspective. All countries should focus on improving domestic efficiency and industrial 

upgrading. 

MAN, SOC and CON share 82% of the total trade relevant embodied CO2, 84% of the total 

trade-related to embodied water and 84% of the total trade-related to embodied energy, as 

shown in Figure 5. In contrast, the ENE, WAT and A&F contribute a small part at the sector 

level, in the EU27 CWE chain, indicating that the products of these sectors are not directly 

involved in inter-regional trade but are mainly involved in domestic trade. MAN is the most 

significant driver for shaping the CWE nexus of the EU27. It is also the biggest contributor to 

embodied CWE and has the maximum potential for reducing both resource consumption and 

emissions. Especially, for the major participants, like Germany, France, Italy and the 

Netherlands. The key challenge is how to reduce resource consumption, emissions and 

environmental impacts while ensuring a healthy economy. The only way to reach this is by 
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improving efficiency and adjusting the resource structures, such as increasing the renewable 

energy share in France. 

In the EU27, 51% of imported embodied energy, 68% imported embodied water, and 61% 

imported embodied CO2 are from the rest of the world. Due to the higher efficiency of the EU27 

average than of the rest of the world, it contributes to 1.4 Gt less CO2 emission, 64.5 Gm3 less 

water utilisation and 49 EJ less energy consumption, compared to the same economic value 

outputs generated by the rest of the world. This indicates that the less industrialised economies 

in the EU27 should engage in CO2 burden-sharing schemes, emissions and green energy targets 

and CAP updates of the EU27 Green Deal. 

This systematic analysis of the CWE chains in the EU27 is crucial to help them to understand 

the roles of every country and each sector in the whole system at the local, regional and global 

levels. This analysis can provide support and direction for future research, education and policy-

making in the CWE trilemma. 

The CWE nexus should be examined in a holistic approach by the EU27 and other larger trading 

regions to battle climate change, environmental degradation, species diversity losses and 

economic inequities. This should be undertaken in tandem with a careful examination of the ten 

key sectors considering the existing NAFTA, WTO, ASEAN trading pacts so that any targets 

are implemented equitably on a global scale in line with the UN Sustainable Development 

Goals.  

In conclusion, industry, the banking sector and geopolitical stability should be carefully 

managed in the rebalancing of the CWE virtual footprint flows as part of a new global system. 

In the context of the COVID-19 pandemic, political leaders, educators, industrialists and all 

other citizens, have increased responsibilities to systematically and effectively implement the 

seventeen Sustainable Development Goals within local, regional, national and global systems 

that are based upon interdependency and ethical consciousness of mankind for the short and 

long-term future. 

There are also some limitations to this study. The embodied WEC coefficients can be different 

in different years. The import and export amounts of each region/sector considerably rely on 

the economic market. The results of one specific year can reflect the situation of the EU27; 

however, a series of results based on several continuous years would contribute more valuable 

information and offer stronger support for the decision-makers. The rest of the world was 

treated as a whole and as the 28th region in this study. However, the other countries have 

different conditions and have different relationships with the EU27 members. The detailed 
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inter-linkages among the EU27 countries other countries should be explored more in-depth 

explored. These are the targets of our future research. 
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Appendices 

Appendices A1. The congruent linkages between original and aggregated sectors. 

Abbreviations Aggregated Sectors Original Sectors 

A&F Agriculture and Forestry Crop and animal production, hunting and related service 

activities 

 
 

Forestry and logging 

 
 

Fishing and aquaculture 

MAN Manufacturing Manufacture of wood and products of wood and cork, except 

furniture; manufacture of articles of straw and plaiting 

materials 

 
 

Manufacture of chemicals and chemical products 

 
 

Manufacture of rubber and plastic products 

 
 

Manufacture of paper and paper products 

 
 

Manufacture of fabricated metal products, except machinery and 

equipment 

 
 

Manufacture of food products, beverages and tobacco products 

 
 

Manufacture of basic pharmaceutical products and 

pharmaceutical preparations 

 
 

Manufacture of coke and refined petroleum products 

 
 

Manufacture of electrical equipment 

  Manufacture of machinery and equipment n.e.c. 

  Manufacture of textiles, wearing apparel and leather products 

 
 

Manufacture of basic metals 

 
 

Manufacture of computer, electronic and optical products 

 
 

Manufacture of other non-metallic mineral products 

 
 

Manufacture of motor vehicles, trailers and semi-trailers 

 
 

Manufacture of other transport equipment 

 
 

Manufacture of furniture; other manufacturing 

 
 

Repair and installation of machinery and equipment 

M&Q Mining and Quarrying Mining and quarrying 

WAS Waste Management Sewerage; waste collection, treatment and disposal activities; 

materials recovery; remediation activities and other waste 

management services  

ENE Energy Supply Electricity, gas, steam and air conditioning supply 

WAT Water Management Water collection, treatment and supply 

W&R Wholesale and Retail Trade Wholesale and retail trade and repair of motor vehicles and 

motorcycles 

  Wholesale trade, except motor vehicles and motorcycles 

  Retail trade, except motor vehicles and motorcycles 

CON Construction Construction 

T&W Transport and Warehousing Land transport and transport via pipelines 

  Air transport 

  Water transport 

  Warehousing and support activities for transportation 

SOC Social Services  Publishing activities 

 
 

Telecommunications 

 
 

Printing and reproduction of recorded media 

  Administrative and support service activities 

 
 

Public administration and defence; compulsory social security 
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Postal and courier activities 

 
 

Education 

 
 

Insurance, reinsurance and pension funding, except compulsory 

social security 

 
 

Activities auxiliary to financial services and insurance activities 

 
 

Scientific research and development 

 
 

Advertising and market research 

 
 

Other professional, scientific and technical activities; veterinary 

activities 

 
 

Legal and accounting activities; activities of head offices; 

management consultancy activities 

 
 

Architectural and engineering activities; technical testing and 

analysis 

 
 

Accommodation and food service activities 

 
 

Computer programming, consultancy and related activities; 

information service activities 

 
 

Financial service activities, except insurance and pension funding 

 
 

Real estate activities 

 
 

Activities of households as employers; undifferentiated goods- 

and services-producing activities of households for own use 

 
 

Activities of extraterritorial organisations and bodies 

 
 

Human health and social work activities 

  Other service activities 

 


