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Abstract:



The EU Emissions Trading System (EU ETS), which is a cornerstone of the EU’s policy to combat climate change, has been criticised by its effects on the competitiveness of intensive energy demanding industries, and in particular, of the chlor-alkali sector. The main chlorine application in Europe is the production of polyvinyl chloride (PVC) from ethylene dichloride (EDC) as intermediate. Since chlorine is mainly traded in terms of derivatives, the aim of this work is to assess the vulnerability of the European chlor-alkali industry to chlorine replacement by imported EDC. An Energetic, Economic and Environmental Sustainability Assessment (EEESA) methodology is proposed based on the main variables affecting EDC production. Moreover, the influence of the EU ETS compensation measures and the emission allowance price in the current (mercury, diaphragm and membrane) and emergent (oxygen-depolarized cathodes (ODC)) technologies is studied. The most vulnerable scenarios become mercury and diaphragm technologies due to energy consumption. However, the salt price dependency on the quality requirements substantially influences the EEESA results. This analysis also shows the importance of hydrogen valorisation, whose major impact is observed in ODC scenario.
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1. Introduction


One of the pillars of the European energy and climate change policy is the creation of the internal energy market. Third party access, unbundling and liberalisation are the basis of this approach [1]. Energy would flow freely across borders, so that customers would be indifferent as to the source of their supplies, and suppliers would compete across the entire European market. However, after several liberalisations of the electricity market, the evolution of the energy price has not been as expected and the energy policies from the different countries do not agree to clarify the future competitiveness of the sector. Furthermore, the EU States are developing different energy and climate policies in the framework of Kyoto Protocol [2]. The policies can be considered complementary if each tool is aimed at correcting a market failure or overlapping if they reduce the overall effects that each instrument stand-alone could generate in the market. Several such works study these interactions between energy and climate policies [3,4,5,6,7].



For example, the EU Emissions Trading System (EU ETS) for CO2, which is a cornerstone of the European Union’s policy to combat climate change, is a cost-effective tool for reducing greenhouse gas emissions [8]. It covers about half of CO2 emissions in all EU member states, 40% of total greenhouse emissions, and involves about 11,500 factory installations [9]. This system works on the “cap and trade” principle. An annual “cap”, or limit, is set on the total amount of certain greenhouse gases that can be overall emitted. The allowances are allocated to individual installations, such that the sum of the allowances does not exceed the cap [10]. The European Union Allowances (EUAs) give polluters the right to emit one tonne of CO2. Emitters that chose to pollute more than the allowances they received, have to purchase extra allowances in the open market from firms that used less EUAs than they received and vice versa. Despite being auctioned off from 2013 onwards, EUAs were granted for free to firms during the initial two phases of the EU ETS (2005–2012). Oestreich and Tsiakas [10] found that firms that received free EUAs during the first years of the scheme significantly outperformed firms that did not. This “carbon premium”, mainly explained by the higher cash flows due to the free allocation of EUAs, was present for an initial transitional period and considered as one-off event. On the other hand, Lund et al. [11] estimated that the impact on the total cost remained below 2% for almost all the industries subjected to the EU ETS during the period 2008–2012, considering both the direct cost related to CO2 reduction requirements and the indirect increase in the electricity price. However, the influence on stock market returns was not analysed. In this sense, Bushnell et al. [12] demonstrated that in response to the dramatic allowance price drop in April 2006 (50%), stock prices also fell for firms in carbon and electricity intensive industries directly and indirectly related to EU ETS. They concluded that investors are more concerned with the potential revenue reduction of emissions trading on product prices (as firms passed through the opportunity costs of EUAs obtained for free), rather than just the negative compliance costs, which is contrary to the climate change mitigating intention of the EU ETS. They also suggest that, although for clean firms in dirty industries revenue effects are larger than the increase in regulatory costs, those firms directly or even indirectly impacted by CO2 costs may need little compensation and that it is their customers who will be most affected.



In this sense, the ETS Directive states that the industries considered to be exposed to a significant risk of “carbon leakage”, receive special treatment to support their competitiveness [13]. This term refers to the sectors likely to relocate their installations to other more-flexible countries in terms of climate policies. However, State Members are not obliged to make effective this compensation or to establish a minimum incentive. The controversial effects of this policy on carbon leakage and industry competitiveness are being criticised [14,15]. If these sectors cannot dilute the additional costs incurred through the establishment of more efficient processes or higher selling prices, these expenses would have a direct impact in their profitability and competitiveness. It is crucial to ensure that the CO2 emissions reduction is not the result of a slow deindustrialisation [1]. Therefore, energy price, uncertainty in energetic legislation and capital availability are substantial limitations that affect energy intensive industries in Europe. A strategic energy management is essential nowadays to maintain the economic competitiveness of energy intensive industries [16]. The energy-intensive manufacturing industries, need to analyse not only the technical aspects, but also the current and future situation of the electric energy market in Europe, with the aim of ensuring long term sustainability.



An example of energy intensive industry indirectly affected by the EU ETS and exposed to carbon leakage is the chlor-alkali sector [17]. It produces chlorine, sodium/potassium hydroxide and hydrogen by the electrolysis of brine. Because electricity is a main input for this process, its price contributes to half of the production costs [18]. Therefore, it is a critical factor in the global competitiveness of European producers [19]. In fact, this sector has experienced an increase in the expenses around 10% of the production value indirectly due to EU ETS [11]. Currently, the chlor-alkali process is mainly represented by three conventional technologies: mercury cell, diaphragm cell and membrane cell and the emergent oxygen depolarised cathode (ODC) cell [20]. The main chlorine application in Europe is the production of polyvinyl chloride (PVC) from ethylene dichloride (EDC) as intermediate. In fact, 33.3% of chlorine consumption in EU countries was directly addressed to PVC manufacture in 2012 [21]. Chlorine is a hazardous substance that could create serious transport problems, potentially reducing the ability to replace national production by imports [22]. However, it is transported long-distance and traded in terms of chlorine derivatives, such as EDC, a globalised product used worldwide. Therefore, EDC is an excellent product to represent and analyse the vulnerability of the chlor-alkali market.



For that reason, the aim of this work is to assess the vulnerability of the European chlor-alkali industry to chlorine replacement by imported EDC. An energetic, economic and environmental sustainability assessment will be conducted to study and compare the current available technologies to the emerging ODC technique. Several studies discussing the environmental sustainability of the chlor-alki sector were compiled in a previous work [20]. This bibliographic review of the state of the art showed the existing gap regarding the nexus energy–environment–economy of this energy demanding industry highlighting the novelty and interest of this paper.




2. Materials and Methods


Both environmental and economic domains are essential pillars of the multi-dimensional concept of sustainability [23,24]. Since sustainable development aims to achieve economic prosperity while maintaining environmental protection, to achieve sustainability in practice, society must support strategies oriented towards sustainable economic activities [25]. The implementation of policies aimed to the reduction of environmental impacts such as the EU ETS specially affects to the energy intensive industries, which require for a specific sustainability-oriented assessment. Hence, this work proposes an Energetic, Economic and Environmental Sustainability Assessment (EEESA) methodology to study the triple dimension described. As there is no specific methodology to conduct energetic-economic-environmental sustainability assessments, the EEESA methodology is adopted as far as possible to follow the life cycle assessment (LCA) guidelines [26,27]. LCA is a powerful tool to evaluate the environmental loads of a product or a service throughout its life cycle [28]. The importance of such tool lies in the consideration of all the stages of an activity (i.e., from the extraction of raw materials to the return of wastes to the ground) and not just the most immediate and visible outcome [29]. Other studies can be found in the literature based on LCA approach to assess sustainability dimensions other than environmental [30,31,32]. This methodology is presented as a valuable and comprehensive decision-support tool that can be used by manufacturers and other stakeholders of the chlor-alkali industry.



In order to assess the energetic, economic and environmental sustainability of the chlor-alkali sector, the trading opportunities are taken as criteria. This criterion assesses the vulnerability of the business network as well as the risks it is exposed to by considering the number of national and/or international companies in the trade network and their related consumption data [33].



In this way, the EEESA methodology is based on four main variables (X3,i,j): X3,1,j, electricity consumption impact category (ECI); X3,2,j, thermal consumption impact category (TCI); X3,3,j, salt consumption impact category (SCI); and X3,4,j, H2 valorisation impact category (HCI). The first two metrics can be applied to any system under study, while the two latter are case-specific indicators for the chlor-alkali sector. EEESA methodology complements the environmental sustainability assessment methodology proposed in [34], which is based on two variables: natural resources usage (X1,i,j) and environmental burdens generated (X2,i,j). To simplify the analysis in this work, X3,i,j will be referred hereafter as Xi.



As Figure 1 outlines, these metrics are obtained as a result of the integration of two different sets of indexes: individual operational indexes (OIi) and individual price indexes (PIi). The former are based on the technological options of the chlor-alkali process and the operation conditions of the different scenarios under study, such as current density or hydrogen valorisation rate. The latter are based on energy and raw material prices.


Figure 1. Energetic, Economic and Environmental Sustainability Assessment methodology (EEESA) for the chlor-alkali industry.
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Since in the chlor-alkali sector there is no possibility of independently control the production of the three products, all the data and equations in the study are referred to the mixed tonne, which consists of 1 tonne of chlorine, 1.1 tonnes of caustic soda (sodium hydroxide) and 0.03 tonnes of hydrogen [20].



EEESA methodology comprises the four following steps (Figure 1): definition of the goal and scope, life cycle inventory (LCI) of the main consumptions and prices, energetic, economic and environmental impact assessment (EEEIA) and interpretation.



As states the ISO 14040 and 14044 [26,27], the first stage gathers the definition of the purpose, functional unit, system description and system boundaries. In the second step, the main mass, energy and prices inputs and outputs must be collected. The EEEIA that will be bellow described must be followed by the results interpretation.



2.1. Classification, Characterisation and Normalisation


In this section, the individual operational and price indexes required for the determination of variables Xi are defined, as well as its corresponding reference terms for normalisation. The distance to a reference method is used for the normalisation procedure [35], as shown in Equations (1) and (2):
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(1)
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(2)




where OIEA,i and PIEA,i are the European average reference values for the specific consumption (OI’i) and price (PI’i) of index i, respectively.



2.1.1. Dimensionless Individual Operational Index ([image: there is no content])


Specific Electricity Consumption Index (OI1)


OI1 is related to the electricity consumed by the electrolytic technology. The specific electric energy consumption of the scenario under study (OI’1) is used for the determination of this index. The average electricity consumption of the chlor-alkali industry is taken as reference for the normalisation (OIEA,1). It is based on the average value for each technology reported in the Best Available Techniques Document or BREF document [21].



Considering the European situation in 2014 (23% mercury, 62% membrane and 15% diaphragm according to Eurochlor report [36]), this reference value is estimated at 2.83 MWh/t ECU. It must be highlighted that this value should be revised in the next years to be adapted to the European situation achieved after the transformation that the chlor-alkali industry is undergoing. This transitional period is mainly due to the December 2017 deadline stated by the European Commission for the phase out of mercury process in EU [37].




Specific Thermal Energy Consumption Index (OI2)


The consumption of thermal energy related to caustic soda concentration is gathered in this metric. OI’2 is defined by the specific thermal energy consumption expressed as t steam/t ECU. The average value of the European data reported in the BREF document is again taken as reference for normalisation (OIEA,2), which is estimated at 0.92 t steam/t ECU [21].




Specific Salt Consumption Index (OI3)


The consumption of salt as raw material is included in this index. OI’3 is the specific consumption of salt expressed as t salt/t ECU. The reference value employed for normalisation (OIEA,3) is the European average consumption of salt displayed in the BREF and is 1.7 t salt/t ECU [21].




H2 Valorisation Index (OI4)


This index establishes the hydrogen valorisation rate of the conventional technologies. OI’4 defines the hydrogen valorisation percentage for the scenario under study, expressed as a decimal. The European average percentage also expressed as parts per unit is the reference value used for the normalisation (OIEA,4). According to the BREF, it is 90% [21].





2.1.2. Dimensionless Individual Price Index (PIi)


Electrical Energy Price Index (PI1)


The price related to electric energy in each scenario is described by this index. Being subjected to carbon leakage risk, the chlor-alkali sector is entitled to receive a financial support to compensate the indirect costs incurred as a result of ETS Directive [17]. This compensation is included in the methodology proposed to assess the regional differences related to the different compensation intensities.



Based on the guidelines stated by the EU ETS [13], the financial support may not exceed 85% of the eligible costs and its quantity depends on each country. Hence, the eligible quantity (EQ) is calculated according to Equation (3):
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(3)




where EFt is the CO2 emission factor, expressed as t CO2/MWh in the year t. This value is taken from the European reference and is estimated at 0.76 t CO2/MWh [13]. PEA,t–1 is the long-term price for the emissions allowance in the year t − 1 and is considered as 6.18 €/t CO2 [38]. E is the reference value for the electricity consumption efficiency, which is assumed as 2.46 MWh/t ECU [13]. Finally, BO refers to the baseline output, which is the average production at the installation over the reference period. A value of 200 kt/year is taken for this variable.



Once the eligible costs are estimated, the intensity of the aid (€/MWh) can be defined according to the specific electricity consumption of each scenario. The percentage of the eligible costs that are granted is represented by the parameter η as is described in Equation (4):
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(4)




where Pt is the production of the year t under study.



The result of Equation (4) is used in Equation (5) to correct the electricity price according to the financial support delivered by ETS Directive.
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(5)




where P’1,c is the corrected price for the electricity consumed in the scenario under study and the value used for the determination of PI1.



To normalise this value, the Platts Pan-European Power (PEP) index is used [39]. The PEP index is a demand-weighted day-ahead base load index of all European electricity assessments. This index describes price trends for Europe’s free electricity markets as a whole and is taken as global reference to fix the prices of a wide range of energy commodities such as crude oil, natural gas and electricity. The European Commission’s Market Observatory for Energy applies this index to assess the competitiveness of the European energy with regard to other world regions. Since 2012, the PEP index has followed a downward trend. However, since 2014, it is stabilised at around 45 €/MWh [40]. The PEP value reported in November 2015, which is 47.28 €/MWh [39] is taken as reference (PIEA,1).




Thermal Energy Price Index (PI2)


This index is based on the price of the steam required in the chlor-alkali process. For normalisation purposes, a European average price is taken as reference. In this sense, cogeneration shares around 50% of the European steam production (50%), followed by the use of industrial boilers (40%) [41]. However, no data are available for the European average price of steam.



Since the main variable affecting steam price is the cost of the fuel used in its production, the reference value is estimated on the basis of the natural gas cost. The Commission’s Market Observatory for Energy identifies the Platts Gas Contract Indicator (GCI) as reference for monitoring the natural gas price in Europe. Hence, the European average price of steam (PIEA,2) is determined as follows (Equation (6)):
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(6)




where the GCI value published in November 2015 as 22.54 €/MWh [42] represents the natural gas cost (CNG). ηboiler is the boiler efficiency assumed at 85%. Esteam is the energy required for the production of 1 tonne of steam expressed as MWh/t steam.




Salt Price Index (PI3)


In Europe, the salt business is shared mainly by three dominant companies: Akzo Nobel, ESCO and Salins, which also hold an important captive demand for chlor-alkali and sodium carbonate production. Salt manufacturers can be classified into companies that mainly meet the requirements of the described captive market and companies that supply to the open market.



Salt prices are significantly affected by the type and purity of salt requirements. For example, prices reported in January 1998 were as low as 10 €/tonne for captive brine or as high as 50 €/tonne for vacuum salt in the open market [43].



No more data are available. Consequently, the distribution of the European demand and the previous described prices are used to calculate the normalised salt price index. In this sense, a 41.8% of chlor-alkali manufacturers employ brine as raw material, while a 37.7% require vacuum salt [36]. Hence, the European average salt price ([image: there is no content]) is estimated at 28.25 €/tonne. Thus, PI3 can be calculated considering the salt price ([image: there is no content]) of the scenario under study (€/tonne).




H2 Valorisation Price Index (PI4)


Hydrogen valorisation represents an improvement in the competitiveness of the chlor-alkali process. The impact of such procedure is directly related to the valorisation price of the by-product. This price is in turn affected by the valorisation option applied.



The replacement of natural gas by hydrogen as fuel source is the valorisation technique considered in this study, as it is nowadays the most representative option. In this case, the hydrogen added-value is then directly related to the natural gas price. The price of valorised hydrogen is calculated on the basis of the equivalent calorific content, as shown in Equation (7).
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(7)




where HHV is the high heating value of each fuel.



The European average price of hydrogen (PIEA,4) is calculated using Equation (7) and the European average price of natural gas previously defined in the thermal energy price index.



Once the individual operational indexes and the individual price indexes have been calculated, the impact category indicators Xi can be estimated as follows (Equation (8)):


[image: there is no content]



(8)










2.2. Weighting


Composite indicators are usually the most straightforward tool to aid decision-making. Different weights can be assigned to indicators to reflect their economic significance (collection costs, coverage, reliability and economic reason), statistical adequacy, cyclical conformity, speed of available data, etc. [44]. Hence, weighting procedure ranks the different indicators according to their relative importance, having a larger effect in the outcome of the composite index the indicators to which a higher significance is attributed. This is the reason why the weighting scheme applied needs to be explicit and transparent [45]. Weighting procedure implies a subjective valuation, which is particularly sensitive to complex, interrelated and multidimensional processes.



There is no consensus in a universal weighting methodology. This should not discourage the use of aggregated indexes, but raise awareness about the risks of presenting any composite index as objective. At best, it indicates a set of priorities that has been informed by popular or experts’ judgements [46]. Analysts reward with higher weighting values the indicators that are considered as more influential. However, attention should be paid to the existence of correlations among factors or use weights derived from principal components analysis to avoid the double counting problems when several indicators are representing the same behaviour. Indicators could also be weighted based on the opinion of a group of experts representing different stakeholders [44].



After reviewing the different weighting methodologies such as principal components analysis, factors analysis and “benefit of the doubt” [35], it is concluded that they cannot be applied to the chlor-alkali system. The reason lies in the parsimonious and regional sensitive character of these methods, which belies the dynamic and transitional nature of the chlor-alkali process.



To determine the weighting values of the chlor-alkali system, the European average price of the mixed tonne (EAPECU) is estimated using the normalisation values described for the determination of the individual operational and price indexes (Equation (9)):
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(9)




where OIEA,i and PIEA,i are the specific European average consumption and price references for the individual operational and price indexes i, respectively. αi is the coefficient factor for the impact category i. It is equal to the unit, excepting for the hydrogen valorisation impact category (α4), where –0.0285 is assumed based on the mass hydrogen production defined in ECU. The negative value refers to the potential benefit of valorising this co-product.



EAPECU is further used to estimate the weighting factors for each impact category i, as stated in Equation (10).
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(10)







These weighting factors, as well as the normalisation values used for the individual indexes, are dynamic parameters that should be periodically revised. The current situation of the chlor-alkali sector regarding technologies, number and capacity of installations is in full transition and it will require some years before a stable position is achieved. Moreover, regarding prices, revision is an inherent and usual operation owing to market fluctuations.



The energetic-economic-environmental sustainability index is thus a composite index integrated by impact indicators Xi according to Equation (11):
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(11)









3. Application of Energetic, Economic and Environmental Sustainability Assessment (EEESA) Methodology to the Chlor Alkali Sector


3.1. Goal and Scope


The aim of this work is to assess the vulnerability of the European chlor-alkali industry to chlorine replacement by EDC. EEESA methodology will be applied to study and compare the current available technologies to the emerging technique based on oxygen-depolarised cathodes. The main advantage of applying this methodology is that it enables the comparison of the European situation to other regions, just modifying the consumption reference data and prices assumed for normalisation.



Figure 2 shows the structure of the variable costs incurred for the production of 1 tonne of EDC. Three different levels can be distinguished. The first level describes the final EDC product; the second level established the consumption of raw materials for EDC production, while the latter defines the variable costs for the detailed production of chlorine and an approach for ethylene. This structure enables the study of the influence of the different variables involved in the energetic, economic and environmental sustainability assessment proposed.


Figure 2. Main variable costs structure for EDC production.
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The production of 1 tonne of EDC requires 0.74 tonnes of chlorine and 0.29 tonnes of ethylene. As described in the third level, the influence of the energy costs is fundamental.



Refined products such as naphtha, ethane, propane, butane and fuel are classified as raw materials used in olefins production (e.g., ethylene, propylene). Ethylene and propylene are in turn defined as petrochemical building blocks for polymers and plastics. Compared to propylene, ethylene is more easily produced and used in a wide range of polymers such as polystyrene.



Some specialists state that there is an 80% correlation between crude oil and petrochemical prices. Additionally, there is an on-going discussion about whether the decisive factors involved in ethylene prices are crude prices or speculation and geopolitical tensions. The variation in the sensitivity level of the different ethylene markets aids the crude manufacturers in strategic locations to swing their shipments from one region to the other [47]. However, as the chlor-alkali sector just affects the chlorine production part, ethylene production is outside the scope of this work.



As Figure 2 displays for chlorine, the main costs involved in its production are: electric energy, thermal energy and salt as raw material. The price of chlorine is positively affected by the co-production and potential valorisation of hydrogen and sodium hydroxide, as opposed to the previously described factors. The main factors involved in the costs are detailed as follows:

	
Electric energy cost. This cost is a function of the specific consumption in the electrolysis, the technology used, the current density applied and the electricity price. It is difficult to establish a relationship between the energy cost and crude price, giving the large variety of energy sources available in Europe and the different grid mixes. However, the ETS impact in the electricity cost can be identified because of the indirect transfer of CO2 costs from electricity generation to the final price.



	
Thermal energy cost. The thermal energy is mainly required for NaOH concentration and its price is typically related to the natural gas price used in steam production.



	
Salt cost. Salt production is also a sector subjected to carbon leakage, especially the production of vacuum salt. Depending on the technology employed, the consumed energy can be electrical (mechanical steam recompression) or thermal (multiple-effect evaporation).



	
H2 valorisation. Hydrogen co-produced is usually valorised as a substitute of natural gas, so that the benefit obtained is strongly influenced by the natural gas price and in turn by the oil market. Gas contracts, like ethylene agreements, are often indexed to oil price.



	
NaOH sale. This element is just influenced by the market situation. It is a product subjected to the global market.








Among the different elements identified, the first four have been selected because its direct relation to energy consumption and consequently more geographical implications. Hence, NaOH selling price is outside the scope of this work.



3.1.1. Functional Unit


The function of the system is the combined production of chlorine, caustic soda (sodium hydroxide) and hydrogen. Hence, all the data in the study refer to this mixed tonne, consisting of 1 tonne of chlorine, 1.1 tonnes of caustic soda (sodium hydroxide) and 0.03 tonnes of hydrogen. This combination, also called electrochemical unit (ECU), was selected as functional unit [20].




3.1.2. Description of the Systems under Study


The energetic, economic and environmental sustainability of the chlor-alkali sector can vary strongly depending on the scenario under study. In this sense, the scenarios are defined considering the salt quality requirements attached to the corresponding technologies. Mercury, membrane, diaphragm and the emergent ODC cell are the technologies studied and KCl waste, brine and vacuum salt are the types of NaCl sources considered. From the combination of both variables, five scenarios are established and summarised in Table 1. Within the system boundaries, four subsystems are considered: salt mining and transportation, brine preparation and purification, electrolysis process and treatment of products and waste management (Figure 3). The generation of sodium hypochlorite was not considered in the study as its co-production is often minimised in the process. The scenarios are further detailed as follows:

	
Scenario 1 (S1). This scenario describes the use of mercury cell, which is the technology that dominates Europe up to the end of the 20th century [21]. KCl waste is considered as salt source. The salt is assumed to be transported 50 km by train from the mine to the chlor-alkali plant. A close circuit system is employed for brine preparation and purification, based on impurities precipitation. The main inputs of the electrolysis are brine, water and electricity. Regarding the latter, a current density of 10 kA/m2 is assumed, which agrees with the normal working conditions of the mercury cells. Finally, the demercuration of products and the treatment of the waste generated are taken into account.



	
Scenario 2 (S2). This scenario sets out membrane technology in bipolar configuration. Same conditions for salt mining, transport and brine preparation as in Scenario 1 are assumed. In this case, an additional purification stage based on ion-exchange resins is considered to satisfy the further quality requirements of brine for the operation in membrane cell. A current density of 5 kA/m2 is supplied to the electrolyser. The most sustainable alternative is considered for NaOH treatment, which is three-effect evaporation.



	
Scenario 3 (S3). Membrane technology in bipolar configuration is also illustrated in this scenario. However, vacuum salt from rock salt instead of KCl waste is considered as it is the most widely used raw material for this technology in Europe. Furthermore, twe-effect evaporation is considered for NaOH concentration, with the aim of assessing the influence of employing higher energy intensive steps for the best available technology described in S2.



	
Scenario 4 (S4). Diaphragm plants always use solution-mined brine in once-through systems, which constitutes one of the main difference in the brine purification systems of the processes under study. In this sense, solution mining from rock salt is assumed as raw material and is considered to be transported 50 km by pipeline. The same NaOH treatment conditions that in S2 are supposed.



	
Scenario 5 (S5). The emergent ODC technique using vacuum salt as raw material is considered in this scenario. Same conditions that in S3 are assumed for salt mining, transportation and brine purification. The cell operates under a current density of 6 kA/m2. As in the previous scenarios, three-effect evaporation is used for NaOH treatment. Hydrogen is not co-produced and pure oxygen is employed in the electrolysis.







Figure 3. Diagram flow showing the system boundaries for the technologies under study.
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Table 1. Description of the scenarios under study.







	

	
S1

	
S2

	
S3

	
S4

	
S5






	
Salt type

	
Salt (KCl)

	
Salt (KCl)

	
Vacuum salt

	
Brine

	
Vacuum salt




	
Salt transport

	
50 km

	
50 km

	
50 km

	
50 km

	
50 km




	
Type of transport

	
Train

	
Train

	
Train

	
Pumping

	
Train




	
Brine circuit

	
Close

	
Close

	
Close

	
Open

	
Close




	
Secondary purification

	
No

	
Yes

	
Yes

	
No

	
Yes




	
Electrolytic technology

	
Mercury

	
Bipolar membrane

	
Bipolar membrane

	
Diaphragm

	
ODC




	
Current density (KA/m2)

	
10

	
5

	
5

	
4

	
6




	
NaOH concentration

	

	
3-effect

	
2-effect

	
3-effect

	
3-effect




	
H2 valorisation

	
80%

	
80%

	
80%

	
80%

	












3.2. Consumption and Price Inventory Data


A more detailed description of the data sources as well as other methodological aspects can be found in a previous work [20]. The specific consumptions of the scenarios under study are displayed in Table 2. As a first assessment, to conduct a more objective study of the operational impact, same prices for energy and salt are assumed in all the scenarios (Table 3).



Table 2. Specific consumptions data for the scenarios under study.







	
Scenario

	
OI’1 (MWh/t ECU)

	
OI’2 (t Steam/t ECU)

	
OI’3 (t Salt/t ECU)

	
OI’4






	
S1

	
3.34

	
0

	
1.94

	
0.8




	
S2

	
2.26

	
0.82

	
1.94

	
0.8




	
S3

	
2.26

	
1.32

	
1.66

	
0.8




	
S4

	
2.76

	
4.2

	
1.92

	
0.8




	
S5

	
1.78

	
1.32

	
1.66

	
0










Table 3. Price data for main variables affecting the chlor-alkali systems.







	
PI’1 (€/MWh)

	
PI’2 (€/t Steam)

	
PI’3 (€/t Salt)

	
PI’4 (€/t H2)






	
55

	
25

	
25

	
1300










Every scenario is considered to be subjected to carbon leakage. It is assumed that the financial support received by the different systems amounts to 50% of the maximum allowable aid. As the electricity consumption for each scenario is different, so is the impact of the economic compensation.





4. Energetic, Economic and Environmental Impact Assessment (EEEIA)


First, a preliminary impact assessment based on the resource path of the ESA methodology is conducted [34]. As can be seen in Figure 4, mercury technology represented by S1 results the less environmentally sustainable technology, which agrees with specific consumptions data from Table 2. The second largest environmental impacts are obtained for diaphragm technology (S4), which is the technology that requires more energy after mercury cell. As can be seen from the comparison between S2 and S3, the thermal energy consumption presents a significant influence in the results obtained and is responsible of a 20% increase of NR usage in S3. This is mainly due to the two-effect configuration assumed for NaOH concentration in S3, which is a higher energy intensive processes than the three-effect evaporation assumed in S2. Consequently, S2 integrates the best environmentally performing technology, which is currently the best available technology according to the BREF document [21]. Furthermore, this scenario illustrates the effect of using salt sourced from KCl waste, which is a more sustainable salt process than vacuum salt production and constitutes an important example of circular economy.


Figure 4. Natural resources (NR) scores for the scenarios under study: S1, mercury technology; S2, bipolar membranes using KCl waste and three-effect evaporation; S3, bipolar membranes using vacuum salt and two-effect evaporation; S4, diaphragm technology; S5, ODC technology.
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Regarding the emergent ODC technology (S5), the results obtained differ from what was expected. Although the electric energy consumption for this scenario is lower than the electrolysis requirements for membrane technology (S2 and S3), the environmental results are worse than for S2. This is mainly due to the lack of hydrogen production in ODC technology, which could otherwise be used to produce electricity in fuel cells, as it is assumed for the rest of technologies. In addition, this technology needs pure oxygen as raw material. Both issues challenge the environmental sustainability of this scenario.



Once the environmental impact of the energy consumption was assessed by means of LCA methodology, the study is extended to the energy and economy nexus using the EEESA approach. As preliminary approximation, it is first assumed that the salt price is independent of the quality requirements of each technology and equal to €25 per tonne of salt. Table 4 outlines the results obtained for variables Xi in the scenarios under study. As shown by the electricity consumption impact metric (X1), the higher energy intensive scenarios are penalised regarding the compensation expected. This is due to the fact that the eligible quantity is calculated using 2.46 MWh/t ECU as reference value for an efficient electricity consumption, which is lower than the current European average (2.83 MWh/t ECU).



Table 4. Dimensionless variables for the scenarios under study.







	
Impact Indicators

	

	
S1

	
S2

	
S3

	
S4

	
S5






	
Electric energy consumption (ECI)

	
X1

	
1.31

	
0.87

	
0.87

	
1.08

	
0.68




	
Thermal energy consumption (TCI)

	
X2

	
0.00

	
1.11

	
1.78

	
5.69

	
1.78




	
Salt consumption (SCI)

	
X3

	
1.00

	
1.00

	
0.86

	
0.99

	
0.86




	
H2 valorisation (HCI)

	
X4

	
1.34

	
1.34

	
1.34

	
1.34

	
0.00










Regarding the thermal consumption impact category, which is described by X2, two opposite situations are observed. On the one hand, the minimum consumption of steam is represented by S1 because mercury technology produces directly 50% NaOH and does not require further purification. Conversely, X2 for S4 is on average three times greater than for the rest of the scenarios. This is due to the lower NaOH concentration delivered by diaphragm cell, which results in higher steam requirements for achieving 50% NaOH.



No significant differences are observed for salt consumption category (X3), as the specific consumption of salt is similar in every scenario. Regarding the hydrogen valorisation impact category, the same results are observed for S1–S4, as the same valorisation rate is assumed. However, it must be highlighted that this value is zero for S5, as ODC technology does no co-produce hydrogen.



To obtain the composite EEESA index, the previous indicators are weighted using the factors described in Equation (10). As can be appreciated in Table 5, the weighting factor for X4 is negative, as the valorisation of hydrogen presents a positive effect in the energetic, economic and environmental sustainability of the process. Hence, the higher the valorisation indicator is, the more sustainable the process is.



Table 5. Weighting factor attached to the variables considered according to EEESA methodology: electric energy consumption (γ1), thermal energy consumption (γ2), salt consumption (γ3) and H2 valorisation (γ4).







	
γ1

	
γ2

	
γ3

	
γ4






	
0.75

	
0.10

	
0.27

	
–0.12










Results for the composite EEESA index are displayed in Figure 5. S4 presents the largest value for EEESA index and thus is the less sustainable option. This is mainly due to the steam consumption for NaOH purification, which accounts for nearly 40% of the total impact. Conversely, this contribution is lower than 20% for the rest of scenarios under study, being zero for S1. The most favourable option in terms of energetic, economic and environmental sustainability is represented by S2, which describes membrane technology using three-effect evaporation for NaOH concentration. A slightly worse composite index is obtained for this technology in S3, due to the higher thermal consumption for two-effect evaporation than for the three-effect process.


Figure 5. Energetic, economic and environmental sustainability of chlor-alkali systems described by EEESA index. ECI: Electric energy consumption; TCI: Thermal energy consumption; SCI: Salt consumption; HCI: Electric energy consumption.
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The main hotspot of the chlor-alkali industry is clearly the electricity consumption, which contributes 90% to S1, while it amounts on average to 74% in S2 and S3 and 55% in S4 and S5. In this sense, it should be noted the non-existent advantage of ODC technology, described by S5, with regard to bipolar membranes in S2 and S3. Although the electricity consumption (ECI) is reduced when using ODC technology, the lack of hydrogen co-production involves a significant penalty in the sustainability of this system. While this scenario is not credited, the valorisation of hydrogen as fuel implies a reduction in the sustainability index for the rest of technological options. This remarks the fact that hydrogen valorisation is an essential issue to take into account in decision-making process.



Mercury technology, described by S1, is strongly dependent on electricity price owing to its large energy intensive nature. However, the total impact of mercury technique benefit from the lack of steam requirements, as its EEESA index is just 9% greater than the European average.



Finally, the contribution of salt consumption is not negligible as it is estimated at 25% on average. This is the reason why a further assessment considering the salt price attached to the corresponding quality requirement of each technology is needed.



4.1. Sensitivity Analysis


4.1.1. Influence of the Salt Price according to the Quality Requirements for Each Technology


This section describes a more realistic pricing situation for SCI. The price of salt can vary substantially according to its quality. In this work, 10 €/t salt is considered for salt from KCl waste and brine, while 40 €/t salt is used for vacuum salt.



Figure 6 shows the results obtained for EEESA index under this assumption. Again, the most sustainable option is S2. The use of salt manufactured by a less energy intensive process benefits S1 and S2, where KCl waste is employed. In this sense, a competitive advantage is acquired by mercury scenario in comparison to S3 and S5, where vacuum salt is used. In particular, a 31% reduction in the total EEESA impacts is observed from S3 to S2, which is mainly due to the replacement of vacuum salt by KCl waste.


Figure 6. Energetic, economic an environmental impact of the scenarios under study considering the different salt prices related to quality requirements.
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Diaphragm technology is still the worst scenario. Despite using brine as raw material, its large electric and thermal energy consumption does not compensate the reduction in the price of salt.




4.1.2. Influence of Energy Intensification for Diaphragm Technology


Diaphragm technology is significantly affected by the consumption of steam. It should be remembered that this technology is usually located closely to other production processes that employ caustic soda without further purification stages. However, this involves an increase in the requirements of salt of the processes.



Table 6 outlines the inventory related to this third assessment. In this case, a diaphragm installation without NaOH purification is considered. Henceforth, the consumption of salt is assumed to be twice the value employed in the previous subsections. Price discrimination for salt quality is again considered.



Table 6. Modified inventory for diaphragm scenario under the assumption of energy intensification.







	
OI’1 (MWh/t ECU)

	
OI’2 (t Steam/t ECU)

	
OI’3 (t Salt/t ECU)

	
OI’4






	
2.76

	
0

	
4

	
0.8










The results obtained for this assessment show that the energetic, economic and environmental sustainability of the process is substantially improved (Figure 7). The total impact of diaphragm technology is significantly reduced (34%) from 1.33 to 0.87 when energy intensification is considered. Then, S4 reduces its impact below S1 and turn into the second most favourable option. Conversely, S3 and S5 become the less sustainable scenarios.


Figure 7. EEESA index results for diaphragm technology intensification in comparison to the rest of systems under study. S1: mercury technology, S2: bipolar membranes using KCl waste and three-effect evaporation, S3: bipolar membranes using vacuum salt and two-effect evaporation, S4’: intensified diaphragm technology, S5: ODC technology.
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4.1.3. Influence of the Compensation for Indirect Costs of the EU ETS on the Energetic, Economic and Environmental Sustainability of Chlor-Alkali Industry


S2, which describes membrane technology, is taken as reference to assess the influence of the compensation intensity for indirect costs of the EU ETS. In this sensitivity analysis, five scenarios are considered assuming that the compensation received ranges from 0% to 80%. This range has been selected since financial support cannot exceed 85% of the eligible costs based on the EU ETS guidelines [13].



As can be observed in Figure 8, the composite EEESA index is affected by the indirect costs of the EU ETS according to the financial support received. The cost of the electricity is indirectly reduced from 55 to 51 €/MWh as the percentage of compensation is increased, which involves a 6% reduction of the total impact when the maximum compensation is assumed (80%). This differentiation in the granting of compensation may affect the trading opportunities of the process. For example, the aid currently granted in Spain is below 7.5% of the compensation needs (estimated at 77 million €), while the same companies are receiving the maximum compensation in other States such as Germany, Netherlands, United Kingdom, Belgium and France [48]. This results in a 5.4% increase of the total EEESA impacts of Spanish installations with regard to these countries.


Figure 8. Influence on membrane scenario (S2) of the compensation rate for indirect costs related to the European emission trading system (EU ETS). η = compensation rate.



[image: Sustainability 09 00837 g008]







4.1.4. Influence of the CO2 Emission Allowance Prices on the Energetic, Economic and Environmental Sustainability of Chlor-Alkali Industry


The reduction of CO2 emissions in the power sector can be reflected in the electricity price and indirectly results in an additional energy costs to the industry (Cindirect). This influence can be expressed as a percentage of the production value according to Equation (12):


[image: there is no content]



(12)




where I is the electricity intensity of production (MWh/1000 €), PEUA is the price of the CO2 European emission allowance stated by the EU ETS (€/t CO2), EF is the emission factor (t CO2/MWh) and ε is the elasticity in the indirect costs transfer to the electricity price [11].



The influence of the indirect costs due to the probable electricity price increase from the CO2 emission trading system is shown in Figure 9. Again, S2 is taken as reference for this analysis. An elasticity value of 0.5 €/MWh per 1 €/t CO2 is assumed to describe the average situation observed [11]. The price of CO2 emissions is ranged from 5 to 100 € per tonne of CO2. For example, considering a 25 €/t CO2 price for the CO2 emission allowance, involve an extra cost of 1% for an electricity intensity of production around 0.8 MWh/1000 € (e.g., cement industry) or 4% for a level of intensity close to 3 MWh/1000 € (e.g., high energy-intensity steel making). Moving to 40 €/t CO2 results in a further impact rise, although it remains under 4% of production value except for industries with an electricity intensity higher than 3 MWh/1000 €. Such is the case of chlorine industry, represented in Figure 9 by a vertical line (8.6 MWh/1000 €). Increases over the production value from 2% to 30% are observed when emission allowance prices from 5 to 100 €/t CO2 are assumed, respectively.


Figure 9. Influence of the electricity price increase from the CO2 emission allowance costs in the chlor-alkali industries (Cindirect). Adapted from [11].
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The indirect costs effect related to EU ETS are studied for each electrolytic technology of the chlor-alkali industry in Figure 10. While membrane and diaphragm technologies are similarly influenced by the CO2 emission costs, mercury technique presents a larger effect due to its higher energy intensity. For example when the CO2 emission price is 25 €/t CO2, the percentage over the production value is 9.6% and 9% for diaphragm and membrane, respectively, while 11.8% is observed for mercury technique. This influence becomes higher as the assumed price for the CO2 emissions is increased.


Figure 10. Effect of the electricity price increase from the CO2 emission allowance costs in the industrial chlor-alkali technologies.
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To assess the sensitivity of the chlor-alkali process to the emission allowance price in terms of environmental sustainability, the analysis of EEESA index without indirect costs compensation is proposed.



The indirect costs can be translated into the percentage increase of electric energy price as follows:
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(13)







Therefore, the electricity price index is modified as described in Equation (13):
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(14)







As can be observed in Figure 11, the CO2 emission trading system presents an important effect in the energetic, economic and environmental sustainability of the process. Assuming a EUA price of 20 €/t CO2 involves a 14% indirect increase in the electricity price index of the scenario under study. As was previous described, the composite index is substantially affected by the electricity price of the process owing to the energy intensive nature of the chlor-alkali process. Consequently, the sustainability of S2 becomes 10% worse when the EUA price is raised to €20. Hopefully, a more moderate value is currently attached to EUA price (6.18 €/t CO2), resulting in an increase of 2.6% over the base case scenario.


Figure 11. Influence of the CO2 emission allowance prices on the energetic, economic and environmental sustainability of membrane scenario (S2).
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5. Conclusions


A detailed analysis to identify the main variables affecting the production costs of the chlor-alkali European sector is conducted. Based on these variables, an Energetic, Economic and Environmental Sustainability Assessment (EEESA) methodology is proposed to assess the vulnerability of the European chlor-alkali industry to chlorine replacement by DCE. The variables are integrated into a composite index that describes the energetic, economic and environmental sustainability of current and emerging technologies of the sector against the European average.



The vulnerability of the process depends on the operational conditions attached to specific consumptions and on the energy and raw material prices. Assuming no price discrimination for salt quality, the more vulnerable scenarios are those with higher energy demand: mercury and diaphragm technologies. The former is due to the electric consumption, while the latter is related to steam requirements for NaOH concentration. However, the salt price, which is a function of the quality requirements, influences significantly the energetic, economic and environmental sustainability of the process within scenarios describing the same technology. In particular, around a 30% reduction in the total EEESA impact is observed when vacuum salt is replaced by KCl waste.



The European emission trading system (EU ETS) indirectly affects the energetic, economic and environmental sustainability of the chlor-alkali industry due to the transfer of the CO2 emission allowance costs to the electricity price. Results suggest that the effect of the EUA price can involve until a 9% indirect increase over the production value for chlor alkali technologies when a 25 €/t CO2 is assumed. This effect is a 30% larger on mercury technology than on membrane and diaphragm techniques due to its higher energy intensity. Hopefully, a more moderate EUA value is currently adopted (6.18 €/t CO2), resulting in only a 2.6% increase. On the other hand, results suggest that the indirect costs compensation tool established by the EU ETS may reduce the total impact by 6% when the maximum compensation for the eligible costs is assumed. However, the different States’ policies lead to an increasing imbalance among the different regions. While some States are receiving the maximum compensation, others such as Spain do not reach 7.5% of the compensation needs for the same companies. Therefore, it is important to maintain a good balance between compensation grants and EUA prices in order to preserve the European homogenous competitiveness.



Hydrogen valorisation also emerges as an important variable influencing the energetic, economic and environmental sustainability of the chlor-alkali industry. Hence, the expected competitiveness of the emergent ODC technology may be challenged by the lack of hydrogen production.



In this study, it is concluded that, under a LCA approach, the environmental performance of the chlor-alkali industry has a similar tendency as the energetic-economic performance. Hence, it can be stated that a complex indicator that agglomerates this two LCA domains, can provide a very complete view of different plants behaviour and help the chlor-alkali sector on decision making in new investments or improvement projects that raise, for example, valuations in their processes.



Within the framework of constant industry restructuring, caused by environmental regulations and the adjustment of the capacity available to the current demand situation, emergent technology cannot be considered as an optimal option for the chlor-alkali sector. Furthermore, in view of the energetic, economic and environmental sustainability results and the high investment costs related, it is likely that the ODC technology does not acquire a predominant position in Europe in the mid-term.
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Nomenclature




	BREF
	Best Available Techniques Reference Document



	EDC
	Ethylene dichloride



	EA
	European average



	ECI
	Electricity consumption impact category



	ECU
	Electrochemical unit



	EEESA
	Energetic, Economic and Environmental Sustainability Assessment



	EUA
	European Emissions Allowance



	EU ETS
	European Emission Trading System



	HCI
	Hydrogen valorisation impact category



	LCA
	Life Cycle Assessment



	ODC
	Oxygen-depolarised cathodes



	PVC
	Polyvinyl chloride



	SCI
	Salt consumption impact category



	TCI
	Thermal consumption impact category



	VCM
	Vinyl chloride monomer







Symbols




	η
	Percentage of eligible costs



	ηboiler
	Boiler efficiency



	γi
	Weighting factor of index i



	αi
	Coefficient factor for the impact category i



	A
	Intensity of the aid (€/MWh)



	BO
	Reference production (kt/year)



	Cindirect
	Indirect expenses related to EU ETS (% production value)



	CNG
	Natural gas cost (€/t)



	CONTI
	Platts Continental Power index



	E
	Reference value for the electricity consumption efficiency (MWh/t ECU)



	Esteam
	Energy required for the production of 1 tonne of steam (MWh/t steam)



	EAPECU
	European average price of the electrochemical unit



	EFt
	CO2 emission factor (t CO2/MWh)



	EQ
	Eligible quantity (€/year)



	GCI
	Gas Contract Indicator (€/MWh)



	HHV
	High heating value (MJ/kg)



	I
	Electricity intensity of production (MWh/1000 €)



	OI1
	Specific electricity consumption index



	OI2
	Specific thermal energy consumption index



	OI3
	Specific salt consumption index



	OI4
	H2 valorisation index



	OIEA,i
	European average reference value for the specific consumption (OI’i) of index i



	PEA,t−1
	Long-term price for the emissions allowance (€/t CO2)



	PEP
	Platts Pan-European Power index



	PEUA
	Price of the CO2 emission allowance stated by the EU ETS (€/t CO2)



	PI1
	Electrical energy price index



	PI2
	Thermal energy price index



	PI3
	Salt price index



	PI4
	H2 valorisation price index



	PIEA,i
	European average reference value for the price (PI’i) of index i



	Pt
	Production for the year under study (kt/year)



	ε
	Elasticity in the indirect costs transfer (€/MWh)







References


	1. 
Helm, D. The European framework for energy and climate policies. Energy Policy 2014, 64, 29–35. [Google Scholar] [CrossRef]

	2. 
Oikonomou, V.; Flamos, A.; Grafakos, S. Is blending of energy and climate policy instruments always desirable? Energy Policy 2010, 38, 4186–4195. [Google Scholar]

	3. 
De Jonghe, C.; Delarue, E.; Belmans, R.; D’haeseleer, W. Interactions between measures for the support of electricity from renewable energy sources and CO2 mitigation. Energy Policy 2009, 37, 4743–4752. [Google Scholar] [CrossRef]

	4. 
Oikonomou, V.; Jepma, C.J. A framework on interactions of climate and energy policy instruments. Mitig. Adapt. Strateg. Glob. Chang. 2008, 13, 131–156. [Google Scholar] [CrossRef]

	5. 
Sorrell, S.; Harrison, D.; Radov, D.; Klevnas, P.; Foss, A. White certificate schemes: economic analysis and interactions with the EU ETS. Energy Policy 2009, 37, 29–42. [Google Scholar] [CrossRef]

	6. 
Konidari, P.; Mavrakis, D. A multi-criteria evaluation method for climate change mitigation policy instruments. Energy Policy 2007, 35, 6235–6257. [Google Scholar] [CrossRef]

	7. 
Lehmann, P.; Gawel, E. Why should support schemes for renewable electricity complement the eu emissions trading scheme? Energy Policy 2013, 52, 597–607. [Google Scholar] [CrossRef]

	8. 
European Commission (EC). Directive 2003/87/EC of the European Parliament and of the Council of 13 October 2003 establishing a scheme for greenhouse gas emission allowance trading within the Community and amending Council Directive 96/61/EC (OJ L 275). Off. J. Eur. Union 2003, 7, 32–46. [Google Scholar]

	9. 
World Bank. State and Trends of Carbon Pricing; World Bank Publications: Washington, DC, USA, 2014. [Google Scholar]

	10. 
Oestreich, A.M.; Tsiakas, I. Carbon emissions and stock returns: Evidence from the EU emissions trading scheme. J. Bank. Financ. 2015, 58, 294–308. [Google Scholar] [CrossRef]

	11. 
Lund, P. Impacts of EU Carbon Emission Trade Directive on energy-intensive industries—Indicative micro-economic analyses. Ecol. Econ. 2007, 63, 799–806. [Google Scholar] [CrossRef]

	12. 
Bushnell, J.B.; Chong, H.; Mansur, E.T. Profiting from regulation: Evidence from the European Carbon market. Am. Econ. J. Econ. Policy 2013, 5, 78–106. [Google Scholar] [CrossRef]

	13. 
European Commission (EC). Communication from the Commission 2012/C 158/04. Guidelines on certain State aid measures in the context of the greenhouse gas emission allowance trading scheme post-2012 (2012/C 158/04). Off. J. Eur. Union 2012. [Google Scholar] [CrossRef]

	14. 
Branger, F.; Quirion, P. Would border carbon adjustments prevent carbon leakage and heavy industry competitiveness losses? Insights from a meta-analysis of recent economic studies. Ecol. Econ. 2014, 99, 29–39. [Google Scholar]

	15. 
Kollmann, A.; Schneider, F. Why does environmental policy in representative democracies tend to be inadequate? A preliminary public choice analysis. Sustainability 2010, 2, 3710–3734. [Google Scholar]

	16. 
Posch, A.; Brudermann, T.; Braschel, N.; Gabriel, M. Strategic energy management in energy-intensive enterprises: A quantitative analysis of relevant factors in the Austrian paper and pulp industry. J. Clean. Prod. 2015, 90, 291–299. [Google Scholar] [CrossRef]

	17. 
European Commission (EC). Commission Decision of 27 October 2014 determining, pursuant to directive 2003/87/EC of the European Parliament and of the Council, a list of sectors and subsectors which are deemed to be exposed to a significant risk of carbon leakage, for the period 2015 to 2019 (2014/746/EU). Off. J. Eur. Union 2014, 57, 114–124. [Google Scholar]

	18. 
Eurochlor. Chlorine Industry Review 2013–2014: European Chloralkali Landscape Buoyed by Investor Confidence. Available online: http://www.eurochlor.org/media/86511/annual_report_2014_full_final2.pdf (accessed on 15 May 2017).

	19. 
Prochemics Ltd. Impact of Electricity Price on the Competitiveness of the European Chlor-Alkali Industry; Euro Chlor: Zurich, Switzerland, 2007. [Google Scholar]

	20. 
Garcia-Herrero, I.; Margallo, M.; Onandía, R.; Aldaco, R.; Irabien, A. Environmental Challenges of the Chlor-Alkali Production: Seeking Answers from a Life Cycle Approach. Sci. Total Environ. 2017, 580, 147–157. [Google Scholar] [CrossRef] [PubMed]

	21. 
Brinkmann, T.; Santonja, G.G.; Schorcht, F.; Roudier, S.; Sancho, L.D. Best available techniques (BAT) reference document for the production of chlor-alkali. In JRC Science and Policy Reports; EUR 26844 EN; Publications Office of the European Union: Luxembourg, 2014. [Google Scholar]

	22. 
CRS. “Carbon Leakage” and Trade: Issues and Approaches. Congressional Research Service. Available online: https://fas.org/sgp/crs/misc/R40100.pdf. (accessed on 15 May 2017).

	23. 
Rosen, M.A.; Kishawy, H.A. Sustainable manufacturing and design: concepts, practices and needs. Sustainability 2012, 4, 154–174. [Google Scholar] [CrossRef]

	24. 
Kuhlman, T.; Farrington, J. What is sustainability? Sustainability 2010, 2, 3436–3448. [Google Scholar] [CrossRef]

	25. 
Palma-Rojas, S.; Caldeira-Pires, A.; Nogueira, J.M. Environmental and economic hybrid life cycle assessment of bagasse-derived ethanol produced in Brazil. Int. J. Life Cycle Assess. 2017, 22, 317–327. [Google Scholar] [CrossRef]

	26. 
International Organization for Standardization (ISO). ISO 14044: 2006 Environmental Management-Life Cycle Assessment-Requirements and Guidelines; International Organization for Standardization: Geneva, Switzerland, 2006. [Google Scholar]

	27. 
International Organization for Standardization (ISO). ISO 14040: 2006 Environmental Management-Life Cycle Assessment-Principles and Framework; International Organization for Standardization: Geneva, Switzerland, 2006. [Google Scholar]

	28. 
Khasreen, M.M.; Banfill, P.F.G.; Menzies, G.F. Life-cycle assessment and the environmental impact of buildings: A review. Sustainability 2009, 1, 674–701. [Google Scholar] [CrossRef]

	29. 
Azapagic, A. Sustainable Development in Practice: Case Studies for Engineers and Scientists; John Wiley & Sons: Chichester, UK, 2010. [Google Scholar]

	30. 
Mousazadeh, H.; Keyhani, A.; Mobli, H.; Bardi, U.; El Asmar, T. Sustainability in agricultural mechanization: Assessment of a combined photovoltaic and electric multipurpose system for farmers. Sustainability 2009, 1, 1042–1068. [Google Scholar] [CrossRef]

	31. 
Yu, S.; Tao, J. Economic, Energy and Environmental Evaluations of Biomass-Based Fuel Ethanol Projects Based on Life Cycle Assessment and Simulation. Appl. Energy 2009. [CrossRef]

	32. 
Parra, D.; Zhang, X.; Bauer, C.; Patel, M.K. An Integrated Techno-Economic and Life Cycle Environmental Assessment of Power-to-Gas Systems. Appl. Energy 2017, 193, 440–454. [Google Scholar] [CrossRef]

	33. 
Labuschagne, C.; Brent, A.C.; Van Erck, R.P.G. Assessing the sustainability performances of industries. J. Clean. Prod. 2005, 13, 373–385. [Google Scholar] [CrossRef]

	34. 
Margallo, M.; Dominguez-Ramos, A.; Aldaco, R.; Bala, A.; Fullana, P.; Irabien, A. Environmental sustainability assessment in the process industry: A case study of waste-to-energy plants in Spain. Resour. Conserv. Recycl. 2014, 93, 144–155. [Google Scholar] [CrossRef]

	35. 
OECD. Handbook on Constructing Composite Indicators: Methodology and User Guide; OECD Publishing: Pairs, France, 2008. [Google Scholar]

	36. 
Eurochlor. An Eco-Profile and Environmental Product Declaration of the European Chlor-Alkali Industry. Available online: http://www.eurochlor.org/media/70442/chlorine_eco-profile_synthesis.pdf (accessed on 15 May 2017).

	37. 
European Commission (EC). Commission implementing Decision of 9 December 2013 establishing the best available techniques (BAT) conclusions, under Directive 2010/75/EU of the European Parliament and of the Council on industrial emissions, for the production of chlor-alkali (2013/732/EU). Off. J. Eur. Union 2013. [Google Scholar] [CrossRef]

	38. 
Boletín Oficial Del Estado (BOE). Order IET/697/2015, of 13 April, by Which the Financial Aids Contemplated in Royal Decree 1055/2014 of 12 December are Announced, Establishing a Compensation Mechanism for the Indirect Emissions of Greenhouse Gases for Companies in Certain Industrial Sectors and Sub-Sectors Which are Considered to be Exposed to a Significant Risk of Carbon Leakage; Boletín Oficial Del Estado (BOE): Madrid, Spain, 2015. (In Spanish) [Google Scholar]

	39. 
Platts. European Power Daily, McGraw Hill Financial: New York, NY, USA, 2015; Volume 17.

	40. 
European Commission. Quarterly Report on European Electricity Markets. Market Observatory for Energy; European Commission: Brussels, Belgium, 2012; Volume 5, pp. 1–37. [Google Scholar]

	41. 
European Commission (EC). European Energy and Transport. Trends to 2030-Update 2007; European Communities: Luxembourg, 2008. [Google Scholar]

	42. 
Platts. European Gas Daily, McGraw Hill Financial: New York, NY, USA, 2015; Volume 20.

	43. 
Linak, E.; Schlag, S.; Yokose, K. Chlorine/sodium hydroxide. In CEH Marketing Research Report 2005; SRI Consulting: Zurich, Switzerland, 2005. [Google Scholar]

	44. 
Nardo, M.; Saisana, M.; Saltelli, A.; Tarantola, S. Tools for Composite Indicators Building-EUR 21682 EN. Institute for the Protection and Security of the Citizen; European Communities: Ispra, Italy, 2005. [Google Scholar]

	45. 
Jacobs, R.; Smith, P.; Goddard, M. Measuring Performance: An Examination of Composite Performance Indicators; Center for Health Economics, University of York: Heslington, UK, 2004. [Google Scholar]

	46. 
Huppes, G.; van Oers, L. Background Review of Existing Weighting Approaches in Life Cycle Impact Assessment (LCIA.); European Union: Luxembourg, 2011. [Google Scholar]

	47. 
Masih, M.; Algahtani, I.; De Mello, L. Price dynamics of crude oil and the regional ethylene markets. Energy Econ. 2010, 32, 1435–1444. [Google Scholar] [CrossRef]

	48. 
FEIQUE. Business Federation of the Spanish Chemical Industry. Compensation of Indirect Costs and Distorsion of Competition; FEIQUE: Madrid, Spain, 2017. (In Spanish) [Google Scholar]









































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
EESA index

0.0

05

149

088 091 i
s1 s2 s3 sS4 S5

WHCI
ascl
L el
BECI





media/file13.png
1.2

1.0

08 --

0.6 1--

xopur vSad

04 T--

02 +--

0.0

S5

S4'

S3

S2

S1





media/file12.jpg
EESA index

1z

10

08

0.6

0.4

02

0.0

S1

S2

S4'






media/file18.jpg
© Diaphragm

g
2
x

=- & Membrane

(angea onanpoad o)
aswaaoug 231ad K491 J0 1YY

60 80 100 120

emission cost (€/t CO,)

40
co,

20





media/file9.png
2.0

1.5

[E—
[e)

EESA index
o
W

0.0

S1

S2

S3

S4

S5





media/file22.png





media/file14.jpg
0.92

0.90

0.88

086

Xapul v SHH

0.84

0.82

0.80

0.80

0.60

040

0.20

0.00





media/file20.jpg
1.00

095

EESA index
o
°
8

085

0.80

0.00

5.00

Peua (€/t CO)

10.00

15.00

20.00





media/file5.png
ENERGY —>»

WATER —»

MATERIALS >

SUBSYSTEM 1: Salt mining

SOLUTION ROCK SALT KCL WASTE SOLAR SALT
L MINING | MINING MINING | MINING
VACUUM
SALT
v
TRANSPORT
B ———
SUBSYSTEM 2: Brine preparation
4
PRIMARY BRINE DEPURATION SECONDARY BRINE
{close or open circuit) DEPURATION
SUBSYSTEM 3: Electrolysis
| I
[ |
BS M 4: Products treatment
\ A v vyvyyvy
NaCOH NaOH PROCESSING cl H
PROCESSING {Diaphragm, = &
(Mercury) membrane & 0DC) PROCESSING PROCESSING
‘\ : .
1 | l
___________________ . N AN, SR
NaOH 50% cl, H,

—>

AR
EMISSIONS

WATER
EMISSIONS

SOLID
WASTES





media/file15.png
o —— O O O . O O S S . S S . S S O S S e O . O . . . . .

_— o - . e

_— o - e e

_— o - e

= - - - -

= o - - -

= - - - -

= - - - -

092 T=-=mm—mm e e

090 T--

0.88 +--

086 T--

xXopul V SiA

0.84 +--

082 T--

0.80

0.80

0.60

040

0.20

0.00





media/file19.png
60 T mmmmm e

g o

)

> & 8

-

5 § §

= A =

X 0 4d4d

| e e I |
| e e I |
| I I I |
| I I I |
| I I I |
| e e I |
¥ &« | 1 1t
| I I I |
| I I I |
| I I I |
| e e I |
| e e I |
| I I I |
| I B Y B .
| I I I |
| e e I |
| e e I |
| I I I |
| I I I |
| I I I |
| e e I |
TP T - °r 1
| I I I |
| I I I |
| I I I |
| I I I |
| e e I |
| e e I |
| I N D |
___x,_l
| I I I |
| e e I |
| e e I |
| I I I |

| I N e |
____Vi
| e e e
| e e I |
| I I I |
| I I I |
| I I I |
_____‘
| e e I |
_____‘
o O o o o o
vt e N~

(dnpea uondnpoad o)
asea.aur Nrad £JNLNIP Jo 19PH

40 60 80 100 120
CO, emission cost (€/t CO,)

20





media/file2.jpg





nav.xhtml


  sustainability-09-00837


  
    		
      sustainability-09-00837
    


  




  





media/file11.png
1.4

1.2

1.0

08 +--
06 +--

xopul VSad

04 +--

02 4--

0.0

S5

sS4

S3

S2

S1





media/file6.jpg
sl

s4

s5





media/file1.png
STEP 1: GOAL AND SCOPE
Purpose, functional unit, system description, system boundaries

STEP 2: CONSUMPTION AND PRICE LCI
Collection of specific consumption and price data

_____________________________________________________________________________________________________________

STEP 3: ENERGETIC-ECONOMIC SUSTAINABILITY ASSESSMENT (EESA)

3.1 dassification, characterisation and normalisation

ma | | 5 A | ] 2 H '] - . [ |

Dimensionless impact i indivi i indivi
category indicator (X;) operational index (Ol) price index{PI})
X;: Electricity consumption

Ol;:  Spedfic  electrici
impact category (ECI) : P v

consumptionindex Pl,: Electrical energy priceindex
X,: Thermal consumption

Siripact cregbry (1) Ol,: Specific thermal energy

Pl,: Thermal energy price index

E} consumptionindex %
X,: Salt consumption impact ) . . ..
Ol;: Spedfic salt consumption Pl,: Salt price index
category (SCl) .
index
category (HCI) Ol,: H, valorisationindex
. or; Pr'; .
X;=0I;-Pl; i€ [1,4] oI; = ; L€ [1,4] PI; = ; L€[1,4]
Olgy; Plg,;
3.2 Weighting
i=n 1=n
EESA= Y 1, -XiZyi .0l - PI;; i € [1,4]
i=1 =1

I
I
I
I
I
I
I
I
I
!
1
I
!
I
I
I
I
I
I
!
I
I
I
I
I
I
I
I
I
I
1
I
i
- - o - . = I
X,: H, valorisation impact Pl,:H, valorisationindex ;
I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
!
I
I
I
I
I
I
I
I
I
I
I

_____________________________________________________________________________________________________________





media/file10.jpg
14

12

10

xopur v

g 06 1--

04

02

0.0

st

S3

S2

S1





media/file7.png
[ === e e e e e e e e e e e

1.0 T--1






media/file16.jpg
Effect of electricity

100

T

E]

§ 5€/CO,

g 10

£ 10€/CO,
- 25€1CO,
H

< 40€/tCO,
g o1 100 €/t CO,
£

o001

1 10 100
intensity of production (MWh/1000 €)






media/file3.png
Level 1 EDC

Level 2 Chloride Ethylene

[ [ |
Th I El i NaOH C
Level 3 H, ] [ erma ] [ Salt cost ] [ ectric ] [ a.o ] ru.de
valorlsatlon energy cost energy cost price oil
| |

I I
[ Natural ] [ Natural ] [ Energy ] [ Steam ] [ Steam ][ Specific J[ ETS ]
gas prlce gas price price cost cost consumption
| | '
I I

Crude oil ] [ Crude oil ] [ Natural ] [Technology][ Currgnt ]
density

gas price

Crude oil






media/file17.png
Effect of electricity price
increase (% production value)

100

0.1

F L

I /*

§ >

I.

0.1 1 10 100

Electricity intensity of production (MWh/1000 €)

5 €/t CO,

10 €/t CO,
25 €/t CO,
40 €/t CO,

100 €/t CO,





media/file4.jpg
SUBSYSTEM 1: Salt mining

soumon focsut | xawis | soumsar
| e | *anane
hcuum
: iy i
H v
5 — an
ENERGY. EMISSIONS
1 R SuBSYSTEM 2 Brine progarsion
b PRIMARY BRINE DEPURATION. SECONDARY BRINE
waren > {cne ropencran) Seronarion  wares
AT Bassons
suBsYSTEM 3: Eectrtsis
Lo
s > . =iz s
wlimwkm nJTtmm
vev o vver v

NaoH
PROCESSING
(Mercury)

NaOH PROCESSING
(Oiphragm,
membrane 8 00C)

a,
PROCESSING






media/file0.jpg
Purpose, functional un

STEP 1: GOALAND SCOPE.

systemdescrption, systembourdares

h 2

STEP 2: CONSUMPTION AND PRICELG
Collecton o spcificconsumption and pce data

%

STEP 3: ENERGETIC ECONOMICSUSTAINABILTY ASSESSMENT (EESA)
3.1 Classifcation, characteriation and normalisaton

Dimensionessimpact
categoryindicator (X)

X Hecticy_ consumpion
impactcategory (£C)

X: Thermad_consumpion
impactcategory (1) —
X, ot consumpten impact
ategory(s0)

X W, vaorston impact
aitegory (1)

o1 P i€ (1]

32 Weighting

- S

Oimensionessindvided
operstonslindex(00
Ol spedfic  decticy

consumptonindex
01, Speclic themd enersy
consumptionindex

1 Spedfesat consumpion
index

L, alrsaionindex

3

STEP 4 INTERPRETATION

Dimensionessindhicuel
‘riceindextel)

P lecricl energypiceindex

P Thermalenergy priceindex

Psaltpiceindex

Pl valorsatonindex

pry
Pl= gyt €Al

=
Zyl -0l; -Pli; i€ [1,4]






media/file21.png
EESA index

1.00

<
\O
O

e
o
S

0.80

Prua (€/t CO»)

| T | T
0.00 5.00 10.00 15.00 20.00





