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Abstract. The green metrics plays an important role in making the way towards sustainability of chemical industry. The known indices were considered in terms of environmental and sustainability  input. The results of analysis demonstrate the need for more complex types of metrics to incorporate elements of life cycle assessment, specific environmental effects and ecological footprint.
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Introduction 
A metric is a system to provide qualitative and quantitate evaluation of processes and activities. The choice of metrics depends on the purpose of evaluation, which means that it is developed to make decisions on further actions aiming at improvement of a process’s performance. Thus, setting clear purpose of evaluation is the key to reliable results and transforming data into valuable information. At the same time metrics is fundamental element for comparison of systems and technologies, different in nature, but producing the same effects. This is especially important if technological processes, like those in chemical industry, are under consideration.
Traditionally, production and technological metrics was built on physical and chemical parameters coupled with economic indices. However, nowadays it is not enough to analyze material attributes of technologies, contemporary environmental and sustainability issues were revealed in all types of human activity and this calls for the development of efficient metrics to characterize these aspects of production processes. 
The existing methods for evaluating products and technologies in terms of environmental impact and sustainable development are numerous and evolving. Their concepts, principles, outputs and meaning are extremely wide. As a result, they often yield contradictory results or give fragmented characteristics of sustainability, and in particular, environmental performance. The given research aims to consider benefits and drawbacks of existing green metrics, applied to chemical processes and technologies.
Green Metrics Framework 
Green metrics used in chemical technologies assessment are diverse and there is no standard technology evaluation metrics yet. The categories of metrics are different in essence and range from quantitative-subjective to qualitative, involving integration approaches quite often as well. 
In particular, it is quite common to apply fundamental chemical concepts to calculate the efficiency and effectiveness of technologies. A less common approach is based on describing or rating of efficacy and safety assessment. The latter one is close to the principal needs of environmental performance and sustainability evaluation, still there is a lack of consistency in many approaches in use.
Another important distinction between metrical approaches is their point of view: metrics can be lagging or leading. The lagging approach is more common, since it is based on actual measurements and thus it is considered to be more accurate and reliable. Environmental indicators, however, are leading by their essence and if they are applied at the project and decision-making stage, they can affect final choices made. However, this is possible if environmental parameters are taken into consideration, which is often not the case. Sustainability indicators are also predominantly leading and what is typical for them are a subject to uncertainty since the sustainability concept and principles are evolving and cases of inconsistency and unpredictable failures are quite common . This reduces confidence to such indicators and forces researchers and decision makers adhere to traditional computations of chemical characteristics.
There have been a considerable number of green chemistry metrics developed over the past few decades, some of the most common are: percentage yield (Y), atom economy (AE), environmental factor (E-factor), reaction mass efficiency (RME), process mass intensity (PMI), mass intensity (MI), carbon efficiency (CE), atom utilization (AU), environmental quotient (EQ), green aspiration level (GAL), relative process greenness (RPG) [1, 2].
By essence, most of these parameters refer to correlation between final product mass and mass of inputs into the reaction process: reagents, catalyst, reactive environment, energy, solvents etc. It is quite simple and representative approach: the less mass of material used and lost or not incorporated into final product, the lower the environmental footprint of the process is. Indices like Atom economy, E-factor, yield, reaction mass efficiency and effective mass efficiency are examples of this impact-based metrics. With all their benefits, this group of metrics lack important from the environmental perspective point – differentiation between hazard levels attributed to both input and output materials. Since most bulk producers of chemicals use mass-based approaches as a viable measure of their efficiency, a simple addition of toxicity parameter to their metrics approach would significantly improve the quality of information derived from these indices and shifted companies close to real environmental performance assessment.
Actually, well provided information is an important advantage of mass-based metrics, since it is derived from available data measured in real conditions and minimal subjective opinions involved. As such it must be kept as a core of environmental and sustainability metrics to facilitate the work on reduction of technology or process ecological footprint and overall monitoring of its environmental impacts.
Environmental and other types of sustainability aspects are better shaped for the application of impact-based metrics by essence and by providing better basis for comparison. This is currently done via life-cycle assessment, but it not very suitable for chemical companies producing only limited assortment of chemical building blocks. The environmental efficiency, in its turn, is measured by count the contribution of all processes and substances involved in climate change, acidification, ozone depletion and formation. An intermediate approach is calculation of the process and technology water and carbon footprint, or integrated ecological footprint. Of course, these methods are limited by calculations complexity and availability and accuracy of raw data. This drawback is currently not manageable since in many cases specific parameters of substances environmental profile, like ozone formation potential or acidification potential, for example, are not yet established as such research work needs considerable resources and time. With this limitation, assessment of environmental parameters as a process metrics could be compromised by assumptions and analogues introduced into the assessment. This could be solved by evaluation of waste and pollution produced scaled to some indicator substances or measuring the volumes of non-renewable resources in the process. This again brings us to environmental impacts assessment driven by inputs or outputs of the process: inputs reflect using of natural resources and outputs try to measure or predict generated waste, emissions, discharges etc. In other words, input metrics primarily characterize the sources of impacts (land and water use, energy consumed or embodied), while output metrics covers the consequences – how the processes and technologies may affect natural ecosystems, human health, and environmental values on the whole (cause generation of GHGs, ozone, acidity, eutrophication, health effects). Among the list of output parameters human health is the most comprehensively studied, but it should be avoided as a single target parameter, since impacts on ecosystems balance have profound effect on other living organisms and eventually destroy the human living environment, leading to health damage again. 
Issues of Environmental and Sustainability Metrics Implementation
Environmental performance is an important goal of chemical metrics, but it is one of sustainability components, as important as economic and social profile of technology. If economic parameters are efficiently measured at the stage of product design process, social factors are omitted in all types of metrics currently in use. The reason for this is that social metrics is hard to define and quantify, as well as find reference system for consistent comparison [3]. In certain way, avoidance of environmental pollution is the way to provision of environmental equality and equity. Another indirect element of social metrics is the use of limited resources, which puts pressure on deficit materials might cause strain in the society due to limited access to them. Thus, the quantity of materials whose reserves are running out in nature is the factor to be accounted in metrics. 
The indices of sustainability offered by now also tend to be mass-based, being actually the modifications of resources-waste relationships. In particular, Renewables Intensity Index and Waste Intensity Index are of this type. Being quite informative about the circularity of the processes they still omit the other dimensions of environmental quality and sustainability.
Thus, a simple quantitative mass-based and source-based metrics cannot provide comprehensive characteristics of the process and technology sustainability. Simplicity is a virtue, but it does not provide the substantiated fundament for clear comparison and decision making. As a result, there is a need to shift to integrated indices, which inevitably needs more time and research for application, but leaves less voids in the resulted evaluation. 
The framework of integrated metrics application involves climbing the levels of complexity. The first level is material efficiency or mass balance metrics, covered by most indices discussed above. At the second level the technology’s components and reagents at the input and output points are evaluated in terms of their environmental safety. The next level is applicable to the technology at the scale of industrial process, when its compliance with regulations or conformance with industrial performance standards (e.g., output concentration of hazardous chemicals versus state threshold levels and limits of waste generated) is evaluated. This is routinely done for the whole enterprise as a group of sources of pollution. Being reflective about the effect on environment these parameters are not applicable as elements of green metrics, since they depend on state regulations and approaches to environment control, set by the policymakers. Moreover, they are not bound to a specific technology, rather they characterize the overall efficiency of production at the enterprise and applied nature protection policy. 
The advanced level of metrics, which is actually able to link exact chemical process to the environment degradation and subsequent reduction of community living standards is when the potential contribution of the technology to the positive dynamics of eutrophication, local air quality trends, carbon emission cost of production. 
Altogether 1-3 levels of metrics are embedded into lifecycle assessment, which traces the real footprint of the technology, starting from raw materials used to generate reactive components, their transportation, energy and water fed into the process and equipment used. This is also too bulky to be used as an indicative metrics, when technologies are compared and rated, since multiple and diverse assumptions are involved into the assessment. However, this element shouldn’t be omitted, rather its general principles should be applied to measure environmental aspects outside the reaction batch, before everything gets inside and the process starts. In certain way this lagging or retrospective look has much to say about the ecological footprint of the process. At the same time, it is possible involve leading metrics elements by accounting lifetime of equipment and recyclability of solvents and auxiliary materials, which is basically the next level of metrics. Thus, it is obvious that there is a need in more complex approaches to green metrics for chemical processes and technologies.
Approaching Efficient Integrated Metrics 
The development of better metrics inevitably leads to complication of metrics. At the same time, it must be still applicable, meaning it should be manageable by designers of chemical processes and technologies without long and detailed research work involved. Such developments as Green Aspiration Level [4] and CHEM 21 toolkit [5] provide a very complete picture of chemical technologies environmental profile and sustainability, but they also represent the cases of task, which needs specially allocated resources and time. 
Overall, efficient indicators must be reliable, that is based on real measurable data, sensitive to minor differences between comparable systems and rely on accessible information. The latter one can be a special problem, since information about sustainability aspects is not clearly defined, lacking or has fragmented character. The most well defined is toxicity profile for substances, but when it comes to innovative technologies there might be completely new entries, for which relevant safety levels are confirmed for human based on animal studies, but environmental hazards are not considered yet. In such case standard approaches like analogues and biological activity of chemical bounds can be of use.
The other boundary, which sets framework for integrated indices, is their understandability by users with minimal environmental background and clear interpretation of the results obtained. There we come back to the purpose of the green metrics. It was initially created and further amended with new indices providing better perspectives and valuations from the point of the Green Chemistry Principles, which have adapted the need to provide environmental process efficiency and reduction of negative externalities. However, most of the metrics provided cover some of the principles and those, which attempt to cover all of them are not numerous, but they should be the target for further research. In particular, EcoScale by Van Aken et al., Green Star, Color-Likert scale with hybrid assessment approach from Morales-Galicia et al., iSUSTAIN® tool and Green Synthesis procedure by Duarte et al. are successful examples of such approach. Most of them use a combination of mass-based, impact-based and lagging/leading metrics, providing a good final perspective. However, most of them were developed over 10 years ago and there is a demand for new approach. The review of the green metrics performed by Martinez et al. [6] shows now improvements since that time, while the approaches to measuring sustainability and environmental performance have evolved considerably.
As a result, our idea is that such metrics shouldn’t follow only the Green Chemistry Principles, but include at least 3 additional environmental and sustainability parameters:
1. The index of specific environmental effect – ozone depletion/generation potential, acidification potential, eutrophication potential, if they are available and if not, the methodology must include provisions to account the absence of this effect different from the score in case of the absence of information about related effect
2. Carbon generation profile for at least two steps before and after the process itself, which is in line with current European approaches to the evaluation and notification about carbon footprint. This will be the implementation of lifecycle assessment, able to reveal hidden effects of industrial processes. Additionally, water footprint of the process could be applied separately from direct reagents and resources involved.
3. Sustainability assessment via circularity potential of all components of the process. This is partially provided by the Renewables Intensity Index, which should be extended to cover equipment and materials outside the chemical process itself.
These suggestions represent the first approach to the solution of the problem and represent the pathways for further research and search for more holistic environmental and sustainability metrics for chemical industry. The absence of single, formalized and generally accepted methodology complicates development towards SDGs and increases risks of maldecisions [7]. 
Conclusions
Since the complete elimination of all negative externalities of chemical processes in the form of environmental impacts and sustainability barriers is impossible at the given level of technologies, the development of concise and reliable green metrics for comparative analysis and choosing the best chemical technologies is an urgent need. The analysis of the currently developed indices showed that most of them do not approach environmental aspect of technologies beyond mass and energy efficiency. This requires introduction of more complex parameter, which accounts environmental and sustainability issues directly and adequately. The potential for specific environmental effects, carbon and water footprint, as well as circulation potential were offered as amendments to the existing approaches, which assess all principles of Green Chemistry. 
The practice of creating and using metrics demonstrates high flexibility in terms of measures, data sources, and instruments that they use. It might be some simple and short-lived, others highly complex and durable along an extended time frame and therefore using different units and scales.
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