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As part of the ESG (Environmental, Social, and Governance) dynamics, chemical environmental sustainability, i.e., the impact from chemicals and how to measure it across hundreds of products, is a daunting, but necessary task. Although methods are available to measure the effects and impacts of a single chemical, most enterprises do not focus on a single chemical, let alone produce “pure” chemicals for sale. Nearly all chemicals in commerce are chemical products, i.e., mixtures, while assessment methods for mixtures are few and far between. What is needed is a metric that tracks the potential risk of an enterprise's total product inventory while monitoring its improvements as it greens in coming years. The Chemical Environmental Sustainability Index (ChemESI) metric measures both risk (as the product of exposure and hazard) and hazard across numerous chemicals as a single metric/KPI. The ChemESI's for chemicals, products and facilities are expressed such that they can be summed across facilities to wrap up into a single corporate ChemESI KPI for either hazard or risk. But what about growth—if growth occurs using greener chemical inventory, a company can both grow and improves its ChemESI KPI. Given the lead-time for developing more, true green alternatives to existing chemicals, intermediate substitution of less hazardous “analogs” may drive initial ChemESI reduction. To achieve a representative risk estimate, a primary data need is chemical characterization data for products. SDS's (Safety Data Sheets) unfortunately make poor substitutes for true constituent analyses. A definite need exists for better, more detailed chemical characterization data for both mixtures and individual chemicals, as the latter most often are not 100 % “pure.” However, these SDS's are available universally, across the globe, and provide GHS (UN Globally Harmonized System) classifications for single endpoint chemical hazard assessment. GHS classifications are near universal and here used to derive chemical hazard scores over multiple endpoints for each chemical. A ChemESI Risk metric can be derived by multiplying the hazard score by the exposure, here using inventory as a surrogate. The ChemESI Hazard metric is then derived as an inventory weighted hazard score.

Keywords: chemical sustainability, sustainability metrics, sustainability index, chemical products, KPI, GHS, chemical inventory, SDS


INTRODUCTION

Environmental sustainability of chemical inventory is an often-overlooked aspect of ESG, where environmental impacts often reference greenhouse gases or decarbonization (Investopedia, 2021). Enterprise chemical sustainability gets short thrift in nearly all assessments systems, except perhaps TRACI (Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts, e.g., Bare, 2002). Recently systems have been developed to assess sustainability in procurement of health products (UNDP, 2020; SHiPP, 2021). Given that most companies maintain an inventory of chemicals whether it be in large or small quantities, often in an astounding variety, environmental sustainability metrics are needed. Here we propose one ESG metric, the Chemical Environmental Sustainability Index or ChemESI for short. ChemESI aims to measure the inherent risk of chemical inventory across all locations within an enterprise, allowing for identification of locations with increased hazard and risk within the enterprise. Note that it produces both hazard and risk estimates, the latter incorporating the exposure to allow one to distinguish between a test tube and a tanker trailer of a chemical.

Environmental and health effects of chemicals within a value chain are managed through Product Stewardship (Hart, 2018). Product stewardship of location inventory often focuses on the inherent hazard of chemicals classified using the eighth or ninth edition of GHS (Globally Harmonized System) information within SDS's (Safety Data Sheets) (UN, 2021). GHS thus perpetuates the focus on hazard only. Several chemical regulations, including REACH (Registration, Evaluation, Authorization and Restriction of Chemicals, ECHA, 2017), have tried to address this via individual exposure limits based on acceptable risk. The definition of acceptable risk there is fuzzied once again by the use of ballpark uncertainty factors (USEPA, 1993; ECHA, 2017) as compared to data analytics-based factors. These so-called safety/uncertainty factors (better referred to as assessment factors), often of multiple orders of magnitude, are used to account for perceived uncertainties in regulatory risk assessments. Such factors have been shown to be overestimations in those cases where they have been calculated from data analytics (Escher et al., 2020) rather than taken off the proverbial back of an envelope. Health and environmental hazard data also have their own inherent uncertainties based on a comparison of tests for the same chemical (Pham et al., 2019; Kostal et al., 2020; Plugge et al., 2021), often again in the (multiple) order of magnitude range. In-depth, regulatory chemical-specific risk assessments are thus inherently uncertain and available for only a limited number of chemicals. They are also costly: regulatory, single chemical risk assessments without data acquisition often exceed $1,000,000 (Maertens and Plugge, 2018).

While GHS provides a good classification method for chemicals and their associated hazard, it does not account for exposure, especially from a corporate risk inventory/insurance point of view (Chemsec, 2021). Risk is what determines an enterprise's liability/insurance “exposure” from its chemical inventory, hazard is just one of the factors. Risk and exposure are used here as commonly used within the environmental health community, which is incongruent with definitions in other communities. In the insurance community; Risk = Uncertainty arising from the possible occurrence of given events or the actual property/insured (IRMI, 2022a). Similarly: Exposure = The state of being subject to loss because of some hazard or contingency, also used as a measure of the rating units or the premium base of a risk (IRMI, 2022b). The environmental health definition of Risk= hazard * exposure is thus not congruent with insurance usage. Similarly for the financial definition of risk (Investopedia, 2022).

Hazard assessment now nearly universally starts with the (ninth edition of the) GHS (UN, 2021). REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) regulations (ECHA, 2017) offer a similar but not quite congruent system of classification. Not always acknowledged, GHS is also neither completely global nor harmonized. Although negotiated at the UN level, most countries provide their own (small) spin on, or lag in adoption of the latest edition. Nonetheless, these GHS hazard classes are more universal than any other system and chemical specific, single endpoint classifications are widely available commercially (Scivera, 2021; Toxnot, 2021; Verisk 3E, 2021). GHS assessments however still have drawbacks most of which were designed into the system:

• GHS classification is always based on the most sensitive, i.e., hazardous datapoint available, with, in practice, little consideration of data quality and variability; REACH (ECHA, 2017) being a partial exception

• GHS classification bins into rather broad categories, especially for acute toxicity, e.g., a datapoint of 49 vs. 51 can result in classification in different toxicity categories (Kostal et al., 2020)

• GHS only notes absence of data and does not penalize for missing toxicity data

• Classification use/interpolation of data from and/or incorporation of NAMs (New Approach Methodologies, USEPA, 2021) often lags

• GHS compliant SDS's (Safety Data Sheet) often lack a full chemical characterization, i.e., the ingredient percentages do not add up to (or exceed) 100%, resulting in a less detailed GHS classification of a product.

GHS-based SDS's were developed for the purpose of occupational hazard communication for transport of hazardous chemicals, which accounts for some of these limitations. Notwithstanding these weaknesses, GHS is accepted in nearly all countries around the world as “the” hazard assessment/classification system allowing the preparation of globally accepted SDS's with mostly universal classifications, as evidenced by its proliferation in EHS (Environmental Health and Safety) systems (e.g., Verisk 3E, 2021). GHS provides single endpoint scores which are not summable into one score for a chemical, let alone products, e.g., one cannot compare or weight highly acutely toxic via oral route with skin sensitization. ChemESI transforms the GHS classification scores into an all endpoints combined total Chemical Hazard Score (CHS) for each chemical. The hazard portion of the ChemESI is thus based on GHS classifications, while noting its drawbacks, i.e., generally resulting in an overestimation of hazard, although in a non-quantifiable manner.

Risk, as described above, is a more accurate measure of chemical sustainability: after all it accounts for the exposure in addition to the inherent hazard of chemicals. Risk can then be quantified, as always [in (environmental) toxicology/risk assessment], as the product of exposure and hazard: risk = exposure * hazard. GHS classifications act as surrogate hazard quantifiers via the CHS. Here exposure estimates for a facility are approximated as quantities held within a facility, i.e., using inventory as a surrogate for exposure. A similar approach was used to prioritize chemical risk for reproductive effects within the EU: quantity produced times REACH based DNEL (Derived No-Effect Level) estimates, prioritized chemicals for assessment (Risk Policy Analysts, 2019). ChemESI Risk is then calculated as the product of the two, i.e., risk = exposure * hazard summed over all chemicals or products. ChemESI Hazard is calculated as total risk divided by total exposure, i.e., a weighted Hazard Score across a facility, while maintaining individual chemical/product hazard and risk scores.

Exposure models exist for all kinds of media and exposure types. Often chemicals exert effects through a variety of routes, i.e., air, skin, oral, and for biota effects through environmental effects mostly in water. Persistence also plays a large role. Note that all of these routes require their own modeling “software” with specific data requirements and calculations to produce quantitative estimates with some certainty. Although feasible for a few chemicals, this process becomes unmanageable for a large variety of chemicals as well as products. High throughput modeling can overcome this singular exception but also adds high variability (Li et al., 2021). One can model single chemical concentrations reasonably well, but model outputs suffer from fairly high uncertainty intervals which, when modeled in detail for multichemical assessments, exceed 4 orders of magnitude (Li et al., 2021). Mixture interactions are rarely described and then generally only for pair-wise comparisons.

The ChemESI Risk model used here assesses impacts from multiple chemicals in multiple media. As mentioned above exposure modeling for such a scenario would be a nightmare. Other risk assessment methodologies have tried doing this: predict environmental concentrations and calculate risk (e.g., Arnot and Mackay, 2008; Arnot et al., 2012). These are not traditional exposure/risk assessments—they employ high-throughput exposure scenarios to derive risks. Such schemes employ numerous assumptions of toxicity and persistence to derive environmental concentrations coupled with risk estimates. Initially performed for environmental pollutants, risk was used a function of quantity, toxicity, bioaccumulation, and persistence in a model to look at a continuous distribution to prioritize chemicals for regulation instead of the rigid yes/no cutoff model. Exposure estimates include an estimated emission rate based on quantity produced. Here risk needed to be calibrated by actual (rather than estimated) toxicity values and calibrated by actual exposure measurements. Further modeling of environmental risk resulted in a more than 4 orders of magnitude 95% confidence interval, leaving the authors to conclude that quantity may need to be the regulatory driver at this time (Li et al., 2021). Correlating known emission rates with environmental monitoring data demonstrated that existing exposure models could be off by an order of magnitude even when calibrated with actual release factors (Spaniol et al., 2021). Review of risk assessment applications used simplified exposure models in a risk assessment of transformation products in an aquatic environment (Escher and Fenner, 2011). Risk assessment of all transformation products was found to be out of reach. Tiered approaches were recommended based off parent compounds' risk assessments using advanced simulation methods which are now (2022) becoming more available. Specific modes of action would need to be identified for such risk assessments to proceed.

Exposure modeling always starts off with total quantity followed by a mathematical approach using various surrogate/estimated parameters. Given the observed uncertainties in the final exposure estimate, it was acknowledged that in a regulatory approach, quantity may be the best approximation for effect concentration (Li et al., 2021). Regulation of chemicals will thus remain focused on the total quantity, until the modeling becomes more available for multiple chemicals and routes, with a narrower range of uncertainty. Hence, total quantity present can be used as a surrogate for exposure measures.

Some might feel apprehensive at the coarseness of the estimates used in risk estimation here. To put this into perspective: regulatory risk assessment methodology often imputes high levels of data uncertainty (e.g., uncertainty factors), as high as 1-4 orders of magnitude range (e.g., ECHA, 2017; Kostal et al., 2020). GHS ranking is definitively conservative in nature, both by its broad use of binning and more importantly the use of the lowest effect or result, often regardless of data quality and variability, although such data restrictions are sometimes incorporated into REACH based risk estimates and classifications (ECHA, 2017). Risk estimates such as DNEL/PNECs (Derived No-Effect Level/Predicted No-Effect Concentration) often incorporate assessment factors ranging between 100 and 10,000 (ECHA, 2017). Modeled exposure estimates (Li et al., 2021) can give uncertainties in excess of four orders of magnitude for a 95% confidence interval.

ChemESI uses discrete judgment (i.e., classification categories) and transforms them into semicontinuous functions. As our goal is to provide a simple metric allowing for broad chemical coverage, we do not need the same granularity as a regulatory (single-chemical) decision tool which indeed would require much more and detailed data. ChemESI as a metric using hazard derived from GHS classifications and exposure as inventory is indeed coarse but most likely with no worse uncertainty than existing exposure/risk models. ChemESI has also another, great advantage: both hazard and exposure datasets are easily obtainable and most likely are already available within an enterprise.

Most of the chemicals in commerce do not exists as 100% pure chemicals, but as products. Products are defined as mixtures of various chemicals, although the actual composition can be hard to define based on SDS's. As with most other assessment systems, GHS classifications for mixtures are hazard based and classified based on weighted contribution from individual chemicals. No consideration of effect interaction between chemicals, be it negative or positive, is currently incorporated in GHS, nor is the collection of endpoints within GHS comprehensive, e.g., the lack of Endocrine Disruptor considerations. It should be noted here that even most individual chemicals are not 100% pure but, depending on quality grade, can contain up to 5–10% “impurities/contaminants” for, e.g., technical grade chemicals. Risk assessment needs to account for these impurities, which is often problematic due to lack of chemical characterization as well as hazard/effect data. Another, more granular, endpoint-specific, hazard screening program, GreenScreen™, requires (confidential) disclosure of impurities above 100 ppm (Clean Production Action, 2021).

The major advantage of GHS has always been its simplicity—the ease of communication across languages and cultures. A GHS compliant SDS looks the same the world over and has a rather narrow range of possible classifications for the various endpoints (UN, 2021). Product Stewards within the chemical community are very familiar with SDS's and associated data. The ChemESI aims to further condense the amount of available information into a facility/enterprise wide KPI (Key Performance Indicator) metric, easily transmittable to the C-suite. As the concept of ChemESI is developed below, the influence of the robustness of the GHS based Hazard Score as well as the influence of inventory fluctuation, organic growth and introduction of new products on the ChemESI scores will be described.



METHODS

Scores were assigned to each of the classification categories for a particular chemical based on classifications following the ninth edition of the GHS (UN, 2021). These scores were then agglomerated for each chemical into a chemical specific score, the actual Chemical Hazard Score, CHS. These scores or weighting factors were derived based on the perception of endpoints: chronic endpoints such as carcinogenicity, reproductive and mutagenic effects are generally given more weight than acute toxicity (e.g., Swanson et al., 1997). These weighting factors are somewhat arbitrary, and users may want to assign their own weighting factors. If done consistently, the rank order of chemical hazards would not be affected, just the magnitude of the hazard score.1 Table 1 describes all the GHS categories for environmental health classifications and their corresponding score. The maximum hazard score for a chemical would be capped at 100 but is unlikely to be achieved by many chemicals. Benzene, for instance, would be scored as a carcinogen but does not have a high acute toxicity, which results, as described in Table 2, in a weighted derivation of the CHS for benzene of 78, based on a publicly available SDS (Airgas, 2020). For very toxic compounds, e.g., chlorinated dioxins such as TCDD, CHS would be capped at 100 but such compounds are unlikely to be present at high concentrations, i.e., more than 0.1 or 1%.


Table 1. Hazard Scores for individual GHS endpoints and categories.
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Table 2. Chemical Hazard Score for benzene based on sample SDS (Airgas, 2020) and Table 1.
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The lowest score would be 1, e.g., water which is also the default score in the presence of all negative data, i.e., no effects found with supporting data. Missing data are treated differently; unlike in the GHS based SDS, missing data automatically contribute an additional score of 1 for each endpoint with missing data. Most chemicals for instance are missing actual genotoxicity or carcinogenicity information. A score of 1 would thus be hard to achieve without full effect characterization, which may be obtained in future using in silico or in vitro data aka NAMs (New Approach Methodologies, USEPA, 2021). Missing and/or incomplete data are a continuous problem within GHS classifications and especially those reported on SDS's (ECHA, 2019). Classifications may thus need to be checked with “complete” classification databases such as provided commercially (see below).

As shown in Tables 1, 2, individual-endpoint GHS classifications are easily converted into combined Chemical Hazard Scores for each individual chemical. Such conversions are even easier when using some type of online database, e.g., the publicly available CAt databases (CAt, 2021) or commercial equivalents (e.g., Scivera, 2021; Toxnot, 2021; Verisk 3E, 2021). As always classifications are supposed to be “universal,” but small differences based on the regulatory approaches followed, e.g., GHS vs. REACH/CLP may result in different classifications and hence scores. Following the GHS approach, the lowest classification, i.e., highest Hazard Score would be the one used here.

Note the difference between Chemical Hazard Scores (CHS) and GHS: GHS provides classifications for 17 different endpoints, all of which can be blank or have data, with no way of “summing” these effects for each individual chemical. Although theoretically it is possible to calculate weighted GHS scores for each facility, this would still result in 17 parameters that are not comparable. Chemical Hazard Scores on the other hand allow for unified expression of hazard in a single number which is comparable between chemicals. In addition, Chemical Hazard Scores also account to a limited extent for missing data—rare would be the chemical where 3–5 parameters were not identified as no data. Even a major industrial chemical such as benzene (Table 2) only has data for 8 out of 15 classification categories. One thus expects a “minimum” CHS to be in the 4–6 range, except for water which is assigned a hazard score of 1. These minimum scores could drop in the future as more economical and ethical NAMs for, e.g., carcinogenic effects, become available: only then can we, with data demonstrating the absence of effects, truly assign an overall CHS of 1 to a given chemical.

ChemESI Risk and Hazard calculations' workflow is shown in Figure 1. An inventory database provides an inventory of products for which SDS's are obtained. Based on the SDS's and their composition information both a list of products' compositions and an inventory of individual chemicals are derived. The SDS (or external data) provides the GHS classification information for each individual endpoint for each chemical. Using the scoring system from Table 1, a Chemical Hazard Score is derived for each chemical, which can also inform the product hazard score (based on product composition). Using inventory quantities, Risk Scores can then be derived for each chemical and product which when summed result in a ChemESI Risk Score. Using the total weight (kkg) of inventory data, a ChemESI Hazard Score can be derived (risk/exposure = hazard).


[image: Figure 1]
FIGURE 1. ChemESI workflow.


Note that Chemical Hazard Scores are for one individual chemical which can then be converted into Chemical Hazard product scores based on composition weighting factors. Conversely one can split each product up into individual chemicals and calculate the total amount of chemical X within an enterprise. There are advantages to both approaches; the product version lets one assess whether products have exceeded a hazard cutoff beyond which they are no longer “acceptable” in this enterprises' value chain. The splitting approach identifies how much a particular chemical is present across all products and, coupled with quantity data, how much these chemicals contribute to the overall risk level within an enterprise. The facility-wide ChemESI Hazard score then provides an indication of how “green” the overall enterprise is. As shown above, a facility-wide ChemESI Risk score identifies the total risk inherent to a facility/enterprise. Thus, ChemESI informs enterprise sustainability through both hazard and risk estimates.

The methodology as described here has the advantage of being relatively easy to implement, at the expense of losing detailed information. Drill-down into the data by experts is a definite possibility, but the ChemESI is meant as a KPI, a management (and investor) metric. Uncertainties vary: product quantities can be rather precise, but chemical characterization data for most products are limited and/or plain sloppy, e.g., the SDS component characterization data exceed 110%. The methodology generally trends conservative, i.e., will produce a higher risk estimate due to GHS rules and the scoring of so-called data gaps. The latter can be diminished by the use of less expensive, more ethical non-animal NAMs (New Approach Methodologies) (USEPA, 2021) to fill in some of the data gaps. Unfortunately, GHS assessment of hazardous chemicals at this time only considers a circumscribed number of endpoints; consideration of, e.g., Endocrine Disruptors is still lacking.

Exposure is defined here as the amount of chemical or product in inventory with chemical characterization defined initially by the SDS, hopefully improved by further (confidential) input data from within the supply chain. Ideally such characterization should occur at 100 ppm for each constituent but given the current data quality, that will not be achieved rapidly. A resolution of 1% would seem to be in reach. Exposure estimates are used expressed here in kkg (metric ton) of inventory. For cross value chain comparisons, we recommend that an inventory unit of kkg (metric ton) be adopted, in order to maintain consistent ChemESI Risk Scores. No units need to be assigned or considered as part of the ChemESI Hazard score.



RESULTS

The scoring system in ChemESI was applied to a fictional facility/enterprise that uses and stores a limited array of three products with known composition of 7 constituent chemicals at various concentrations/percentages (Table 3). Both ChemESI Risk and Hazard scores were calculated for this enterprise. Results are reported without the use of decimals since the original input data do not employ decimals, i.e., a consistent number of significant digits. Sample Chemical Hazard Scores were ascribed to seven constituent chemicals. Here Chemical Hazard Scores were calculated for each mixture/product with low composition granularity (as is common in SDS's), which unfortunately ignores or minimizes the effect of minor, possibly more toxic constituents. Chemical Risk scores were then derived as the product of exposure (i.e., quantity in inventory) and Chemical Hazard Scores. Note that the product B with the highest product Hazard Score is the least risky and vice versa for product A, quantity and hence exposure matters. Summing of the individual product Risk Scores then produces an enterprise ChemESI Risk Score of 2114 which divided by the total inventory results in an inventory weighted enterprise ChemESI Hazard Score of 14.


Table 3. Product-based ChemESI calculation.
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In Table 4 we use the chemical composition data from Table 3 to derive a facility wide inventory of chemicals 1–7. A chemical-specific risk was then derived using individual chemical inventory estimates (across all products) and the same individual Chemical Hazard Scores as in Table 3. Note that here the highest risk contribution comes from chemical 3 which has an average Chemical Hazard Score. Not surprisingly, the facility ChemESI Hazard and Risk scores are identical between Tables 3, 4—just two different approaches, chemical or product based. For both of these approaches one can make a policy decision to weed out all chemicals/products with a Hazard Score of above, e.g., 50 or focus on the most “risky” chemicals/products. Obviously, a hybrid approach for chemicals/products, e.g., Chemical Hazard Scores over 50 up for elimination followed by a focus on the most risky chemical/product, would work even better. A restricted chemicals list should already be in use within an enterprise, thereby peremptorily eliminating the chemicals with very high hazard scores (e.g., ECHA, 2021).


Table 4. Chemical-based calculation of ChemESI.

[image: Table 4]

In the following tables, we focused our assessment on individual chemicals. Given the proliferation of products containing multiple ingredients, an ingredient, i.e., individual chemical-based approach to greening inventory would appear to be more logical as replacement of a single ingredient should result in a greener ingredient and hence multiple greener products. The following analyses thus focus on individual chemical-based ChemESI calculations.

Introduction of a new chemical 8 at the enterprise resulted in a ChemESI Hazard Score of 18 (and ChemESI Risk Score of 3394) as shown in Table 5. Although Product Stewardship should have been involved in new product development throughout the entire process (Hart, 2018), there appears to have been a disconnect. Marketing/R&D introduced a single chemical 8 with a high hazard score of 32 and a 25+% increase in overall Product Quantity, resulting in an undesirable increase in ChemESI Risk by more than 50% to 3,394 and a corresponding increase in ChemESI Hazard to 18 (from 14). This metric was flagged in a C-suite meeting resulting in a directive to green the new product, while maintaining functionality (Principle 4 of Green Chemistry in Anastas and Wagner, 1998). The product was revised in two stages: a temporary direct drop-in replacement with chemical X and a final replacement of chemical 8 with chemical 9 as shown in Table 6. The result is a 25+% increase in product sales while dropping the ChemESI Hazard Score from 14 to 13, with only a 15% increase in ChemESI Risk Score. Note that we have a decrease in ChemESI Hazard Score with a 25% growth in inventory.


Table 5. Chemical-based ChemESI following introduction of chemical 8.
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Table 6. Chemical-based ChemESI following substitution of chemical 8 with chemical 9.
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Here, two pathways appear for further reduction of ChemESI Risk and Hazard. One approach would be to replace chemicals with a hazard score of 50 and above, here chemicals 6 and 7. The other approach would be to reduce and/or substitute for chemical with a high risk, here chemicals 3 and 6. Since chemical 6 ends up in both categories, it appears to be a good place to start. Introduction of greener chemical substitutes, e.g., replacing chemical 6 with a less hazardous chemical would result in further reduction of both the ChemESI Hazard and Risk, while simultaneously providing greener products. Continuous improvement should obviously be a part of chemical manufacturing/product formulation going forward—this will result in a continual drop in ChemESI Hazard (and often Risk) as greener products are slated to be developed (Golden et al., 2021). The lag from R&D to commercialization of new greener alternative chemicals however approaches a decade, taking into account all processes including market penetration. Intermediate substitution with slightly greener alternatives may thus be important while working toward the ultimate green substitute.

As described here most chemical enterprises use multiple chemicals in a variety of recipes to produce their formulated products aka mixtures. In addition, depending on the (technical) grade used for formulation, more or less hazardous, often ill described, impurities may enter the supply chain. These are often not accounted for due to the lack of detailed composition information on the SDS and/or lack of hazard data. This is an information gap that has many implications and, especially for larger quantities of chemicals (missing information data for 1% of a 100 kkg chemical results in 1 kkg of undefined chemicals), could significantly affect hazard/risk assessment. As mentioned above other, more granular systems require characterization down to 100 ppm (Clean Production Action, 2021). Similarly, one assumes that all chemicals listed on an SDS have a unique identifier as well as at least some hazard information. This assumption is often refuted: chemicals end up being described as complex mixtures without a clear component characterization (think hydrocarbon fractions), and hazard data and information are often lacking, resulting in a non-uniform assignment of GHS classification. These data gaps need to be addressed through expert or automated evaluation via NAMs which adds complexity. Often, however, GHS classifications for these “exceptions” can be found on SDS's, but with varying classifications between manufacturers.

The ideal ChemESI would of course be 1. It is unlikely that any enterprise will get an ChemESI of 1 in the foreseeable future, primarily as the result of a lack of chemical characterization and full hazard data. As mentioned above, even for a commercially important chemical such as benzene only 8 out of 15 classification categories are available (Airgas, 2020). Another incentive here lies in full characterization of effects from each chemical, using for instance New Approach Methodologies, so-called NAMs (USEPA, 2021), without which a ChemESI hazard score of 1 is not attainable.

The ChemESI Hazard/Risk within the supply chain on a facility basis, can be combined into a division/enterprise level ChemESI. Even though Product Stewardship should already be limiting very hazardous chemicals from entering a supply chain, the ChemESI process will also identify remaining very hazardous chemicals with a Hazard Score beyond “acceptable.” Acceptable of course has to be defined on an enterprise-wide basis and may be accompanied by an exposure limit, e.g., no more than X kkg of Y can be within the facility at all times. Such exceptions may prove especially useful when technical grade (i.e., impure) chemicals are in the supply chain; such chemicals often contain more hazardous, contaminant constituents.

Exposure can also vary depending on the amount of inventory, e.g., running up inventory in anticipation of supply chain disruptions or taking advantage of discounted pricing on chemicals in bulk. Such inventory changes will most likely increase the ChemESI Risk. Risk minimization, i.e., fast inventory turnover will limit the risk incurred during daily operations, and in optimized cases even reduce ChemESI Risk while maintaining ChemESI Hazard. One should still perform an annual product inventory quantity survey to determine the total amount of “risk” incurred within the enterprise from an ESG point of view, although a running average would provide a better immediate KPI.

The ChemESI KPI indicates a general level of chemical environmental sustainability, i.e., the progress made in providing greener alternatives to society within the existing supply chain. Such sustainability indices become increasingly important as greenness become a major economic driver within (the chemical) industry. Much progress has been made—a lot of effort (Zimmerman et al., 2020) remains to be expended to truly bring Green Chemistry to the forefront as evidenced by the eventual possibility of an ChemESI near 1. In the meantime, growing industrial output with greener chemicals will slowly reduce the ChemESI KPI, while allowing for substantial growth.



DISCUSSION

ChemESI Risk and Hazard are important KPIs especially for the chemical industry including formulators. These KPIs use exposure and hazard information readily available from multiple sources: in-house, or from free and commercially available databases. Inventory data here is used as a surrogate for exposure. The Chemical Hazard Score system described here in Table 1 is based on the widely accepted and adopted GHS classification approach—one can always dispute the weighting and prioritization of certain endpoints, but such changes would only have a slight impact on the overall ChemESI. Better to adopt a universal metric than to customize each enterprise.

Given the inherent uncertainties and biases built into the GHS classifications [e.g., a direct result of the derivation methodology for hazard classes using lowest effect concentration (ECHA, 2017; UN, 2021)], the ChemESI will tend toward overestimating hazard and hence risk. One of the inherent drawbacks in the GHS is that lack of data simply results in no classification—addressed here by adding additional scores for each hazard endpoint for which no data are available—one would hope that, especially for the higher volume chemicals, such full information would become available, most likely based on NAMs. Another major drawback is the GHS's dependency on the lowest available hazard information, i.e., the most toxic number is always used with little consideration of data quality and variability. Given that where there are repeat data, values often range across more than an order of magnitude (e.g., Plugge et al., 2021), this also adds a severe bias toward a more hazardous classification, especially in the absence of data quality considerations.

The lack of information data for risk assessment from GHS classifications and in SDS's is to some extent not surprising. SDS's were developed as hazard communication tools in occupational health and hazardous material transport. The lack of granularity, i.e., very few components characterized at concentrations below 1%, however is not inherent to the design of SDS's and probably remains the least reliable aspect of an SDS.

Some might question the coarseness of the approach. As addressed above the simplifying assumptions here allow for an uncertainty in the same order(s) of magnitude as the original data. Hazard estimates can have uncertainty/variability well in excess of an order(s) of magnitude. Similarly, modeled exposure often has orders of magnitude of uncertainty/variability. Use of the GHS data does allow for a simpler format, inherently familiar to the Product Steward, thereby enhancing the understanding and hence communication of the ChemESI to the C-suite and investors. Single number KPI's are always attractive while simultaneously allowing drill down into the data to assess which chemicals are contributing most to the overall risk and hazard. Often the chemicals with medium hazard are the biggest drivers of ChemESI risk parameters, simply because they often account for the largest tonnage. The ChemESI data informs both hazard and risk metrics that can be used to address the overall hazard and risk inherent to the inventory. Growth will decrease the ChemESI Hazard Score where growth is derived from greener products. If the Chemical Hazard Scores are low enough even ChemESI Risk Score would drop, coupled with substantial growth in greener products. Supply chain effects on retention/storage of both raw and finished products will most likely increase the ChemESI Risk Score, but have a lesser effect on the ChemESI Hazard Score. Dilution of more hazardous chemicals would decrease the ChemESI Hazard score but not the Chem ESI Risk score. Incorporation of LCA (Life Cycle Analysis) components and additional non-GHS endpoints could be the next logical set of enhancements to the ChemESI, although obtaining (semi-)curated data for all chemicals may prove problematic.

ESG (Environmental, Social, and Governance) discussions often lack (quantitative) data on the environmental impact of the chemicals within an enterprise, beyond greenhouse gases and decarbonization (Investopedia, 2021). The ChemESI described here is a quantitative risk and hazard metric combining chemical exposure and environmental health hazard within the supply chain. It is based on a scoring of readily available GHS hazard/classification data, coupled with proprietary inventory data. The ChemESI will provide a facility/enterprise based KPI metric of risk and hazard, easily communicable to the C-suite, investors, and others within the ESG sphere.

Although achievement of an ChemESI Hazard of 1 is theoretically achievable, it will be most likely a decade before green chemistry-based alternatives will be able to achieve such scores, although penetration of green chemistry derived products is rapidly increasing (Golden et al., 2021). An ChemESI Hazard of 20 or below should be achievable now, with of course continuous improvement expected. Organic growth will not affect a ChemESI per se: most likely a combination of a reduction in ChemESI Hazard Score and increased growth will occur through continued introduction of greener products, especially with the phasing out of less greener products. Adoption of ChemESI will go a long way toward quantifying the environmental sustainability metric in ESG.
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FOOTNOTES

1For Benzene for instance, assigning maximum weighting factors of 10 for each endpoint would result in a hazard score of 58 rather than 78 with a maximum score still capped at 100. The maximum score of 10 would only effect chronic effects such as carcinogenicity and mutagenicity, for which data are only available for select chemicals.
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