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Abstract 

Besides their indisputable positive health effects, pharmaceutical residues in the environment are 

identified to also have potential adverse effects on wildlife and human beings. They may enter 

environmental compartments (e.g. surface water bodies) through different pathways, such as 

excretion and a subsequent insufficient waste water treatment. Manufacturing predominantly in low-

cost countries with inadequate environmental regulations and an increased use of pharmaceuticals on 

a global scale further aggravates the environmental relevance of the pharmaceutical sector. 

To comprehensively identify potential environmental impacts of pharmaceuticals and to establish 

measures to effectively reduce them, a life cycle perspective is imperative. For this purpose, life cycle 

assessment (LCA) is the predominant methodology since it is internationally standardized and widely 

applied among different sectors. Due to its broad use, however, individual methodological 

specifications are also necessary for particular product groups which can be formulated as Product 

Category Rules (PCR) according to ISO 14025 and ISO/TS 14027. For pharmaceuticals, such harmonized 

specifications do not exist which leads to a high level of methodological inconsistency between existing 

LCA studies. Moreover, case studies from the pharmaceutical sector often focus on manufacturing 

processes, whereas the use and end-of-life (EoL) stage are excluded from the assessment.  

The goal of this thesis is therefore to develop a scientifically robust, comprehensive and yet applicable 

methodological framework to guide LCAs of pharmaceutical products and processes and, in the long 

term, to harmonize and thus facilitate the future application of the LCA methodology in the 

pharmaceutical sector. To this end, two research questions are formulated: How should a LCA 

framework for pharmaceutical products be outlined to provide methodological guidance on sector-

specific questions and challenges (RQ.1) and how can life cycle stages beyond the manufacturing stage 

of pharmaceuticals be modeled (RQ.2)? 

First, a review on existing generic LCA standards and guidelines on PCR development, sector-specific 

LCA guidelines, PCRs and LCA case studies on pharmaceutical products is conducted to identify 

methodological differences, similarities and open gaps. Furthermore, the review provides a structural 

basis for the framework development. Based on this, either new rules are drafted (e.g. a classification 

scheme of pharmaceutical products based on their functionality, the definition of product system, 

system boundaries and functional unit (FU), guidance on impact assessment) or existing 

methodological specifications are adopted if there is already a high consensus on these rules among 

literature (e.g. regarding general data quality requirements). As one major gap in existing studies, the 

exclusion of the use and EoL stage is identified which is of particular importance since most of the 

pharmaceutical emissions are expected to occur here. Therefore, a life cycle inventory model is 
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developed to estimate emissions of Active Pharmaceutical Ingredients (API) during and after use of a 

pharmaceutical. To this end, API flows and emissions for different galenic formulations are compiled 

and quantification approaches as well as potential data sources are presented. All results are finally 

applied in a case study on an ibuprofen analgesic from cradle to grave. The LCA study reveals that the 

manufacturing stage is the largest contributor to all environmental impacts, whereas the share of the 

use and EoL stage to the overall environmental impacts is insignificant. Even though a systematic 

review of the framework´s applicability and completeness are beyond the scope of the case study, it 

discloses some methodological and practical challenges, such as the general comparability of 

pharmaceuticals, how positive effects of pharmaceuticals could be integrated into the damage-

oriented LCA, the expansion of system boundaries to include Research and Development (R&D) 

activities and other processes along the healthcare pathway or the transferability of the rules to 

veterinary medicine. The most limiting factor is indubitably the availability of consistent data. This 

affects not only the life cycle inventory but also calculations on an impact assessment level. Therefore, 

future research should focus on both, the further development of the framework as well as provision 

of comprehensive data. 

Yet, the methodological framework presented in this thesis significantly refines the LCA methodology 

for pharmaceuticals and allows a more comprehensive environmental assessment from cradle to grave 

with only few data which are usually publicly available. Hence, current environmental assessment 

approaches for pharmaceuticals are expanded by a more holistic perspective. 

 

Keywords: Pharmaceuticals, Life Cycle Assessment, Harmonization, Product Category Rules, Use, End-

of-Life 
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1 Introduction  

We know not only since the Covid-19 pandemic starting in 2020 that a modern society in a globalized 

world strongly depends on a nationwide yet affordable supply with pharmaceutical products. 

The United Nations report that the world population has increased between 1990 and 2015 from 5.3 

billion to 7.3 billion, and is expected to further grow up to 9.7 billion in 2050 (United Nations 2020a). 

One major reason for this development is an improved medical supply, especially in developing 

countries (WHO 2020). With a growing world population, upon reversion, the demand for and use of 

pharmaceutical products further increase. Hence, the revenues of the worldwide pharmaceutical 

market between 2001 and 2018 grew from 390.2 to 1,204.8 billion U.S. dollars (IQVIA 2019).  

But there is also a rising concern about the environmental impacts of pharmaceuticals (Bound et al. 

2006). Does the end justify the means?  

1.1 Theoretical background and motivation  

The economic growth of the pharmaceutical sector, on the one hand, contributes to the achievement 

of the third sustainable development goal ‘good health and wellbeing’ which aims at providing a better 

access to medicine and vaccine (United Nations 2020b), but it also leads to some overarching 

observations with potential environmental relevance on both, production- as well as consumption-

related dimensions: 

The increased demand for pharmaceuticals leads to higher production volumes. Thus, more resources 

are necessary for the manufacturing processes, and rising emissions occur from the production even 

though some pharmaceutical manufacturing sites made improvements with regard to resource 

efficiency and emission control. However, most of the production of active pharmaceutical ingredients 

(API) are produced in countries, such as Pakistan, China and India, where no proper legislation exists 

to prevent (non-) pharmaceutical emissions to the environment. These emissions can lead to severe 

environmental problems, such as the development of resistant germs (Ashfaq et al. 2017; Bu et al. 

2013; Fick et al. 2009).  

Furthermore, many (particularly developing) countries do not have a proper waste water treatment or 

waste management infrastructure. With an increasing consumption of pharmaceutical products, more 

untreated (or insufficiently treated) waste water, feces and urine which contain active pharmaceutical 

ingredients as well as their metabolites can be released to the environment. In addition, there is a 

higher risk for more unused pharmaceuticals to be improperly discarded which can also boost the 

release of APIs to environmental compartments, such as soil or water bodies (Quadra et al. 2019; 

Rivera-Jaimes et al. 2018). 
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Environmental sustainability in the context of pharmaceutical products, however, is often separately 

discussed and practiced for products and manufacturing processes without depicting their 

interrelations. Starting from the Green Chemistry Principles (Anastas and Eghbali 2010), existing 

environmental assessment approaches (so called ‘green metrics’) such as the E-factor (Sheldon 2005) 

or process mass intensity (PMI) (Jiménez-González et al. 2012) are mainly manufacturing-oriented and 

describe the relation between generated waste (E-factor) or input material such as solvents and 

reagents (PMI) to the mass of desired product. The environmental risk assessment (ERA) for medicinal 

products, on the contrary, only considers the potential risk for aquatic and terrestrial eco systems by 

the use and release of an API without taking a manufacturing perspective into account. The assessment 

is based on usage data, as well as physico-chemical, ecotoxicological and fate properties of the 

substance (EMA 2018).  

These approaches are insufficient to comprehensively assess the environmental impact of a 

pharmaceutical product since they only consider a particular section within the life cycle which can 

lead to deceptive conclusions: 

For instance, ‘greener’ pharmaceuticals are mostly developed to decrease residues of APIs in the 

environment, e.g. by increasing their biodegradability (Kümmerer and Hempel 2010). But most of 

these studies do not take the environmental burden of the production stage into consideration and 

vice versa (Kümmerer 2009). However, this is crucial to avoid that a better biodegradability is achieved 

at the expense of a higher environmental burden during the production stage. 

Another example for a potential environmental blow back is the implementation of take-back scheme 

for unused or expired pharmaceutical waste to reduce API emissions from improper disposal of 

pharmaceutical waste via sinks or toilets. Even though API-emissions can be significantly reduced by 

this, this measure potentially leads to higher non-API emissions due to increasing transportation 

activities (Cook et al. 2012). 

These observations reveal the importance of considering all API- and non-API-emissions among the 

entire life cycle of a pharmaceutical, i.e. from API production, galenic formulation and packaging to 

distribution, application and end-of-life treatment (excretion and/or disposal), to effectively curb its 

potential environmental impacts (Caldwell et al. 2016). This need is already outlined in the ‘Strategic 

Approach to Pharmaceuticals in the Environment’ by the European Union and also mentioned by 

several initiatives, such as the ACS GCI Pharmaceutical Roundtable (Bryan et al. 2018), the 

Pharmaceutical Supply Chain Initiative (PSCI) (PSCI 2019) or the Eco-Pharmaco-Stewardship (EPS) 

Initiative (EFPIA 2015).  
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However, the assessment of pharmaceuticals according to specific environmental criteria is neither yet 

implemented in the guidelines for good manufacturing practices (GMP), nor germane for the 

authorization of pharmaceuticals for human use (in contrast to veterinary medicine) (Fabrega and 

Carapeto 2020).  

To achieve a life cycle-oriented evaluation of the potential environmental impacts of pharmaceutical 

products, life cycle assessment (LCA) can be applied. This widely used method allows to determine the 

environmental profile of products and services from a holistic perspective, i.e. from resource 

extraction to the use and final disposal (Finkbeiner 2013). LCA can be used to identify environmental 

hotspots and optimization potentials within the value chain, to compare products or process 

alternatives, or for marketing purposes. It is internationally standardized by the ISO 14040 series on 

LCA and contains four phases (ISO 2006b, 2006c):  

1. Goal and scope definition:  

In the first phase, the intended application and audience, as well as drivers for conducting the study 

are described. It also covers fundamental methodological choices, such as system boundaries, data 

requirements or the definition of a functional unit (FU) (i.e. the quantified performance of a product 

system). 

2. Inventory analysis:  

In the second phase, qualitative and quantitative information on all inputs and outputs is collected for 

the entire product system. This data includes flows such as resources, energy, auxiliaries, by-products, 

waste, or emissions. 

3. Impact assessment:  

In the third phase, inventory data are assigned to an impact category such as climate change 

(classification) and converted to impact assessment results through scientific models which represent 

the cause-effect chain for a certain environmental impact (characterization). This is conducted for all 

substances that cross the system boundaries by leaving or entering the environment (elementary 

flows). 

4. Interpretation:  

The last phase aims at discussing the results from the second and third phase with regard to the goal 

and scope definition. This iterative process can reveal necessary adjustment to be made within the LCA 

study. 

Existing LCA-related ISO standards, technical specifications (TS) and reports (TR) provide generic 

principles, requirements and guidance. However, they also consign a high degree of freedom to 
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practitioners since they are formulated in a way to cover all products and services and therefore, do 

not contain any product-specific information or method adjustments.  

In order to complement and harmonize the LCA methodology, e.g. for certain industries, different 

forms of additional guidelines and standards exist. These documents provide further detailed 

information and methodological requirements for a particular sector or product group, and aim at 

increasing the reliability and comparability of LCA studies. This is particularly indispensable if LCAs are 

published and used for communication purposes. It can also decrease the complexity of the LCA 

method for users and increase the potential field application of LCA in the particular sector, e.g. by 

facilitating the comparison of products. As one example, Product Category Rules (PCR) can be applied 

to this end. 

According to ISO TS 14027, PCR are a ‘set of specific rules, requirements and guidelines for developing 

Type III environmental declarations and footprint communications for one or more product 

categories’, whereas a product category is defined as a ‘group of products that can fulfil equivalent 

functions’ (ISO 2017). Most of the PCR publishers (so called ‘program operator’) provide both, general 

instructions which are valid among all product categories, as well as separate product (sub-) group 

specific guidance documents. For some product categories, however, various PCR from different 

program operators exist with significant differences regarding their quality, scope and level of detail. 

Therefore, a harmonization of PCR is further required.  

As an example, the PCR Guidance Development Initiative published a Guidance for Product Category 

Rule Development (GPCRD) to supplement existing LCA standards and provide further 

recommendations on PCR development (GPCRD 2013). Similarly, the Product Environmental Footprint 

(PEF) by the European Commission (EC) provides generic guidance in conjunction with specifications 

for certain product categories (Lehmann et al. 2016). 

Taking this into account, a harmonized product-specific framework in the form of a PCR provides not 

only important specifications and further methodological guidance for a product group, but also 

reveals the potential to facilitate the application of LCA in a particular sector.  

1.2 Research gaps and challenges  

PCR are already applied in many sectors, particularly in the building and construction industry (Minkov 

et al. 2015). In the pharmaceutical sector, however, only one PCR for vaccines for human and 

veterinary medicine exists which expired by the end of 2018 (IES 2014). So far, only one LCA study in 

the form of an environmental product declaration (EPD) on the veterinary vaccine IMPROVAC® (Pfizer 

2012) has been published based on this PCR. 
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Other related guidance documents are either generic, i.e. not product group-specific, or focus on single 

environmental impacts (e.g. the Greenhouse Gas Accounting Sector Guidance for Pharmaceutical 

Products and Medical Devices (NHS 2012)).  

Besides their limited use, the comparison of these documents also reveals some methodological issues 

which are, however, essential for the application of LCA. For instance, the FU in existing LCA studies is 

mostly mass-based (e.g. the production of 1 kg API) which appears to be feasible if the emphasis is on 

the manufacturing process. For the assessment of products, however, the FU, which is defined as the 

‘quantified performance of a product system’, should somehow reflect the intended function (i.e. the 

therapeutic purpose) of a pharmaceutical. This is particularly inevitable if the environmental profiles 

of product alternatives with the same indication are compared. 

Other examples for important, yet insufficiently addressed methodological specifications in the 

context of pharmaceutical products are the definition of system boundaries, selection of pharma-

specific/relevant impact categories and the consideration of the use and end-of-life (EoL) stage which 

is usually excluded in existing studies (Emara et al. 2019). 

This lack of methodological guidance leads to several challenges regarding the implementation of LCA 

in the pharmaceutical sector: 

Despite the pertinence of life cycle thinking in the pharmaceutical industry, LCA is not 

frequently used in the sector (Emara et al. 2018). Due to a lack of methodological 

harmonization, existing LCA case studies on pharmaceuticals are hardly comparable with 

regard to their results and scientific quality. Usually, a conformity with existing standards or 

guidelines is not explicitly stated. Furthermore, LCA requires an enormous effort to obtain 

qualitative and quantitative data for the product system. Therefore, simplified screening 

applications such as the PMI-LCA tool by the ACS GCI Pharmaceutical Roundtable (ACS GCI 

2021) or the ABPI blister pack carbon footprint tool by the Association for the British 

Pharmaceutical Industry (ABPI) (ABPI 2021) have been published. Some companies also 

developed streamlined in-house LCA solutions (e.g. the GlaxoSmithKline GSK guides for solvent 

and reagent selection (Adams et al. 2013; Jimnez-Gonzlez et al. 2004)). However, these 

solutions are often confidential and partially exclude life cycle stages or processes which are 

not directly related to the own business activities. Hence, further guidance is needed to 

facilitate the data collection step as part of the Life Cyle Inventory (LCI) and consequently, to 

reduce the amount of work for LCA practitioners without limiting the scope of the study. 

Current studies strongly focus on the manufacturing processes that are operated by the 

process owner without including product characteristics. The scope of these studies is usually 
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limited to a particular manufacturing step which is assessed by comparing different production 

technologies or improvement measures, whereas the pharmaceutical product itself and its 

potential environmental impact are not considered. Hence, they lack in connecting the 

production with the consumption-related processes of environmental relevance.  

To address these challenges, a methodological framework is needed which is complementary to 

existing standards and guidelines but includes and, if necessary, further specifies product-related 

information.  

1.3 Structure of the thesis  

This work consists of five chapters (see Figure 1): 

First, the theoretical background as well as the motivation for this research are presented in the 

‘introduction’ chapter. This section also includes current research gaps and related challenges.  

Second, the ‘research approach’ to tackle the aforementioned gaps and challenges is presented. This 

chapter contains the goal of the thesis, research questions and objectives. Furthermore, the relation 

between these aspects and the three publications is illustrated. 

Third, the publications are presented in the ‘results’ chapter. Each publication is briefly introduced and 

the respective results of each publication are outlined. The supplementary materials of each 

publication are listed in the Appendix. 

Fourth, the key findings of the thesis are summarized in the ‘discussion’ chapter. In addition, remaining 

and new scientific challenges are depicted. To this end, methodological and application-related aspects 

are reflected. 

Fifth, important findings of this work as well as recommendations with regard to future research 

activities are explained in the ‘conclusion and outlook’ chapter. 
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Figure 1: Structure of the thesis 
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2 Research approach  

In this chapter, the overall goal of the thesis and the related research questions are presented. 

Furthermore, specific objectives are defined and the connection to the publications is illustrated. 

2.1 Goal of the thesis, research questions and objectives 

The goal of the thesis is to develop scientifically robust and comprehensive yet applicable rules to guide 

LCAs of pharmaceutical products and processes. Such rules are necessary to harmonize and thus 

facilitate the future application of the LCA methodology in the pharmaceutical sector.  

Two research questions (RQ) are therefore defined to specify how this overall goal can be achieved: 

▪ RQ.1: How should a LCA framework for pharmaceutical products be outlined to provide 

methodological guidance on sector-specific questions and challenges? 

The first research question addresses the general structure and content of an LCA 

framework for pharmaceuticals to enhance the harmonization of the LCA method for this 

particular product group.  

▪ RQ.2: How can life cycle stages beyond the manufacturing stage of pharmaceuticals be 

modeled? 

The second research question relates to the modelling of the use and EoL stage of 

pharmaceuticals, i.e. the intake, behavior in the human body, excretion to the WWTP or 

direct emission to the environment, the behavior in the WWTP and finally, the emission to 

water bodies. 

To answer these research questions, they are further divided into specific objectives (research targets) 

O.1.1-O.1.2 (RQ.1), O.2.1-O.2.2 (RQ.2) and O.3 (crosscutting RQ.1 and 2): 

▪ O.1.1: Determination of the structural and content-related frame (i.e. definition of the 

product category and subcategories based on a classification scheme, differentiation 

between generic and specific rules (granularity) and content structure)  

O.1.2: Specification of the methodological requirements for performing LCA on 

pharmaceutical products (e.g. system boundaries and functional unit) 

▪ O.2.1: Identification of API flows and emissions during the use and EoL of pharmaceuticals 

for the most common galenic formulations 

O.2.2: Development of calculation approaches to quantify API flows and emissions 

occurring during/from the use and EoL of pharmaceuticals  
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▪ O.3: Application of the preliminary work in a case study  

These research questions and objectives are addressed in the three publications. Their relation is 

further explained in the following chapter.  

2.2 Relation between publications, objectives and overarching methodology 

The core of this thesis consists of three peer-reviewed journal publications (see List of publications). 

Their individual contribution to answer the research questions, the relation to the corresponding 

objectives and the interlinkage between the publications are presented in this chapter:  

I. Siegert M.-W., Lehmann A., Emara Y., Finkbeiner M. Harmonized rules for future LCAs on 

pharmaceutical products and processes. Int J Life Cycle Assess 24, 1040-1057 (2019). 

https://doi.org/10.1007/s11367-018-1549-2 

The scientific purpose of this publication is twofold: First, it provides a generic structure of the 

framework (O.1.1) which comprises a definition of the product category, a proposal to cluster 

pharmaceuticals in corresponding product subcategories and an overview (table of content) 

of methodological requirements which have to be determined for pharmaceutical products. 

To this end, the concept of granularity is introduced, i.e. some rules apply to all pharmaceutical 

produces, whereas some subcategories may require specific rules.  

Second, harmonized rules are presented (O.1.2) based on the structural frame by reviewing 

and combining sector-specific LCA guidance documents with generic guidelines on PCR 

development and other approaches such as the product environmental footprint (PEF).  

This publication therefore contributes to answer RQ.1 by concatenating structural 

specifications with methodological results in terms of harmonized rules which are 

incorporated into the framework. 

II. Siegert M.-W., Lehmann A., Emara Y., Finkbeiner M. Addressing the use and end-of-

life phase of pharmaceutical products in life cycle assessment. Int J Life Cycle Assess 25, 1436-

1454 (2020). doi: https://doi.org/10.1007/s11367-019-01722-7 

The exclusion of the use and end-of-life stage is identified as one of the biggest gaps in existing 

LCA studies. The second publication addresses this issue by determining all potential API 

emissions and flows occurring from/within the use and EoL stage for the most prominent 

galenic formulations (O.2.1). Subsequently, a simplified quantification model for these API 

emissions and flows is presented (O.2.2). To this end, pharmacokinetic information is 

https://doi.org/10.1007/s11367-018-1549-2
https://doi.org/10.1007/s11367-019-01722-7
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combined with existing approaches (e.g. from risk assessment), studies and tools. It is then 

exemplarily tested for ibuprofen as a proof of concept.  

This publication addresses RQ.2 by systematically compiling API flows and emissions for 

different intake scenarios depending on the galenic formulation, and linking this qualitative 

information to a quantitative inventory model for the use and EoL stage. Since the model can 

be seen an integral part of the framework, the publication also contributes to meet O.1.2. 

III. Siegert M.-W., Saling P., Mielke P., Czechmann C., Emara Y., Finkbeiner M. Cradle-to-grave 

life cycle assessment of an ibuprofen analgesic. Sustainable Chem. Pharm. 18, 100329 (2020). 

https://doi.org/10.1016/j.scp.2020.100329   

The third publication complements the research approach by combining the findings obtained 

from the first two publications: The harmonized rules as well as the model for the use and EoL 

stage are applied in this cradle-to-gate case study on an ibuprofen-based analgesic (O.3). Even 

though a systematic test of the framework is not the focus of the third publication, the case 

study also allows to evaluate the practicability of the framework. However, this is also further 

discussed in chapter 4.2.  

Figure 2 summarizes the relations between the publications, the objectives, the research questions 

and the overall goal.

https://doi.org/10.1016/j.scp.2020.100329
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Figure 2: Link between the publications and the overall goal, research questions and objectives 

 



3 Results 

12 
 

3 Results 

The core of this thesis consists of three publications which are the main outcome of the research 

conducted with regard to the overall goal, research questions and objectives. In the following, each 

publication is summarized and presented in separate subchapters.  

3.1 Harmonized rules for future LCAs on pharmaceutical products and processes 

This chapter contains the following publication: 

▪ Siegert M.-W., Lehmann A., Emara Y., Finkbeiner M. Harmonized rules for future LCAs on 

pharmaceutical products and processes. Int J Life Cycle Assess 24, 1040-1057 (2019). 

https://doi.org/10.1007/s11367-018-1549-2 

In this publication, the potential structure and content of harmonized rules to conduct LCA in the 

pharmaceutical sector are compiled and discussed. To cover a broad spectrum of pharmaceutical 

products but also considering characteristics of certain pharmaceutical groups, we differentiate 

between generic (‘horizontal’) and specific (‘vertical’) rules. Generic rules are expected to be applicable 

for all pharmaceutical products, whereas specific rules depend on the therapeutic purpose of the 

pharmaceutical product under study.  

To address objectives O.1.1-O.2.2, a systematic bottom-up approach is utilized: generic standards and 

guidelines on PCR development are reviewed and complemented by information obtained from 

sector-specific guidelines, PCRs and LCA case studies on pharmaceutical products. Hence, the new 

rules are supposed to be in alignment with existing work but also provide more detailed information 

and close methodological gaps if necessary. Based on the review, the structure (i.e. elements that need 

to be included in a PCR for pharmaceutical products) and content (i.e. description of the 

aforementioned elements/rules) are determined. In particular, the definition of the ‘product category’ 

according to ISO 14025 and ISO/TS 14027 (ISO 2006a, 2017), elements of the goal and scope phase as 

defined in ISO 14040 and 14044 (ISO 2006b, 2006c), information on the life cycle inventory and other 

aspects (e.g. additional environmental information as part of Type III environmental declarations) are 

taken into account. Considering the structure of the rules and the definition of a product category by 

ISO 14025, two different product categories are introduced in the publication: Pharmaceuticals for 

human use as defined by the European Union (European Union 2001) (on a generic level) and 

pharmaceutical subcategories that fulfill the same therapeutic purpose according to the World Health 

Organization´s ‘Anatomic Therapeutic Chemical (ATC)’ classification scheme (WHO 2017) (on a specific 

level). 

Afterwards, a selection of rules which appear to be pharma-specific and pivotal methodological 

requirements for future pharma-LCAs are presented in this publication, namely rules for the product 
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system and system boundaries, the functional unit, the use and EoL stage, impact assessment and 

additional information. These rules are part of the later published ‘Product Category Rules (PCR) for 

pharmaceutical products and processes’1 (Siegert et al. 2019a) (see also Appendix A.4.). Within the 

PCR for pharmaceutical products and processes, the methodological requirements described in the 

first publication have been integrated. However, some minor changes have been made due to new 

findings (e.g. regarding the use and EoL stage) or practical causes. For transparency reasons, these 

deviations are presented in Appendix A. 1. Comparison of the Draft PCR and final framework. 

As the original publication was issued in 2018, additional recently published literature which could 

serve as input to the PCR development has been identified. 

While the PCR on vaccines for human or veterinary medicine by the International EPD system (IES 

2014) expired in 2018, one new sector-specific guideline and seven additional LCA case studies on 

pharmaceutical products has been published and identified since.  

The potential impacts of these additionally identified documents on the results presented in this 

publication are addressed in chapter 4.1.1. 

 
1 This document is licensed under a Creative Commons Attribution 4.0 International License. It has not been peer 
reviewed by a third party and thus, does not meet the official requirements for cumulative dissertations 
according to § 2 Abs. 2 PromO by TU Berlin. Therefore, it is not listed under ‘list of publication’. 



3 Results 

14 
 

 



3 Results 

15 
 

 



3 Results 

16 
 

 



3 Results 

17 
 

 



3 Results 

18 
 

 



3 Results 

19 
 

 



3 Results 

20 
 

 



3 Results 

21 
 

 



3 Results 

22 
 

 



3 Results 

23 
 

 



3 Results 

24 
 

 



3 Results 

25 
 

 



3 Results 

26 
 

 



3 Results 

27 
 

 



3 Results 

28 
 

 



3 Results 

29 
 

 



3 Results 

30 
 

 



3 Results 

31 
 

 



3 Results 

32 
 

3.2 Addressing the use and EoL of pharmaceutical products in LCA 

This chapter contains the following publication: 

▪ Siegert M.-W., Lehmann A., Emara Y., Finkbeiner M. Addressing the use and end-of-life 

phase of pharmaceutical products in life cycle assessment. Int J Life Cycle Assess 25, 1436-

1454 (2020). https://doi.org/10.1007/s11367-019-01722-7 

In this publication, a major gap in existing LCAs from the pharmaceutical sector is addressed, namely 

the inclusion of the use and EoL stage. Since the majority of pharmaceutical emissions are assumed to 

occur in these life cycle stages due to excretion or disposal of unused medicine, their consideration is 

particularly important if pharmaceuticals are assessed which are expected to have a significant impact 

after their release to the environment. To this end, a model for the use and EoL stage is developed to 

quantify potential API emissions arising from these life cycle stages (objective O.2.3). Since the model 

depends on some regional assumptions (e.g. regarding waste water treatment technology), we chose 

Germany as geographic scope but indicated if the model may need to be modified in case of other 

regions are being assessed. To increase the applicability of the model and incorporate different 

potential emission pathways of an API, we differentiate between three main galenic formulations: (1) 

Pharmaceuticals for oral, other mucosal or parenteral applications; (2) Pharmaceuticals for cutaneous 

application; (3) Pharmaceuticals for pulmonary application. Depending on their form of application, 

the use and EoL stage is qualitatively described and associated flows of the API are identified. Based 

on the procedure to calculate the predicted environmental concentration (PEC) of an API in surface 

water by the European Medicines Agency (EMA) (EMA 2018), different approaches are then developed 

to quantify these API flows for each galenic formulation.  

The use stage comprises the application and storage of the pharmaceutical product, the disposal of 

packaging and unused medicine, as well as the pharmacological behavior of the API in the body. After 

excretion, exhalation or wash off, the API and its metabolites enter the EoL stage. Here, it is either 

directly emitted to air (after exhalation) or to the waste water treatment plant (WWTP) (after excretion 

or wash off). In the WWTP, the API and metabolites are (partially) removed and residues enter the 

surface water bodies. The removal rate and distribution behavior of the substances to air, sewage 

sludge or effluent during the WWT are estimated with the tool SimpleTreat 4.0 by the Dutch National 

Institute for Public Health and the Environment (RIVM).  

The feasibility of the model is finally tested for the oral intake of ibuprofen. Here, we are able to 

quantify all flows related to the API (parental compound) with publicly available data even though the 

quality and magnitude of some parameters (such as the biodegradation rate) vary significantly. The 

metabolites are excluded since this calculation only serves as a proof of concept. 
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The supplementary material to this publication is presented in Appendix A. 2. Supplementary material 

to publication 2. It comprises the following information: 

▪ Input parameters (‘base-set data’) for the calculation with SimpleTreat 4.0 

Due to an error during typesetting, a correction article was published. It is attached to the original 

publication in this section. 



3 Results 

34 
 

 



3 Results 

35 
 

 



3 Results 

36 
 

 



3 Results 

37 
 

 



3 Results 

38 
 

 



3 Results 

39 
 

 



3 Results 

40 
 

 



3 Results 

41 
 

 



3 Results 

42 
 

 



3 Results 

43 
 

 



3 Results 

44 
 

 



3 Results 

45 
 

 



3 Results 

46 
 

 



3 Results 

47 
 

 



3 Results 

48 
 

 



3 Results 

49 
 

 



3 Results 

50 
 

 



3 Results 

51 
 

 



3 Results 

52 
 

 



3 Results 

53 
 

 



3 Results 

54 
 

 



3 Results 

55 
 

3.3 Case study of an ibuprofen analgesic from cradle to grave 

This chapter contains the following publication: 

▪ Siegert M.-W., Saling P., Mielke P., Czechmann C., Emara Y., Finkbeiner M. Cradle-to-grave life 

cycle assessment of an ibuprofen analgesic. Sustainable Chem. Pharm. 18, 100329 (2020). 

https://doi.org/10.1016/j.scp.2020.100329  

In this publication, the methodological rules for pharma-LCAs (first publication) as well as the model 

to include the use and EoL stage (second publication) are combined and incorporated in a case study 

on an ibuprofen analgesic.  

The goal of the study is to assess the potential environmental impacts of Eudorlin® Extra (coated 

tablets in a PVC/aluminum blister) from cradle to grave.  

For this purpose, the production (API manufacturing, galenic formulation and packaging), the use of 

the pharmaceutical as well as its EoL are taken into account. The functional unit is defined as the 

treatment of an adult in Germany with the purpose of pain relief for 4 days, the reference flow is one 

package Eudorlin® Extra (10 tablets with 400 mg ibuprofen per tablet). Primary data for the API 

production, galenic formulation, packaging and distribution is gathered from the manufacturing 

companies BASF (API production) and Berlin Chemie (galenic formulation, packaging distribution). 

Background data for the production stage is either collected and utilized from commercial databases 

such as GaBi and Evoinvent, or estimated by combining existing process design approaches with 

stoichiometric and thermodynamic calculations. Transportation activities are included by using default 

data on transport distances, types and utilization of vehicles. To consider API emissions occurring from 

the use and EoL, the approach presented in the second publication is applied to predict the emissions 

of the parental compound and its metabolites from the WWTP. Non-API emissions from waste water 

treatment and disposal activities are modelled by linking respective elementary flows with aggregated 

datasets from GaBi.  

The impact assessment is performed for the categories ‘climate change’, ‘human toxicity’, ‘ecotoxicity’, 

and ‘abiotic depletion’. The interpretation is performed by determining the environmental hot spots 

for each life cycle stage, and conducting a sensitivity analysis on a unit process level. 

The assessment reveals that the production stage is the largest contributor to all environmental 

impacts, whereas the share of the use and EoL stage is rather low. This can be explained by the high 

material input during the manufacturing on the one hand, and a high metabolization rate of ibuprofen 

and its good degradability in the WWTP on the other hand. However, the case study also reveals some 

methodological challenges, such as missing characterization factors (CF) for the metabolites of 



3 Results 

56 
 

ibuprofen, redundant elementary flows within aggregated datasets, and strong variability among 

published data on ibuprofen (e.g. biodegradation rate). 

The supplementary material to this publication is presented in Appendix A. 3. Supplementary material 

to publication 3. It comprises the following information: 

▪ Pharmacokinetic data for ibuprofen and its main metabolites 

▪ Input parameters (‘base-set data’) for the calculation with SimpleTreat 4.0 

▪ Modelling assumptions (for production, distribution, use and EoL stage) 

▪ Additional Life Cycle Impact Assessment (LCIA) results for Eudorlin® Extra (absolute and 

relative values) 

▪ Environmental heat map for the galenic formulation 
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4 Discussion  

In the previous section, the results in the form of three publications are presented. To facilitate the 

consecutive discussion and to identify remaining challenges, core findings of these publications are 

outlined with regard to the research questions. 

▪ How should a LCA framework for pharmaceutical products be outlined to provide 

methodological guidance on sector-specific questions and challenges (RQ.1)?  

The general concept of PCR is used as a formal blueprint for the framework development. 

Generic LCA documents, sector-specific guidelines, existing PCRs and LCA case studies are 

utilized as a structural and content-related basis. The strong relatedness particular to the (fine) 

chemical sector, however, impedes a strict separation of these product categories: Especially 

for LCA case studies of pharmaceutical intermediates, it is difficult to decide whether they 

belong to the pharmaceutical or (fine) chemical sector. This circumstance makes it even more 

challenging to identify and compare proper studies that are useful for the framework 

development.  

Based on this bottom-up approach, formal and content-related requirements are composed 

and depicted for selected examples (i.e. specification of product category to ensure 

comparability, definition of product system and system boundaries, functional unit, use- and 

EoL stage, additional information and other cross-cutting issues) where pharma-specific rules 

are deemed to be necessary. First fundamental methodological specifications are provided for 

future LCA studies from the pharmaceutical sector. Due to the complexity and versatility of 

the topic and formal requirements of the journal, some issues such as spatial aspects, the 

influence of the galenic formulation, or modelling the use and EoL stage are only touched upon 

in the first paper superficially. They are either addressed in other publications or further 

explained and integrated in the PCR for pharmaceutical products and processes (Siegert et al. 

2019a). Finally, the framework is applied in a case study presented in the third publication, 

whereas a systematic, comprehensive field-test of the framework’s practicability and 

transferability to other product group is not part of the publication. 

▪ How can life cycle stages beyond the manufacturing stage of pharmaceuticals be modeled 

(RQ.2)? 

Initial thoughts about a qualitative concept to model the use and EoL stage of a pharmaceutical 

are already presented in the first publication. But since this has been identified as one major 

gap in the application of LCA in the pharmaceutical sector, the concept is refined and a more 

detailed inventory model for the use and EoL stage is outlined in the second publication. For 

this purpose, the respective processes and flows are depicted depending on the different 
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galenic formulations, and calculation approaches as well as respective data sources for each 

flow are presented. To achieve the goal of an easy-to-use approach to model the use and EoL 

stage, a limitation of the geographic scope as well as modelling assumptions are inevitable. 

For instance, we only consider German conditions which implies certain standards regarding 

WWT and waste management. Furthermore, other simplifications such as the neglection of 

transformation products outside the body (e.g. due to bacterial degradation within the WWTP) 

are made, primarily due to a challenging data basis. The model has been tested for one 

example (oral intake of 1 tablet ibuprofen) but it´s application needs to be further evaluated 

and validated for other galenic formulations/types of medicine. 

Other life cycle stages beyond or processes within the manufacturing stage, such as pre-

manufacturing processes/research and development (R&D), are not yet considered in the 

framework.  

Due to the complementary character of all three publications, the discussion section is divided into 

methodological (chapter 4.1) and practical (chapter 4.2) challenges related to the overall results 

presented in chapter 3. To this end, a critical appraisal of the research is examined complementing and 

broadening the discussion within the publications. In addition, novel findings of this work are put in 

the context of the current scientific state of the art. 
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4.1 Methodological challenges 

This chapter further addresses remaining methodological challenges and open issues arising from this 

research. Furthermore, it presents potential approaches to overcome these obstacles.  

4.1.1 Underlying literature update and comparison with the current framework  

According to ISO 14025 chapter 6.7.1 (ISO 2006a) and ISO/TS 14027 chapter 6.1 (ISO 2017), a PCR shall 

be based on relevant LCA- and/or footprint studies or other environmental information. Thus, the 

framework complies with these criteria for PCR development and harmonization with regard to its 

structure and content by building upon existing standards, sector-specific guidelines, PCRs and 

pharma-LCAs but the content goes beyond existing PCRs. For instance, it follows the modular approach 

for Type III Environmental Product Declarations but further specifies the product system by redefining 

the life cycle modules for pharmaceuticals. Thus, respective processes can be clearly assigned to the 

upstream, core and downstream system which is crucial since this is contingent on data quality 

requirements (especially in the case of generic pharmaceuticals with complex supply-chains through 

sub suppliers and other service providers).  

To ensure the currency of the framework, an update of the underlying literature research according to 

the first publication is performed. As already mentioned in chapter 3.1, it results in 7 new pharma-

LCAs (Jung et al. 2021; Marco et al. 2019; Parvatker et al. 2019; Renteria Gamiz et al. 2019; Sharma et 

al. 2020; Wang et al. 2021; Yang et al. 2021) and one new sector specific guideline (Pålsson et al. 2019). 

Searching the databases of existing program operators compiled by Minkov (2020) results in neither 

PCR nor EPD for pharmaceuticals or related product categories. 

All LCA case studies assess a product system from cradle to gate focusing on the manufacturing 

process, with the exception of (Jung et al. 2021) who evaluate different galenic formulations from a 

cradle to grave perspective. Hence, the current tendency within the sector to examine pharmaceutical 

manufacturing processes rather than applying LCA to pharmaceutical products is confirmed. It is 

noteworthy that two case studies (Jung et al. 2021; Yang et al. 2021) are already referring to the 

framework and applied some methodological requirements in their work. However, significant 

deviations or novel aspects which should be integrated in the current framework could not be 

identified within the case studies. In general, the supporting (or underlying) LCA or footprint studies 

revealed a particular benefit to collect information on common practice with regard to the 

goal/intended application of the study, the FU definition, impact assessment categories and methods 

as well as potential data sources. But their actual use to derive rules within the framework 

development is limited due to their restricted scope and methodological variabilities. A broader focus 
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on other LCA studies, e.g. related to chemicals and WWT methods, could probably gain further insights 

into life cycle sections.  

A publication by the IVL Swedish Environmental Research Institute reveals a high pertinence for this 

work. The authors outline a two-dimensional environmental assessment model for pharmaceutical 

products including (1) API emissions from a risk assessment perspective and (2) a product carbon 

footprint based on the product life cycle. Furthermore, they present a PCR draft (‘PCR embryo’) on 

pharmaceutical products to enable comparison of pharmaceuticals with the same API and, in the long-

term, increase the quality and reliability of LCA results. Within their proposal, they exclude 

communication purposes and environmental impact categories other than climate change. 

Since the current framework presented in this thesis is based on the LCA methodology, particular 

attention is paid to the carbon footprint and PCR development presented therein. In the following, 

similarities and deviations are shortly described: 

Within their work, they confirm the use of ISO 14025 (and explicitly PCR) as well as other sources which 

have been already incorporated in the framework development (e.g. the ‘Greenhouse Gas Accounting 

Sector Guidance for Pharmaceutical Products and Medical Devices’ from the National Health Service 

(NHS 2012)) as a groundwork for a life cycle-based evaluation of pharmaceutical products. 

They also emphasize the use of generic and more specific rules (‘level of reporting’) which is common 

practice for EPD programs or other initiatives such as PEF. With regard to a product category definition, 

the authors refer to the proposal herein which utilizes the ATC classification system but they also stress 

the complexity to define appropriate product categories based on the individual function of a 

pharmaceutical (see also chapter 4.1.2).  

More generic rules such as allocation procedures and data quality requirements are identical and 

follow the requirements according to ISO 14040/44. 

Slight differences can be found in the definition of the product system, i.e. life cycle stages and 

modules. For simplicity reasons they solely focus on API production and galenic formulation within the 

PCR embryo. Even though the authors are aware that different manufacturing steps can be performed 

by multiple suppliers and thus, different data quality requirements apply (e.g. the demand for site-

specific data), they only differentiate between ‘cradle to gate API’, ‘cradle to gate pharmaceutical 

product’ and ‘cradle to grave pharmaceutical product’. This, however, does not include the case that, 

within the manufacturing stage, the API synthesis, the galenic formulation and the packaging can be 

carried out by three different companies. 

Although a broad consensus exists with regard to the inclusion/exclusion of (non-)attributable 

processes, there are some deviations, especially regarding the use and EoL stage: Contrary to the 
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framework presented herein, the PCR embryo generally excludes processes related to equipment to 

administer the pharmaceutical product, human metabolism, or effects of the pharmaceutical after 

entering the environment. 

Another controversial point of discussion is the definition of the FU. Here, the authors propose either 

a mass-based FU for ‘cradle to gate API’ studies which is in alignment with the framework. For other 

scopes (i.e. ‘cradle to gate pharmaceutical product’ and ‘cradle to grave pharmaceutical product’) they 

propose a FU of 1 Defined Daily Dose (DDD), whereas an effect-based FU (as proposed in the 

framework) would lead to an increase of results that need to be reported for a product (depending on 

the treatment scenario). This is a valid argument since it increases the degree of complexity in a study. 

However, the definition of a FU is strongly related to the product category definition and thus, pivotal 

for the comparability of products: According to ISO 14025, a product category is ’a group of products 

that can fulfill equivalent functions’ and a FU is the ’quantified performance of a product system for 

use as a reference unit’. ISO/TS 14027 further specify the FU as ’the intended function or service of the 

product’. Hence, the same FU shall be applied within one product category. Comparability is only given 

if products belong to one product category, i.e. fulfill a equivalent function (expressed by the FU). The 

DDD, however, is similarly to 1 kg API only a mass-based FU (i.e. ’declared unit’) and an added value is 

therefore questionable. The intended function of the product is the therapeutic purpose of a 

pharmaceutical which should be also reflected in the FU. Reasons for the need of additional 

information within the effect-based FU (such as specification of the geographic region) is already 

described in the first publication (Siegert et al. 2019b).  

Finally, the PCR embryo includes only one impact category, namely climate change. This results not 

only in more streamlined (single-issue) LCAs, it has also influence on other methodological choices. For 

instance, a mass-based cut-off criterion (possible exclusion of inputs from that contribute less than 1% 

to the unpackaged weight of the product) is established which might be feasible for carbon footprint 

studies. If toxicity-related impact categories are considered, however, a cut-off criterion based on 

environmental significance appears to be more appropriate since also chemical substances with a small 

share of weight can be highly toxic.  

In summary, the trend to perform LCAs for pharmaceutical manufacturing processes rather than for 

pharmaceutical products is confirmed. Only few LCA case studies have been published so far with the 

number of LCA studies on APIs or actual pharmaceutical products being even smaller. The only PCR on 

vaccines for human or veterinary medicine by the International EPD system expired in 2018 without 

reactivation. Since then, one sector-specific guideline in form of a PCR embryo has been published. 

Besides many similarities, some deviations between the PCR embryo and the framework within this 

thesis exist which can be mainly traced back to different objectives and scopes.  
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4.1.2 Comparability of pharmaceuticals 

Comparisons can be basically performed for either manufacturing process variants or on a product 

level (e.g. comparison of drugs with same API but different galenic formulations, drugs with different 

API and same galenic formulations but identical therapeutic application etc.). In this chapter, I solely 

focus on the comparability of products since manufacturing processes are an integral part of the 

product level. Moreover, the comparison of manufacturing alternatives is already common practice in 

the pharmaceutical sector, whereas the comparison of pharmaceutical products is not yet widely 

practiced. 

One important application of PCR and EPD is to facilitate a comparison of product variants within the 

same product category. ISO/TS 14027 chapter 5.3 describes that ’PCR are intended to increase, as far 

as possible, the comparability of Type III environmental declaration and footprint communications for 

products in the same product category using the same PCR’. The current framework further specifies 

the requirements for comparability as defined in ISO 14025 chapter 6.7.2 for pharmaceutical products 

and thus, theoretically enables a comparison of pharmaceuticals according to the normative 

requirements. However, this is not current practice in pharma-LCAs which can have several reasons. A 

work by Soete et al. (2017) confirms that most of the manufacturing companies apply LCA for internal 

hot spot analyses or compare different manufacturing techniques by using a mass-based FU. 

Communication purposes (business to business B2B or business to consumer B2C) play a minor role. 

Moreover, the majority of actors from the healthcare (including pharmaceutical) sector prefer a 

product-specific assessment approach rather than sector- or product group-specific concept. On the 

downside, the need for harmonization (especially regarding LCIA) is shown, which might be 

contradictory to the individual product-specific perspective of some industrial parties. 

Two main aspects shall be contemplated when the comparability of products is discussed: The 

definition of the product group (including classification) and the FU. These methodological 

requirements demarcate the product (group) by a function-based boundary. 

The U.S. Food and Drug Administration (FDA) defines the pharmaceutical product and their function 

as substances ’intended for use in the diagnosis, cure, mitigation, treatment, or prevention of disease 

and articles (other than food) intended to affect the structure or any function of the body of man or 

other animals’ (FDA 2021) which is also in alignment with the definition by the European Commission 

for medicinal products (European Union 2001). This is indeed too generic for determining a proper 

product category that allows comparisons and thus, needs to be further specified. This is done by 

applying the ATC-classification scheme which allows to categorize APIs according to their chemical, 

pharmacological and therapeutic characteristics (see chapter 3.1). Another promising categorization 

scheme is published by the European Pharmaceutical Market Research Association (EphMRA). In 
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contrast to the ATC classification scheme, it classifies products (not substances) on three to four levels 

mainly according to their use and indications. Both classification systems strive for a higher 

convergence with a harmonization on the third classification level (EphMRA 2021). Thus, it could be 

used as an additional confirmatory standard within the existing approach. 

It must be noted that the definition of product categories is always a compromise that comes along 

with simplifications regarding certain product characteristics (such as flavor, tolerability, side effects 

etc.). A product category should always be as accurately as necessary and as generic as possible. The 

decisive factor, however, is the intended core function of the product. Product sub-group definitions 

based on the third level of both classification schemes fulfill these requirements by premising on a 

widely accepted basis to cluster pharmaceutical products based on their equivalent (therapeutic) 

function. Multiple pharmacological functions of a drug are also covered by this approach since one API 

or product can be assigned to various subcategories. Within the goal and scope phase it must be 

determined by the developer of the study. By referring to the specific subcategory or classification 

code, the function of the product system under study can be unambiguously identified.  

This shall be also reflected in the FU which is the quantified performance of a product system that 

serves as reference unit in LCA. Thus, the function (i.e. therapeutic purpose) shall be derived from the 

products categorization and embedded in the FU. There might be the case that multiple 

pharmacological effects are desired by the patient, which can be either achieved with one or several 

products. This needs then to be included in the FU. If only one pharmacological application is desired, 

however, these multiple effects should not be included since the FU only represents the ’intended ’ 

function (see ISO/TS 14027, chapter 6.5.2) and not unintended effects. This issue is further addressed 

in chapter 4.1.3. 

Obviously, the definition of product categories and FU in the context of pharmaceuticals is a 

challenging but crucial task. By keeping the big picture in mind, it is highly recommended to include a 

consumer perspective more strongly (in addition to the findings by Soete et al. (2017) in future 

strategies to avoid misleading conclusions. There might be many cases where APIs/pharmaceuticals 

are highly specialized and crucial for a patient’s treatment. But these products are not the cases that 

are considered here. A comparison could particularly be interesting for the generic market where the 

consumer can actively decide which product they want to buy (given that the products are 

exchangeable from a pharmacological point of view). This potential for purchasing decisions is already 

outlined through a representative poll for the U.S. market (Dohle et al. 2013). 

Furthermore, it should be noted that potential uncertainties regarding the comparability of 

pharmaceuticals not only arise from the definition of the product category and its function but also 

from the ’receiver side’: In this framework, an average patient is assumed without considering 

individual characteristics such as age, pre-existing conditions etc. which can also lead to significant 
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differences under real life conditions. However, LCA is a model-based assessment method and these 

generalizations are necessary boundary conditions which are already applied in other contexts, e.g. to 

define a DDD. 
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4.1.3 Positive impacts of pharmaceuticals 

To provide a holistic and comprehensive basis for decision making, positive impacts of pharmaceuticals 

should also be taken into account to complement results from LCA studies. A benefit-risk assessment 

is already part within the approval process for pharmaceuticals and includes health-related as well as 

environmental risks. Moreover, the pharmacovigilance after market approval mainly aims at 

monitoring health-related risks but partly includes environmental aspects as well (at least for 

veterinary medicine).  

LCA is a damage-oriented assessment method although some concepts have been already developed 

in the meantime to include positive impacts into LCA. Several studies deal with this issue (e.g. Di Cesare 

et al. (2018); Ekener-Petersen and Moberg (2013); Petti et al. (2018)) whereby significant overlaps to 

other disciplines such as Economics, Social LCA (SLCA), consequential LCA and Sustainability 

Assessment can be observed.  

In this section, potential approaches are briefly outlined and it is described how this dimension can be 

integrated in the existing framework. To this end, it is necessary to differentiate between intended and 

not intended positive impacts. In the current framework, only the intended positive impact of 

pharmaceuticals, represented by its therapeutical function, is covered by implementing it into the FU 

(see also chapters 4.1.1 and 4.1.2). The function can be also described in the additional information if 

an EPD is created. According to Schaubroeck and Benetto (2018), this is one way to consider positive 

impacts in terms of a product´s function. However, it is questionable whether the benefits of 

pharmaceuticals are sufficiently included.  

Within SLCA, for instance, several indicators related to the impact category ’Human health’ exist, such 

as ’DALY (Disability-adjusted Life Years)’, ’LEX (Life Expectance at Birth’ or ’infant mortality’ (Arvidsson 

et al. 2018).  

DALY is one of the most prominent indicators which was developed by the World Health Organization 

(WHO) as an indicator that ’represents the loss of the equivalent of one year of full health’ (WHO 

2021c). Thus, its use appears to be quite appropriate for pharmaceutical products which have the 

purpose to restore or ensure the health of a human being.  

DALY is calculated as the sum of ’years of life lost (YLL)’ and ’years of life disabled (YLD)’ which include 

factors, such as the difference of actual age at death and life expectancy of the population, duration 

of disability and a severity factor from complete health to complete disability (Scanlon et al. 2013). It 

is already implemented as an aggregated endpoint result in the ReCiPe impact assessment method 

(Huijbregts et al. 2017) and can be applied to assess both, environmental impacts occurring from a 



4 Discussion 

78 
 

products life cycle as well as avoided impacts from the products use. Six case studies from the 

pharmaceutical sector already applied ReCiPe at an endpoint level calculating a DALY for the emissions 

of their product system from cradle to gate. The application of DALY to assess the positive impact of 

pharmaceuticals on human health, however, seem to be less common in the pharmaceutical industry. 

The positive counterpart of DALY is the indicator QALY (’Quality-Adjusted Life Years’) as part of HALY 

(’Health-Adjusted Life Years’) which originates from Health Economics and represents the years of life 

without health-related disabilities (Prieto and Sacristán 2003).  

(Debaveye et al. 2016) propose an integrated approach to reflect human health effects (benefits and 

burdens) of a pharmaceutical treatment. They emphasize the need of a harmonization of DALY and 

QALY to a single score but also underline the methodological challenges, such as quantification of 

reference health states, efficiency- versus equity-based weighting of ages, differences in the 

perspectives/meaning of both indicators, high uncertainties in predicting (in-) direct future costs and 

benefits and value choice perspectives within existing endpoint-based LCIA methods. 

These challenges underscore the (partly) subjective character of endpoint-based LCIA and the 

challenging tasks to reproduce and quantify reliable cause-effect chains. This is even more uncertain if 

unintended positive impacts are assessed.  

In a follow-up publication, (Debaveye et al. 2019) assess potential environmental benefits and burdens 

related to the treatment of schizophrenia by combining a Markov Model with LCA. The results are 

DALY (burdens) and DALY avoided (benefits) which are confirmed by separate QALY calculation. This 

differs from their previous approach to create a single score indicator from QALY and DALY. 

Given the fact that there is not yet a clear consensus how positive impacts (of pharmaceuticals) shall 

be included or a harmonization of DALY and QALY to a single score can be realized, a consideration of 

the intended therapeutic function by means of the FU appears to be the most convenient solution. 

However, DALY could be used as an additional cumulative (screening) indicator (especially in the early 

stages of product development) to estimate which risks along the life cycle (positive DALY value) could 

outweigh the therapeutic purpose of the pharmaceutical (negative DALY value) and thus, to identify 

neuralgic points within the life cycle that need to be optimized. To this end, API emissions as part of 

the LCI shall also be integrated into the DALY quantification by feeding into the preceding midpoint 

categories. Representative scenarios with and without treatment of a patient with a pharmaceutical 

need to be developed to facilitate a delta analysis of the DALY for each scope. The framework published 

by Debaveye et al. (2019) provides a good starting point for this purpose.  

However, uncertainties related to e.g. value choices remain and results shall be therefore carefully 

reconsidered. 
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4.1.4 Expansion of system boundaries 

In this work, life cycle stages beyond manufacturing are limited to the use and EoL stage (see chapter 

3.2) as of yet since this can be clearly assigned to a pharmaceutical product. However, some 

publications propose to extend the system boundaries to both directions, the upstream as well as the 

downstream.  

With regard to the upstream, especially the inclusion of Research and Development (R&D) could be 

relevant for the environmental assessment of a pharmaceutical. Here, R&D includes all (non-) clinical, 

regulatory and post-marketing activities, i.e. processes related to the medicines´ discovery, 

examination, approval and monitoring after approval. This is illustrated in Figure 3. 

 

Figure 3: Generic R&D process of an pharmaceutical product according to Eupati (2021). Starting with several thousand 

potential candidates for certain health-related problem, it is narrowed to one single medicine for the clinical trials which 

needs to be finally approved.  

Even though there are multiple studies in the context of R&D and LCA, however, they often discuss the 

role of LCA within R&D to facilitate decision making in early product development stages (e.g. 

Baldassarri et al. (2016); Hesser et al. (2017)). A methodological proposal how R&D can be integrated 

in an LCA for already developed and sold pharmaceutical products is missing. 

This life cycle section is highly driven by efficiency, potential prospects of success and the actual health 

improvements. Thus, it is usually characterized by long-term and cost-intensive processes which can 

have a strong influence on the future environmental performance of the final product. Whereas some 

perpetual R&D activities (e.g. as part of pharmacovigilance) can be clearly assigned to the product 

under study, it is still challenging how (often lengthy and rarely straight) drug discovery processes in 

very early stages can be allocated to a single product. Contrary to other ’multi-purpose plants’ where 

similar allocation problems occur, the output of R&D facilities is often not clearly defined and hence, 

elementary flows cannot be properly allocated. Furthermore, the data collection could be very 

challenging for research projects. This is also aggravated by current R&D strategies of pharmaceutical 

companies, such as outsourcing and establishing R&D cooperations etc. (Banerjee and Siebert 2017; 

Teramae et al. 2020). Thus, they are usually excluded in LCA studies. 
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Due to these challenges, it is therefore proposed to follow the ISO 14040/44 standards by avoiding 

allocation problems through system expansion. To this end, at least all potential environmental 

impacts associated with the processes after drug discovery and non-clinical development (see Figure 

3) should be considered within the LCA study since the total amount of ’by-products’ from the R&D 

process is then boiled down to only few promising candidates. Hence, it might be easier to assign inputs 

and outputs from subsequent processes to the final product. As we focus on already authorized 

products and their preceding R&D, market approval can be seen as a precondition for including R&D 

in pharma-LCA. 

In the (expected) rare case that R&D activities cannot be clearly assigned to a single product, the R&D 

stage could be either separately evaluated on a qualitative or (semi-) quantitative level without 

considering the results in the overall LCIA (e.g. as proposed by Schimpf and Binzer (2012), or allocation 

could be performed. According to ISO 14044, inputs and outputs should be ’allocated between the 

products and functions in a way that reflects other relationships between them’ (ISO 2006c). 

Therefore, alternatively or complementary to existing allocation methods (physical relationship or 

economic value), allocation could also be conducted based on the actual benefit (according to the 

definition within the benefit-risk assessment, BRA) of a pharmaceutical which is deemed to be the final 

desired result of an R&D process. For instance, (Curtin and Schulz 2011) mention the ratio of the 

’Number needed to harm (NNH)’ and the ’Number needed to treat (NNT)’as potential indicator to 

express a pharmaceutical´s BRA in clinical trials. If NNH/NNT >1, less ’patients need to be treated to 

observe a benefit from the drug than to have one additional occurrence of an adverse drug reactions’ 

(Curtin and Schulz 2011). To appreciate a products´ (functional) benefit also from an environmental 

point of view and to promote the efficiency of R&D activities, a better BRA should result in less 

environmental burden compared to products with a poorer BRA. To reflect these correlations, a 

potential allocation factor could be calculated with the following equation: 

𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 = 1 −
(

𝑁𝑁𝐻

𝑁𝑁𝑇
)

𝑎

∑ (
𝑁𝑁𝐻

𝑁𝑁𝑇
)

𝑖𝑖≥1

 𝑚𝑖𝑡 𝑎 ∈ 𝑖      (Eq.1) 

with the NNH/NNT ratio for an arbitrary product a (a=1,2,3,…n) and the sum of all NNH/NNT ratios for 

all products (including product a) that need to be considered in the allocation step. By multiplying the 

in-/outputs with the product-specific allocation factor, the flows can be partitioned between the 

desired product and the other products. 

With regard to the downstream, other elements of a healthcare pathway (such as doctors’ 

consultation, surgeries etc.) could be included. This assessment of the entire treatment pathway is 

already proposed in some publications (e.g. Kløverpris (2018); NHS (2015); Soete et al. (2017)) to 
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facilitate a fair comparison on a patient level. This might be theoretically feasible for the scope 

proposed by the authors, however, it also reveals some obstacles. First, this approach will most likely 

diminish the share of pharmaceuticals in the total LCIA results and, depending on the impact category, 

might distract from the environmental relevance of this product category. For example, the Global 

Warming Potential (GWP) (relative contribution) of the veterinary medicine IMPROVAC® is extremely 

low for the manufacturing step if the subsequent animal breeding and slaughter is included (Pfizer 

2012). The same effect is expected if energy-intensive processes such as surgeries are involved. 

Second, it will increase the uncertainty of the results and effort to collect data since more inventory 

data, scenarios and assumptions are involved. This seems to contradict the call for simplification of the 

LCA method and the development of streamlined tools. Therefore, the current practice should be 

rather extended by a product-perspective (e.g. though a proper definition of the FU (based on the 

therapeutic effect) as well as the system boundaries) before assessing the complete healthcare 

pathway. This appears to be the more reliable way to assess the potential environmental impacts of 

pharmaceuticals.  
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4.1.5 Transferability of the framework to veterinary medicine 

The current work refers to pharmaceuticals for human use. However, the findings might also be 

applicable to other product categories. The most obvious are certainly veterinary medicinal products, 

but also personal care products, dietary supplements and other goods related to the healthcare sector, 

such as medical devices, could benefit from the work presented herein.  

Veterinary medicine, however, is of particular interest from an environmental point of view because 

of a high risk of direct and indirect API emissions from livestock to aquatic and terrestrial ecosystems 

and an affiliated threat of antimicrobial resistance due to the use of antibiotics (Beek et al. 2016). 

Consequently, there is a high chance for human beings to be exposed to resistant germs because of 

the numerous potential pathways (e.g. soil-human, soil-crop-animal-human, soil-water-human, 

animal-human). Finally, environmental aspects for animal drugs carry a great deal of weight since a 

refusal of approval due to the ERA results is theoretically possible for veterinary pharmaceuticals which 

is contrary to pharmaceuticals for human use (Ågerstrand et al. 2015). 

Most aspects of the framework are expected to be also applicable for veterinary due to the similarities 

between the two product categories. This linkage between these product categories becomes also 

apparent by taking a look at the only (and now expired) PCR which refers to human and veterinary 

pharmaceutical products (IES 2014). However, some modifications might be necessary: 

1) For the definition of the product category/product classification, the general framework rules can 

be adopted but the ATC classification scheme needs to be replaced by its veterinary counterpart 

ATCvet which uses the same methodological principles (WHO 2021a). For the ATCvet system, it might 

be sufficient to utilize the second classification level (therapeutic main group) to define the product 

sub-categories instead of the third level as proposed for the ATC classification scheme. 

2) The FU has to be modified with regard to the ’patient’ and the disease/indication (based on ATCvet).  

3) The use and EoL stages are clearly the most product group specific elements. Similar to 

pharmaceuticals for human use, the general procedure of intake, excretion and emission apply and 

veterinary medicine can be either directly or indirectly emitted to the environment. But in contrast to 

the application in/on humans, the ways of emissions are not only affected by different galenic 

formulations, but also by the form of animal husbandry (intensive/extensive), type of animal 

(pet/livestock) and the animal species itself. For instance, the EoL flow of liquid excrements to WWTP 

applies to intensive livestock breeding at most whereas this flow might be negligible for other cases 

which are dominated by more diffuse emission sources (Kaczala and Blum 2016). Same applies to solid 

and semi-solid excrements (manure/slurry) which are either directly applied to soil as fertilizer, or 
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collected, pre-treated and used in biogas plants. In the latter case, the product system shall contain all 

related treatment processes until the flow meets the end-of-waste status. Irregular drug disposal via 

sinks or toilets as one emission source of APIs according to Siegert et al. (2020a) is assumed to be 

insignificant for veterinary medicine. 

4) The choice of impact categories is closely related to the definition of the product system and in 

particular the use and EoL stage. For instance, depending on whether or not the breeding is included 

in the assessment, it might be necessary to expand the existing set of impact categories since LCA 

studies on animal farming often include the impact categories ’acidification’, ’eutrophication’ and/or 

’land use’ (e.g. Dourmad et al. (2014); Haas et al. (2001); McAuliffe et al. (2016); OGINO et al. (2007)). 

As proposed in the framework, pharma-specific impacts shall also be included (either within the impact 

assessment or as additional information).  

Conclusively, the adjustment requirements are only minor and thus, the framework should be easily 

adaptable for veterinary medicine. Vice versa, LCA studies on veterinary medicine could also provide 

valuable information on methodological issues, such as estimation approaches for missing inventory 

data. Therefore, they should not be completely omitted in future considerations.
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4.1.6 Definition of the use and EoL stage 

The description of the use and EoL stage is based on existing literature and expert knowledge. It 

represents the generic flow and emission of an API and further specifies these flows and emissions 

depending on the galenic formulation (see O.2.1). The aspiration of this objective was to provide a 

rather comprehensive overview of all potential API flows and emissions, i.e. the product system was 

not limited or restricted through a preceding selection of flows/emissions based on their (presumed) 

environmental significance. Moreover, it was also the basis for the quantitative use and EoL model. 

However, the assignment of certain flows to specific life cycle modules may differ and was adjusted 

for this work: Contrary to the proposal within the first publication, transportation and distribution 

processes from manufacturing sites to pharmacies and hospitals as well as patient travel are not part 

of the use stage but included in a separate ’distribution stage’ (see (Siegert et al. 2019a). Therefore, 

the definition of the product system has been further harmonized with the modular approach that is 

used by PEF and other program operators. 

Yet, the attribution of some flows and processes might not be explicit (e.g. for excretion process) since 

they act as transition processes between the use and EoL stage which convert the product flow to a 

waste flow or emission. The attribution of processes and flows to a life cycle module, however, can 

have influence on methodological specifications, such as data requirements (see chapter 4.1.1). In this 

context, it is important to critically reflect at which point the product loses its product properties. For 

instance, what if the API is still existing in its parental form and active after excretion (i.e. might have 

an (unintended) pharmacological effect), and would it be still possible to (theoretically) fulfill the 

function according to the FU? 

In this work, it was considered that a pharmaceutical can fulfill its defined function only if the API is 

delivered in a certain galenic formulation since it not merely determines the form of administration 

but has also significant effects on pharmacokinetic properties (such as absorption). Consequently, the 

excreted API is then no longer available for its intended therapeutic purpose and becomes a waste 

flow. This example illustrates why it is imperative to unambiguously define the product (including 

components) and its function (i.e. FU) for the subsequent modelling.  

Finally, the definition of the use and EoL stage strongly depends on the geographic scope. In the second 

publication, German conditions are used as an example. However, some country-/region-specific 

adjustment might be necessary (see Figure 4). 
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Figure 4: Influence of the geographic scope on the qualitative use and EoL model 

Three main sections have been identified which are assumed to be strongly affected by the geographic 

scope: Disposal options and behavior of the patient (A), WWTP for grey and black water (B) and waste 

management (C). 

A.) Significant geographic differences exist with regard to discarding options for unused/expired 

pharmaceuticals (even within Germany, no consistent regulation on the disposal of pharmaceuticals 

exists among the federal states). For example, some countries provide public take back schemes for 

unused or expired pharmaceuticals instead of (or in addition to) the disposal via residual waste. This 

can affect the disposal behavior of the patient (e.g. separation of packaging and irregular disposal rate) 

as well as the subsequent treatment of the waste stream. 

B.) The emission pathways (via wash off and excretion) are expected to be independent of the 

geographic scope, whereas considerable regional differences in the presence and technology of WWTP 

exist. This includes not only municipal WWTP before discharge to a water body but also potential pre-

treatment measures at the ’point of emission’ (PoE), such as hospitals or nursing homes.  
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C.) Similar to the WWT technology (see B), waste management practices significantly differ among 

regions/countries. In Germany, for instance, the disposal pathway for pharmaceuticals via landfill is 

deemed to be negligible due to legislative obligations (Siegert et al. 2020a). In other (particular low-

income) countries, however, landfill or open dumps without proper leachate management are still the 

most common method to dispose healthcare waste (Ferronato and Torretta 2019). 

Due to these immense regional differences and their effect on the LCI (i.e. API emission), particular 

attention should be paid to these three sections. The product system should be representative for the 

geographic scope and (if necessary) carefully adjusted.
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4.1.7 Reliability of the quantitative use and EoL model 

To reduce the subjectivity from the beginning, the ’Guideline on the environmental risk assessment of 

medicinal products for human use’ published by the EMA (EMA 2018) was applied as a basis for the 

use and EoL model development (see chapter 3.2) since ERA (as part of the approval procedure for 

pharmaceuticals) is the pivotal tool to quantify pharmaceutical emissions.  

By combining LCA with Environmental Risk Assessment, a strict end-of-pipe emission-based approach 

is expanded by a holistic life cycle perspective. A similar approach has been followed by Pålsson et al. 

(2019) although their goal was to extend the current country-specific ERA framework FASS (which 

includes API emissions in Swedish water bodies from patients) by considering API emissions during 

manufacturing rather than enhancing the LCA methodology as such.  

Here, in contrast, the calculation of PEC for surface water (PECSW according to phase 2 Tier B) has been 

taken from the ERA methodology (EMA 2018) and was utilized as a blueprint for the use and EoL model. 

In doing so, the equation for PECSW is adjusted for its application in LCA (see (Siegert et al. 2020a), 

specified for three different galenic formulations and complemented by missing content, such as 

pharmacokinetic information2 and amounts of unused and disposed pharmaceuticals. Moreover, 

waste management and WWTP calculations are added to the model to finally estimate the API 

emissions (=elementary flows) to the different environmental compartments. Thus, the use and EoL 

model consists of two main elements that mostly determine the inventory results: 

1) Intake and pharmacokinetic behavior in the human body 

The calculation approach is based on (Ortiz de García et al. 2013) and extended for the three most 

important application forms.  

Two fundamental assumptions have been made for the calculation: First, a steady state model is used, 

i.e. temporal aspects of the pharmacokinetic behavior (such as accumulation in the body) and emission 

are not covered. This conservative approach is common practice in (non-dynamic) LCA but also leads 

to potential uncertainties on LCI and LCIA results (Lueddeckens et al. 2020). Second, the conservation 

of mass (i.e. mAPI(in) = mAPI(out)) is the basic underlying principle applied as the body is treated as a (partial) 

black box.  

The mass flow mAPI(in) consists of parental compound, whereas mAPI(out) can be a matrix of different 

substances.  

 
2 Even though the APIs pharmacokinetic behavior is considered in the ERA approach to a certain extent, FEXCRETA 
only covers the excreted parental compound that enters surface water without considering other emission 
pathways (such as exhalation). 
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In this simplified input-/output-analysis, mAPI(out) is limited to a function of (max.) 5 parameters: DDD 

and Treatment Period (TP) (depending on the galenic formulation), as well as Excretion Rate (ER), 

Absorption Rate (AR) and Metabolization Rate (MR) (depending on the API). Other pharmacokinetic 

processes within the body are not taken into account. Thus, it is assumed that pharmacokinetic data 

only depend on the API itself (i.e. it has been considered as a substance-specific property in the model), 

whereas the DDD is determined by factoring in the API and the form of application. 

In reality, however, the LADME (liberation-absorption-distribution-metabolism-excretion) process in 

the body is not only time-dependent but can also be affected by numerous individual aspects such as 

age, gender, physical condition etc. which are not included in the model. Hence, single values for ER, 

AR and MR (in %) can be seen as a vast simplification. In reality, a dynamic emission pattern might 

occur which makes it impossible to compare LCA results with actual measured values. Especially for 

pharmaceuticals with a very slow release or with controlled release formulations, a significant 

deviation can be expected. Moreover, the influence of the galenic formulation might be rather 

insignificant for distribution and elimination processes, but it can affect the absorption/bioavailability 

(Byers and Sarver 2009; Jung et al. 2021). This aspect should be carefully considered when 

pharmacokinetic data are obtained. 

However, the ERA methodology for medicinal products for human use does not include these effects 

either. On the contrary, it further simplifies the pharmacokinetic behavior by applying only one value 

for the excreted quantity of an API (FEXCRETA) without particularly considering parameters such as ER, 

AR or MR. 

Having regard to the common practice in ERA, the model appears to be a compromise between the 

need of a reliable consideration of pharmacokinetic principles on the one hand, and an easy-to-use 

calculation method within LCI on the other hand. If specific cases (e.g. pro drugs) are assessed, it might 

be necessary to adjust the calculation rules which is fairly feasible due to its modular structure.  

2) EoL modelling of (un-)used pharmaceuticals (waste and waste water treatment)  

The choice of a suitable EoL scenario for pharmaceuticals generally depends on the form of application 

and whether the pharmaceutical has been actually used or not (see second publication, chapter 3.2).  

For instance, the application form determines whether the API either ends up in the waste water (if 

excreted and/or washed off) or in the ambient air (if exhaled) after use. The regular waste 

management of unused pharmaceuticals, on the contrary, does not necessarily depend on the form of 

application, whereas the decision to irregularly discard unused pharmaceuticals and the way of 

disposal can be influenced by physical state (solid/liquid) of the drug (Makki et al. 2019). In the latter 
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case, the respective inventory flow is then proportionally added to the flows originating from the 

actual use of pharmaceuticals. It is worth mentioning that the risk for the occurrence of unused 

pharmaceuticals (and thus, for their improper disposal) can also be affected by numerous other 

factors, e.g. expiration date and suitability for storage of the product, educational background of the 

patient, personalized medication or the use of smart drug delivery devices (especially for chronic 

diseases) etc.  

Furthermore, EoL scenarios are highly affected by the geographic scope of the study. The waste 

management of unused pharmaceuticals, for example, is expected to be a minor emission pathway of 

APIs to the environment for German conditions and thus, a detailed quantification approach was not 

presented in this work. However, in some countries, other waste management practices apply which 

can pose a significant source of API emission (see chapter 4.1.6). If necessary, the current model should 

therefore be complemented by estimation approaches to take spatial waste management perspectives 

into account. Especially the EoL scenario ’landfill’ can be a relevant potential source of API emissions, 

mainly through the discharge of contaminated landfill leachate (Yu et al. 2020). A promising starting 

point to consider these emissions is presented by Cook et al. (2012) who developed a simplified model 

to calculate the retention of an API depending on its biotransformation and sorption in the landfill 

body. Furthermore, there are numerous case studies on pharmaceutical emissions from landfill 

activities which can also provide individually obtained emission factors for pharmaceuticals. 

To estimate the behavior of an API in the WWTP, the calculation of distribution factors with 

SimpleTreat (v.4) is recommended in this work which is again in alignment with the ERA methodology 

for pharmaceuticals. SimpleTreat has big advantages in this context: It enables not only to calculate 

removal rates of substances depending on the WWT technology (which is the case for most 

experimentally designed studies), but to determine distribution rates to air, soil (sludge) and effluent. 

This is essential for LCA, since potential environmental impacts in all compartments are assessed. 

Moreover, only few input data are needed which increases the applicability of the tool by decreasing 

the effort to obtain the necessary data. However, the application of SimpleTreat comes along with 

some inherent simplifications (e.g. steady state model assuming a linear chemical fate) and thus 

reveals challenges to accurately predict the behavior of pharmaceuticals in WWTP, particularly to 

specific pharmaceutical subclasses, such as nanopharmaceuticals (Berkner et al. 2016) and for 

industrial waste water (Struijs et al. 2016).  

The feasibility of SimpleTreat to estimate pharmaceuticals emissions has been comprehensively tested 

by Lautz et al. (2017): Due to the fact that most pharmaceuticals are ionized or polar (at neutral pH), 

they have a high affinity to remain in the liquid phase. This has been already included in the revision 

of SimpleTreat v. 3.1 to the current version by including new Quantitative Structure-Activity 
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Relationships (QSAR) for sorption. However, concentrations in secondary sludge are still 

underestimated, mainly due to using the hydraulic retention time instead of the sludge retention time 

to determine the sludge loading rate in SimpleTreat. (Carballa et al. 2008) also raise concerns on 

utilizing KOW and KOC values to show the sorption of pharmaceuticals in sewage sludge. Furthermore, 

SimpleTreat is a steady state model which does not consider time-related variations of important 

parameters (such as pH-value or content of organic matter). As a result, differences within the WWTP, 

e.g. for primary settler and secondary sludge, are not represented. Therefore, the authors recommend 

to utilize average measured values for sludge concentrations instead of calculated values. The 

prediction of effluent concentrations via SimpleTreat, however, appears to be accurate and is even 

preferred over measured values. (Lautz et al. 2017) 

Other limitations such as neglecting the regeneration of parental compounds through metabolites, 

potential formation of metabolites or transformation products (e.g. due to photolysis) and the 

limitation to a standardized three-stage WWTP lead to further deviations from measured values.  

It is therefore necessary to critically reflect the results obtained with SimpleTreat with regard to their 

plausibility. To this end, the following questions could be considered to improve the reliability of the 

results (based on the findings by Lautz et al. (2017): 

▪ Does the substance under study have a log KOW value that obstructs the applicability of QSAR? 

If yes, experimental values for the solids-water partition coefficient are preferred. 

▪ Is there any information on the behavior of the parental compound and its metabolites in 

WWTP (e.g. are there any known transformation products, is there any known reciprocal effect 

with other substances which are likely to be present in the waste water)? If yes, this 

information should be considered in the calculation and included in the mass balance. In this 

case, it might be more expedient to use measured instead of calculated values. 

▪ Are there experimental values for the solids-water partition coefficient, the first order 

biodegradation constant rate (batch-experiments) and sludge concentration? The 

experimental setting should be in alignment with the conditions in SimpleTreat. If yes, this 

data should be preferred to determine the distribution factors. 

To a certain extent, modelling simplifications are necessary to reduce the complexity of a real-case 

scenario. The removal process in a WWTP is indeed very complex, also because waste water often 

consists of an unknown matrix of countless different (trace) substances. Therefore, a plausibility check 

(e.g. based on other Measured Environmental Concentrations (MEC) or PEC-values) is always needed 

to identify potential uncertainties in the model and improve the quality of the LCI. However, 

SimpleTreat provides fair predictions of removal rates for pharmaceuticals. This is also confirmed by 
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another comprehensive study by Comber et al. (2019) who combined measured data with calculated 

values from SimpleTreat for estimating removal rates. 

If the distribution factors from SimpleTreat are compared to or complemented by measured values, it 

should be ensured that only measured values from WWTP effluents are used for comparison since 

other chemical-physical processes (such as sorption, hydrolysis etc.) can take place in the 

environmental compartment with a high impact on the results. Moreover, the conditions (e.g. WWTP 

technology) for the experimental (real) and modelled (SimpleTreat) cases should be equal or at least 

similar.  

It should be noted that SimpleTreat is only recommended to determine the distribution factors (DF) to 

air, sludge and effluent. Other approaches/tools to model the removal of micropollutants in biological 

WWTP (e.g. according to Pomiès et al. (2013)), their volatilization or the fate to primary and secondary 

sludge (Khan and Ongerth 2002) have not been tested here. However, they might provide alternative 

(or complementary) calculation methods to generate suitable LCI results and therefore need to be 

further evaluated in the future. 
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4.2 Practical challenges  

In addition to tackling methodological questions of LCA on pharmaceuticals, the criterion of 

applicability was one important feature within the framework development (see chapter 2.1). Thus, 

there are no significant deviations between the methodological specifications made in the case study 

(third publication, chapter 3.3) and those required in the framework. Nevertheless, some practical 

challenges remain which are discussed in the following chapter.  

4.2.1 Sources and availability of inventory data 

Even though a systematic analysis of the framework was beyond the scope of the third publication, it 

revealed some important findings especially with regard to the availability of inventory data which is 

one of the key challenges in LCA. This has been already mentioned by Jiménez-González and Overcash 

(2014) who identified the lack of methods to gather inventory data as challenge number one to apply 

LCA (Jiménez-González and Overcash 2014). Due to limited or non-existent data, several modelling 

assumptions and simplifications are necessary which may lead to uncertainties of the LCIA results. In 

that regard, not only data availability but also data quality and deviation can pose practical barriers.  

In the case study, qualitative and quantitative data was obtained for production, distribution, use and 

EoL, whereas primary data was available for the majority of manufacturing and distribution processes 

(see chapter 3.3). For other production data where no datasets were available in commercial data 

bases (4 materials for API production, 6 materials for galenic formulation), several approaches to 

estimate LCI data (e.g. background data for cooling processes) and to justify certain assumptions (e.g. 

definition of yield losses as production waste) have been identified and applied to the case study 

(Siegert et al. 2020b). These approaches were later incorporated as additional supportive 

recommendations in the final framework (Siegert et al. 2019a). However, some of these estimation 

approaches might be inadequate due to their geographic reference (e.g. Hischier et al. (2005)) or 

because they rather refer to bulk chemicals instead of fine chemicals and vice versa. Therefore, they 

should be individually and critically examined with regard to the scope of the study. Nevertheless, they 

are only examples which can be easily replaced by other tools, calculation methods or data sources.  

Due to its novel character, however, specific attention needs to be paid to data which is applied in the 

use and EoL model. Data availability was also one major reason why the model is based on the existing 

ERA approach: Since the model is based on calculations which are already part of the approval 

procedure, it can be assumed that the majority of data needed for the use and EoL model are already 

obtained by certain bodies (see Table 1) and available e.g. in approval dossiers.  
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Table 1: Comparison of data required for SimpleTreat and (non-) mandatory base set of data according to the ERA 
framework. 

Substance-specific parameter Required by SimpleTreat Required by ERA Guidelines 

Chemical class [-] Y N 

Molecular weight [g · mole-1] Y N 

Octanol-water particion coefficient (Kow) 

[-] 

Y Y (according to OECD 107 or 123) 

Vapour pressure (Vp) at 298.15 K [Pa] Y Y3 (according to OECD 104) 

Solubility (S) at 298.15 K [mg · l-1] Y Y (according to OECD 105) 

pKa [-] Y N (only if log Dow is reported for 

dissociating compounds) 

Henry Law constant (HLC) at 298.15 K [Pa 

· m³ · mole-1] 

Y N 

Organic carbon partition coefficient (Koc) 

[l · kg-1] 

Y Y (according to OECD 106) 

Partition coefficient in raw sewage (Kps) 

[l · kg-1] 

Y N 

Partition coefficient in activated sludge 

(Kpas) [l · kg-1] 

Y N 

Biodegradation rate constant (k biodeg) 

[h-1] 

Y Y (according to OECD 301, 302, 

303b, 310 or 314b) 

 

If specific data are available that fits in the scope of the study, those are therefore preferred over 

generic data.  

 
3 Not mandatory 
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On the downside, the actual access to this data may differ between the different user types of the 

model (e.g., independent research institutes, API manufacturers etc.) due to confidentiality reasons. 

Therefore, the data collection (particularly for other less known APIs) remains a challenging task and 

is identified as one major bottleneck for modelling the use and EoL stage. 

Additionally, there is a high variation of data (especially for the distribution in WWTP) which highlights 

the need of using ranges of values and best/worst case scenarios instead of single absolute values. 

This, however, leads to tremendous effort for the applicant since data has to be not only collected but 

the underlying experimental design also needs to be compared with the product system under study 

(e.g. regarding type of WWTP) to ensure comparability. In the long term, it is therefore inevitable to 

create a harmonized and globally applicable database which contains both pharmacokinetic and other 

physico-chemical properties. Furthermore, the definition of best- and worst-case scenarios is not trivial 

since it depends on numerous (API-specific) factors such as toxicity of parental compound and 

metabolites which is hard to generally decide within scope definition, especially if there are no 

information on the environmental risk posed by these substances. The iterative character of LCA is a 

big advantage in this context. It might be therefore expedient to perform LCIA for different use and 

EoL scenarios to identify individual best- and worst-case scenarios for each product system instead of 

providing generic definitions in this framework. 
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4.2.2 Assessment of (non-)pharma-specific impacts 

Another great practical challenge is the assessment of environmental impacts caused by 

pharmaceutical emissions. The use of LCA to quantify API emissions is currently described as less/not 

reliable for local emissions, inter alia, because most API emissions could not be properly evaluated 

with existing impact assessment methods (Pålsson et al. 2019).  

This reveals two obstacles: First, completeness and reliability of existing impact categories and 

assessment methods as well as their suitability for pharmaceuticals. Second, the 

development/existence of new models to assess pharma-specific impacts.  

In the framework, a set of four key indicators and impact assessment models is included which is based 

on several sources, such as a review of pharma-LCAs, a workshop with experts etc. However, an update 

of this list revealed the importance of the following impact categories which should be complemented 

and added to this list: acidification (terrestrial and freshwater), eutrophication, photochemical ozone 

formation and ozone depletion. Other LCI oriented indicators such as energy use (or cumulative energy 

demand) and water consumption should also be considered in this amendment. The choice of impact 

categories and their importance should be verified and further tested in future case studies. Moreover, 

CFs are needed for these existing impact categories and assessment models to take the potential 

environmental impacts of pharmaceutical substances into consideration. For the third publication (see 

chapter 3.3), CFs for ibuprofen (parental compound) could be found, whereas no CFs were available 

for the metabolites. Consequently, these substances are excluded in LCIA which can pose an 

underestimation of the use and EoL stage, especially for APIs that are extensively metabolized. 

Within this list, also new pharma-specific impact categories are mentioned. One promising approach 

has been developed by Emara et al. (2021) to take endocrine-related health effects into consideration. 

To this end, effect factors (EF) and CF are presented for >150 chemicals (Emara et al. 2021). Moreover, 

Nyberg et al. (2021) recently published their work on how antibiotic resistance could be included in 

LCA. Nevertheless, the development of other impact assessment models should be accelerated in the 

future. 
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5 Conclusion and outlook 

Besides their positive effect on human health, pharmaceuticals can also adversely affect the 

environment during the product´s life cycle. Therefore, it is indispensable to consider not only the 

occurrence of pharmaceuticals in environmental compartments (which is often limited to 

pharmaceutical substances in surface water) and the corresponding effects on wildlife and humans, 

but also potential environmental impacts during API manufacturing, galenic formulation and packaging 

as well as other potential impacts, e.g. due to an improper disposal of unused pharmaceuticals. This 

can be achieved by applying the LCA methodology which, however, is not yet harmonized and widely 

used in the pharmaceutical sector. The goal of this thesis was therefore ‘to develop scientifically robust 

and comprehensive yet applicable rules to guide LCAs of pharmaceutical products and processes’.  

To this end, a methodological framework for LCA in the pharmaceutical sector based on the concept 

of PCR was developed. Existing LCA case studies on pharmaceuticals and other related products, PCRs, 

as well as sector-specific and generic LCA documents thereby served as a structural and content-

related basis. Furthermore, the consideration of life cycle stages beyond manufacturing (in particular: 

use and EoL stage) has been identified as one major gap in LCA on pharmaceuticals. Hence, a simplified 

model was presented for the geographic scope ‘Germany’ to estimate API emissions during and after 

use of a pharmaceutical as part of the life cycle inventory. Finally, a case study on an ibuprofen 

analgesic was conducted from cradle to grave to apply the previous results.  

This work, thus, significantly contributes to the scientific discourse on the environmental impacts of 

pharmaceuticals, as a methodological framework is presented which aligns existing approaches and 

standards, proposes product-related specifications with regard to the LCA method, and allows a more 

comprehensive environmental assessment from cradle to grave by including a model to estimate API 

emissions during the use and EoL. Therefore, the LCA methodology for pharmaceutical products is 

enhanced and, by doing so, the current end-of-pipe focus within ERA is expanded by a more holistic 

perspective.  

On a superordinate, more application-oriented level the results can be used as follows: 

▪ Strengthening the environmental perspective in the authorization process by complementing 

the usage-centered RA approach and current end-of-pipe focus with a more holistic product-

oriented perspective in terms of life cycle data. This also helps to determine the actual 

relevance of API emissions to the environment from a life cycle perspective. In the case study, 

for instance, the immense material expenses dwarf the API emissions from use and EoL which 

appears to be in contradiction to current political and social debates. 
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▪ Using the framework to create (more) PCRs by approved program operators and thus, promote 

EPD development to increase transparency for patients and facilitate ’greener’ purchasing 

options. 

▪ Increasing sustainability of business decisions by providing streamlined LCA solutions based on 

a harmonized methodology which support strategic and operational measures (e.g. green 

procurement, carbon neutrality). The current concern with regard to streamlined tools is that 

they are often based on incomplete, non-transparent and widely varying methodological 

specifications. There should be a sector-specific harmonization process regarding the 

methodology first on which future streamlined tools can be built upon afterwards and not the 

other way around.  

However, some methodological and practical challenges are also identified within this thesis which are 

discussed in the previous chapter 4. In order to facilitate the application and further development of 

the framework, the most germane aspects are highlighted in the following paragraphs and 

recommendations for future research work are given:
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Methodological dimension 

The expansion of system boundaries is already discussed in chapter 4.1.4 but solely limited to R&D 

activities in the upstream. However, system expansion should also be considered for the downstream, 

in particular sewage sludge treatment and the subsequent use as fertilizer since this can be another 

source for pharmaceutical emissions. In this work, emissions occurring from the application of treated 

sewage sludge to soil are not considered because these flows are assumed to be part of a new product 

system. However, a separate inventory module should be developed for sludge treatment and the 

application as fertilizer. This could be then at least disclosed as additional information (e.g. if an EPD is 

created).  

Another focus of future research should be to re-assess the feasibility of SimpleTreat and, if necessary, 

identify alternative calculation tools which allow to determine distribution factors to air, soil and 

water. The application of SimpleTreat to pharmaceuticals reveals deviations from measured 

concentrations which is, at least to a certain extent, caused by inherent simplifications of the tool (e.g. 

neglection of transformation products). It would be also beneficial to allow a higher degree of flexibility 

to adjust the model, e.g. regarding WWT technology. Thus, a regular update of the tool is indispensable 

for its future application in this context. In addition, more case studies are needed that systematically 

evaluate the use and EoL model by applying either SimpleTreat or other tools to identify potential 

uncertainties and thus, develop further potential for model improvement. 

Finally, more specific rules for pharmaceutical sub-categories need to be developed to take certain 

characteristics and differences between sub-categories into account. This would support a better 

distinction between the sub-categories and hence also contributes to the discussion regarding 

comparability of pharmaceuticals. To this end, the recommendations according to the first publication 

can be utilized as an indication where specific rules are needed. A focal point should be the 

consideration of certain pharma-specific impacts. This, however, requires deeper knowledge of both, 

the LCA methodology and the particular pharmaceutical sub-category.  

Practical dimension 

Certainly, one major obstacle for the usability of the framework lies in a limited data availability since 

it affects both, inventory results as well impact assessment results. In this context, not only the absence 

of data, but also the limited access to this information due to confidentiality reasons is impeding to 

further develop and apply the LCA methodology on pharmaceuticals. At least, pharmacokinetic 

information as well as substance-specific data required for the use and EoL model should be available 

since this information is already obtained within the approval procedure. A harmonized database (e.g. 

similar to the ‘PK-DB’ (Grzegorzewski et al. 2021) on pharmacokinetic data, or the database on 
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pharmaceutical residues in the environment by the German Environment Agency (UBA 2021)) that 

provides API-specific information on pharmacokinetics as well as risk-related data (see Table 1) would 

therefore be a huge linchpin. In this context, new monitoring strategies could provide more 

comprehensive data on the behavior of emerging pharmaceuticals in WWTP. With regard to non-API-

specific inventory data, key intermediates and bulk chemicals from pharmaceutical product systems 

should be identified and datasets need to be developed which are then provided in life cycle data 

bases.  

Moreover, existing impact assessment methods need to be adjusted to take pharma-specific impacts 

into account. Especially the lack of characterization factors for APIs and their main metabolites might 

lead to an inchoate environmental assessment. Furthermore, missing pharma-specific impact 

pathways shall be identified and either integrated into existing impact assessment models or new 

approaches have to be developed.  
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Glossary 

Absorption Rate 

Share of unmetabolized drug which enters the body circulation system after administration 

(following Alagga and Gupta (2021)). 

Active Pharmaceutical Ingredient (API) 

 Substance in a pharmaceutical product which causes a pharmacological effect. 

Allocation 

Dividing inputs and outputs of a product system or process between the assessed product 

system and other product systems (following ISO (2006c)). 

By-product 

Other products coming from the same product system or unit process (adopted from the 

definition of a ‘co-product’ by ISO (2006c)). 

Defined Daily Dose (DDD) 

The average daily amount of a drug needed for its main indication (WHO 2021b). 

Elementary Flow 

Energy or material flow which leaves or enters the product system to or from the environment 

without subsequent or previous anthropogenic transformation (following ISO (2006c)). 

Environmental Product Declaration (EPD) 

Type III eco-label that provides quantitative and qualitative environmental information 

(following ISO (2006a)). 

Excretion Rate 

Share of an Active Pharmaceutical Ingredient in its parental or in a metabolized form that is 

excreted via urine and feces. 

Metabolization Rate 

Share of an Active Pharmaceutical Ingredient which undergoes a transformation process (i.e. 

metabolism) within the human body. 

Pharmacokinetic Information 

Data on properties of a pharmaceutical substance characterizing its absorption, distribution, 

metabolism, and excretion (following Urso et al. (2002)). 

Pharmacovigilance 

Monitoring process of a drug´s safety after authorization to detect, assess and prevent 

adverse effects related to a medicine (following EMA (2021)). 

Quantitative Structure-Activity Relationships (QSAR) 

Mathematical models to derive information on physicochemical, biological and environmental 

fate properties of compounds based on their chemical structure (following ECHA (2021)). 

Unit Process 
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Smallest element considered in the life cycle inventory analysis for which input and output 

data are quantified (ISO 2006b) 
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A Appendix 

A. 1. Comparison of the Draft PCR and final framework 

In the following, methodological aspects are listed where divergent specifications between the first 

publication (‘Draft PCR’) and the final framework exist. Additionally, reasons for changing these 

specifications are provided. 

Table A.1.1: Comparison of the Draft PCR and final framework 

Methodological 

aspect 

Draft PCR 

(Siegert et al. 2018) 

Final Framework 

(Siegert et al. 2019) 

Description 

Definition of 

the mass-based 

FU 

The ‘production of [X] kg 

API’ or ‘production of [X] 

DDD of the 

pharmaceutical product’ 

The ‘production of [X] kg 

API’ or ‘production of [X] 

DDD of the 

pharmaceutical product 

(packed/unpacked)’ 

Packaging ensures the product 

quality of and can significantly 

contribute to the LCIA 

Dependence of 

the effect-

based FU on 

goal/intended 

application:  

 

Yes. If the goal of the 

study is to perform a hot 

spot analysis or to 

identify optimization 

potentials, a mass based 

FU can be applied 

No (deleted). If a product 

is assessed, an effect-

based FU shall always be 

applied 

To include the therapeutic 

purpose of the pharmaceutical 

and strengthen the product-

related context, an effect-based 

FU shall be applied on a product 

level 

Qualitative 

definition of the 

use and EoL 

stage: 

 

The use phase ‘shall 

include the distribution 

to hospitals or 

pharmacies […]. The end 

of life phase shall 

consider the excretion 

[…] as well as the 

disposal of expired and 

unused drugs (including 

packaging). ’ 

Introduction of a separate 

module ‘distribution’.  

The use stage starts with 

the consumption of the 

pharmaceutical product. 

It ‘ends when the API 

leaves the human body 

[…] and enters the sewer 

system and WWTP‘. 

Excretion and the disposal 

of expired/unused drugs 

are transition processes 

which belong to the use 

stage and convert the 

product to a waste 

flow/emission 

To be in alignment with the PEF 

approach, a separate 

distribution module has been 

introduced 
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Pharma-specific 

impacts 

Should be qualitatively 

reported within the 

additional information 

Shall be qualitatively 

reported within the 

additional information 

Pharma-specific impacts are 

essential for a holistic 

environmental assessment and 

shall be reported (if additional 

information is provided) 

 

Additional 

information 

The following additional 

information shall be 

considered: side effects, 

multiple 

pharmacological effects, 

and pharma-specific 

impacts 

The following additional 

information should be 

considered: side effects, 

multiple pharmacological 

effects, pharma-specific 

impacts, additional 

assessment of human- 

and ecotoxicity, 

information on carbon 

storage 

Additional information is crucial 

if results are intended to be 

published (e.g. as an EPD). If a 

study is conducted internally, 

additional information is 

optional. The list of additional 

information is expanded by a 

further assessment of human- 

and ecotoxicity since these 

existing impact assessment 

models revealed some 

uncertainties and shall be 

therefore complemented by 

different assessment methods. 

Moreover, information on 

biogenic carbon storage should 

be provided (e.g. if herbal 

pharmaceuticals are assessed) 
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A. 2. Supplementary material to publication 2 

This appendix comprises the supplementary material of publication 2 (Siegert et al. 2020a)4: 

Siegert M.-W., Lehmann A., Emara Y., Finkbeiner M. Addressing the use and end-of-life phase 

of pharmaceutical products in life cycle assessment. Int J Life Cycle Assess 25, 1436-1454 

(2020). https://doi.org/10.1007/s11367-019-01722-7

 
4 Due to a formal error, the supplementary material of publication 2 is not published online. 

https://doi.org/10.1007/s11367-019-01722-7
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Table A.2.1: Substance-specific parameter on Ibuprofen for SimpleTreat calculations 

Substance-specific parameter User value Reference 

Chemical class [-] Acid (Lautz et al. 2017) 

Molecular weight [g · mole-1] 206.285  (PubChem 2019) 

Octanol-water particion coefficient 

(Kow) [-] 

3.97 (log Kow) (PubChem 2019) 

Vapour pressure (Vp) at 298.15 K 

[Pa] 

0.0063  (PubChem 2019) 

Solubility (S) at 298.15 K [mg · l-1] 21  (PubChem 2019) 

pKa [-] 4.91  (PubChem 2019) 

Henry coefficient (H) at 298.15 K 

[Pa · m³ · mole-1] 

0.015  (PubChem 2019) 

Organic carbon partition coefficient 

(Koc) [l · kg-1] 

224.7  

Estimated based on log Kow 

Estimated with EPI Suite 

(KOCWIN) (US EPA 2010, 2012) 

Partition coefficient in raw sewage 

(Kps) [l · kg-1] 

67.41 Calculated based on default 

values provided by Struijs (2013) 

Partition coefficient in activated 

sludge (Kpas) [l · kg-1] 

83.139 Calculated based on default 

values provided by Struijs (2013) 

 

Table A.2.2: Operation-specific parameter on Ibuprofen for SimpleTreat calculations 

Operation-specific parameter User value Reference 

Facility type Municipal Scenario set by the authors 

Including primary solids removal 

(default) 

Yes 

 
 

 

(UBA 2013) 
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Sewage flow (Q) [m³ · d-1 · PE-1] 0.3 Calculated based on data of total 

waste water in Germany for 2016 

(Destatis n.d.), per inhabitant 

Mass of sewage solids (SO) [kg · d-

1 · PE-1] 

0.09 Default value 

Mass of O2 binding material in 

sewage (BOD) [g O2 · d-1 · PE-1] 

60 Default value 

Sludge loading rate (kslr) [-] 0.1 Default value 

pH [-] 7 Default value 

Concentration suspended solids 

effluent [kg ·m-3] 

0.0075  Default value 

Type of aeration Surface aeration  Default value 

 

Table A.2.3: Biodegradation rate for Ibuprofen entered in SimpleTreat 

Biodegradation User value Reference 

Biodegradation rate (customized) 0.348 (at 293.15 K) (Urase and Kikuta 2005) 
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A. 3. Supplementary material to publication 3 

This appendix comprises the supplementary material of publication 3 (Siegert et al. 2020b): 

Siegert M.-W., Saling P., Mielke P., Czechmann C., Emara Y., Finkbeiner M. Cradle-to-grave life 

cycle assessment of an ibuprofen analgesic. Sustainable Chem. Pharm. 18, 100329 (2020). 

https://doi.org/10.1016/j.scp.2020.100329 

https://doi.org/10.1016/j.scp.2020.100329
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Table A.3.1: Pharmacokinetic properties of ibuprofen, 2-hydroxy ibuprofen and carboxy ibuprofen 

Substance Absorption rate [-] Excretion rate [-] Metabolizaton rate [-] Reference 

Ibuprofen  0.85 0.1 - (Ortiz de García 

et al. 2013) 

2-hydroxy 

ibuprofen 

0.85 - 0.37 (Medsafe 2017; 

Ortiz de García et 

al. 2013) 
Carboxy ibuprofen 0.85 - 0.53 

 

Table A.3.2: Substance-specific parameter for SimpleTreat calculations 

Substance-specific 

parameter 

Ibuprofen 2-hydroxy 

ibuprofen 

Carboxy 

ibuprofen 

Remark 

Chemical class [-] Acid  

(Lautz et al. 2017) 

Acid 

(HMDB 2020a) 

Acid 

(HMDB 2020b) 

- 

Molecular weight [g · 

mole-1] 

206.285  

(PubChem 2019) 

222.28 

(HMDB 2020a) 

236.26 

(HMDB 2020b) 

- 

Octanol-water 

particion coefficient 

(Kow) [-] 

3.97 (log Kow)  

(PubChem 2019) 

2.37 (log Kow) 

(Ferrando-

Climent et al. 

2012) 

2.78 (log Kow) 

(Ferrando-

Climent et al. 

2012) 

- 

Vapour pressure (Vp) 

at 298.15 K [Pa] 

0.00632  

(PubChem 2019) 

5.62E-5 

Estimated 

7.2E-5 

Estimated 

Estimated with EPI 

Suite (US EPA 2012) 

Solubility (S) at 

298.15 K [mg · l-1] 

21  

(PubChem 2019) 

300 

(HMDB 2020a) 

300 

(HMDB 2020b) 

- 

pKa [-] 

 

4.91  

(PubChem 2019) 

4.63 

 
 
 

 

3.97 - 
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(Ferrando-

Climent et al. 

2012) 

(Ferrando-

Climent et al. 

2012) 

Henry Law constant 

(HLC) at 298.15 K [Pa · 

m³ · mole-1] 

0.015  

(PubChem 2019) 

5.62E-7 

Estimated  

8.6E-8 

Estimated  

Estimated with EPI 

Suite (HENRYWIN, 

bond-method) (US 

EPA 2012) 

Organic carbon 

partition coefficient 

(Koc) [l · kg-1] 

224.7  

Estimated 

10.26 

Estimated  

17.6 

Estimated 

Estimated with EPI 

Suite (KOCWIN, Kow 

method) (US EPA 

2010, 2012) 

Partition coefficient in 

raw sewage (Kps) [l · 

kg-1] 

67.41 

Calculated 

3.078 

Calculated 

5.28 

Calculated 

Calculated based on 

default values 

provided by Struijs 

(2013) 

Partition coefficient in 

activated sludge 

(Kpas) [l · kg-1] 

83.139 

Calculated 

3.796 

Calculated 

6.512 

Calculated 

Calculated based on 

default values 

provided by Struijs 

(2013) 

 

Table A.3.3: Operation-specific parameter on ibuprofen for SimpleTreat calculations 

Operation-specific parameter User value Reference 

Facility type Municipal Scenario set by the authors 

Including primary solids removal 

(default) 

Yes (UBA 2013) 
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Sewage flow (Q) [m³ · d-1 · PE-1] 0.3 Calculated based on data of total 

waste water in Germany for 2016 

(Destatis n.d.), per inhabitant 

Mass of sewage solids (SO) [kg · d-

1 · PE-1] 

0.09 Default value 

Mass of O2 binding material in 

sewage (BOD) [g O2 · d-1 · PE-1] 

60 Default value 

Sludge loading rate (kslr) [-] 0.1 Default value 

pH [-] 7 Default value 

Concentration suspended solids 

effluent [kg ·m-3] 

0.0075  Default value 

Type of aeration Surface aeration  Default value 

 

The biodegradation rate for ibuprofen as well as the values for the metabolites are calculated based 

on the half-life in activated sludge batch experiments presented in (Ferrando-Climent et al. 2012). To 

this end, the equation for a first order reaction with the initial concentration A0 and the concentration 

A at a given reaction time t is utilized. 

ln(
[𝐴0]

[𝐴]
) = 𝑘 ∙ 𝑡 (Eq. A.3.1) 

By applying the half-time t1/2 to equation (Eq. A.3.1), the k-value can be determined (see Eq. A.3.2). 

ln(2)

𝑡1
2

= 𝑘 
(Eq. A.3.2) 

The biodegradation rates are presented in Table A.3.4. 
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Table A.3.4: Biodegradation rate for ibuprofen, 2-hydroxy ibuprofen and carboxy ibuprofen entered in SimpleTreat 

Biodegradation rate (customized) User value Reference 

Ibuprofen 0.185 (at 292.65 K) Half-times provided in (Ferrando-

Climent et al. 2012) 

2-hydroxy ibuprofen 0.185 (at 292.65 K)5 Half-times provided in (Ferrando-

Climent et al. 2012) 

Carboxy ibuprofen 0.347 (at 292.65 K)5 Half-times provided in (Ferrando-

Climent et al. 2012) 

 
5 According to Ferrando-Climent et al. (2012), the batch experiments are performed at room temperature between 19 and 20°C. Thus, the 

arithmetic mean is used in SimpleTreat.  
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Modelling assumptions – Production stage 

▪ If patents are used and different manufacturing specifications exist (e.g. regarding the amount 

of catalyst or the reaction temperature), the preferred way to perform the manufacturing is 

selected.  

▪ Provided default values for a 1000L reactor according to Parvatker et al. (2019) and Piccinno 

et al. (2016) are utilized and the results are then allocated to the desired amount of 

(intermediate) product. If a range of values is provided, the conservative (worst) case is chosen  

▪ As a conservative assumption, heat recovery is not considered here, except for the heat 

recovery from heating itself which is already included in the efficiency of the heating element 

(Piccinno et al. 2016). However, the temperature of the previous production step is assumed 

if cooling is not explicitly stated. Thus, heat recovery is taken into account to a certain extent.  

▪ If there is divergent information on the cooling type available (e.g. cooling with air), a simplified 

thermodynamic calculation based on the heat capacity of the cooling agent is performed.  

▪ We do not explicitly differentiate between fine and bulk chemicals in this case study since 

there is no common definition of these terms (Wernet et al. 2009). 

▪ If nitrogen is applied as an inert/protective gas but the amount is unknown, it is assumed that 

it accounts for 10% of the overall reaction mass. This assumption is based on (Piccinno et al. 

2016) who presume that only 90% of the reactor volume contains of reaction mass. Hence, the 

remaining volume is expected to be used to generate an inert atmosphere. After use, nitrogen 

is assumed to be emitted to air without further treatment  

▪ All other auxiliary materials (such as catalysts) are considered as solid/liquid waste (worst 

case).  

▪ Hazardous (non-) organic waste is assumed to be incinerated without thermal recovery or 

landfilled, non-hazardous waste is incinerated in a municipal waste incineration plant (with 

thermal recovery) or landfilled (only the case for NaCl), metals are recycled. Whether a waste 

is considered as hazardous or not is individually obtained from material safety data sheets 

(MSDS). The waste management scenario, however, depends on the regional reference. 

▪ Waste water is emitted to a municipal WWTP without treatment on site  

▪ If possible, the different physical states and related reaction enthalpies (e.g. in case of 

vaporization, condensation, sublimation etc.) as well as thermodynamic data for the reaction 

conditions are considered. If this data arenot available, thermodynamic properties such as 

heat capacities at standard ambient temperature (298.15 K) and pressure (1.013 bar) (SATP) 

and are used. The standard enthalpy of reaction is only considered if it is explicitly mentioned 

in the data source and if it is assumed to be relevant for the overall energy balance. 
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▪ Differences in reaction pressure (increase or decrease) are only considered for the gaseous 

reactants. The energy demand for the pressure changes is estimated by applying the ideal gas 

equation.  

𝛥𝑝 · 𝑉 = 𝑛 ∙ 𝑅 · 𝛥𝑇 
(Eq. A.3.3) 

With the volume (V) and number of moles (n) of all gaseous material within the reactor, the 

gas constant (R) and the known difference in reaction pressure (ΔP), a hypothetical 

temperature change ΔT is calculated which is than applied to the following equation to 

calculate the energy demand for heating the reaction mixture: 

𝑄ℎ𝑒𝑎𝑡 = 𝑚 ∙ 𝑐 · 𝛥𝑇 
(Eq. A.3.4) 

Based on this equation, the energy demand Q can be calculated. However, since it is no change 

in temp. in fact but a change of the reactor pressure, the calculated energy demand is 

considered as electricity demand and not as heating energy  

▪ If thermodynamic data are available, the influence of a different reactor pressure on the 

reactants is considered (e.g. change of the boiling point) 

▪ We do not consider potential reaction between auxiliary material or reactants except for the 

reaction that leads to the desired product. 

▪ The average transportation mix based on (Ecoinvent 2017) is modelled for certain product 

groups, namely chemicals6 (basic chemicals and others), waste6 (haz. and non-haz.), starches, 

metallic ores, plastic products as well as articles of base metal 

▪ Construction of infrastructure and transport packaging are not included 

▪ Background chemicals are modelled as a global average by employing commercial LCA data 

bases if their production site is unknown. If global datasets do not exist, EU-specific data are 

used 

▪ We assume that no API emissions during the production stage occur 

Table A.3.5 summarizes the most relevant methods that are used to estimate LCI data of unknown 

chemicals occurring in the production stage. Furthermore, specifications or modifications of these 

approaches are described for this case study 

 
6 For all chemical products, the average of basic chemicals and other chemical products n.e.c. is used. For hazardous waste, the 

transportation data for non-hazardous waste is applied. 
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Table A.3.5: Overview of methodological approaches to estimate LCI data of background chemicals 

Life cycle stage Inventory data  Reference Specification/modification 

Production 
(Inputs) 

Masses of substrates, 

reactants, etc. 

- Upscaled information from patents or other 

literature  

Stoichiometric calculations 

 Cooling (electricity 

and other inputs, e.g. 

make-up water) 

(Jiménez-

González and 

Overcash 2000) 

Generic cooling tower 

 Energy demand for 

heating 

(Parvatker et al. 

2019; Piccinno et 

al. 2016) 

Heating energy based on reaction volume of 

1,000 L and allocated to 1 kg output 

 Energy for stirring, 

grinding, filtration, 

drying and transport 

(pumping) 

(Piccinno et al. 

2016) 

Stirring energy for a reaction volume of 1,000 

L 

Grinding energy: Default value of 16 kWh to-1 

(worst case) 

Filtration energy: Default values of 10 kWh to-

1 (worst case) 

Transport (pumping) only for gaseous and 

liquid inputs (except for cooling water) 

Production 

(Outputs) 

Production waste - Consists of: 

Yield losses and by-products (following Geisler 

et al. (2004)) 

Outputs from cooling tower (i.e. sludge from 

make-up water pretreatment) (following 

Jiménez-González and Overcash (2000)) 

All other auxiliary materials (except for water) 

(worst case)  

 Waste water - Consists of: 

Blowdown water from cooling tower 

(following Jiménez-González and Overcash 

(2000)) 

Waste water occurring from reaction 

Waste water is emitted to a municipal WWTP 

(no internal treatment) 
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 Fugitive emissions Following 

Jiménez-

González and 

Overcash (2000) 

For gases: 0.5% of the input material 

For liquids: 2% (if boiling point (BP) is between 

20 and 60°C); 1% (if BP is between 60 and 

120°C) of the input material  

If BP of a substance is above 120°C, no fugitive 

loss is assumed 

Not applied for submodule cooling tower or 

auxiliary processes (e.g. gas scrubbing) 

Only applied for inputs 

Fugitive emissions are not further treated 

 Product/yield Following 

Parvatker et al. 

(2019) 

70% over the entire stoichiometry  

No differentiation between fine and bulk 

chemicals; if patent provides detailed 

information on inputs and outputs, the yield is 

adjusted 
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Modelling assumptions – Distribution stage 

▪ Transportation activities by the patient are modeled following the PCR for pharmaceutical 

products and processes: Purchasing via personal pick up, 5km, by car; single trip solely 

dedicated to the pharmaceutical product 

▪ Tertiary packaging for transportation purposes is not considered 

▪ For the disposal of unused pharmaceuticals during distribution, a default value (5% of the 

reference flow) is used. The inventory data related to the upstream processes is adjusted 

accordingly. This waste stream enters the municipal incineration plant and is assigned to the 

distribution phase since defective goods are already considered in the production phase 

▪ If some inputs or outputs cannot be clearly assigned to a process, e.g. in the case of 

multifunctional products/processes or recycling, the generic procedure described in ISO 14044 

is applied to avoid these problems (ISO 2006c). If allocation is inevitable, however, it is based 

on physical relationships (i.e. mass).  

Modelling assumptions – Use and EoL stage 

▪ We assume that no expired/unused pharmaceuticals occur during the use stage. This appears 

to be plausible due to the small packaging size and the short treatment period. 

▪ The use of toilet and other sanitary facilities is not considered because these activities cannot 

be clearly assigned to the FU 

▪ Since Eudorlin® Extra is sold and used in Germany, sewage sludge from WWTP is expected to 

be undergo thermal treatment or incineration due to local legislation. All pharmaceutical 

substances (parental and metabolized) are assumed to be thermally destroyed during these 

processes (UBA 2019).  
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Table A.3.6: Additional LCIA results for Eudorlin® Extra (absolute values) 

Impact category LCIA results 

CML2001 - Jan. 2016, Abiotic Depletion (ADP elements) [kg Sb eq.] 3.45E-7 

CML2001 - Jan. 2016, Abiotic Depletion (ADP fossil) [MJ] 2.23 

CML2001 - Jan. 2016, Acidification Potential (AP) [kg SO2 eq.] 0.000515 

CML2001 - Jan. 2016, Eutrophication Potential (EP) [kg Phosphate eq.] 0.000139 

CML2001 - Jan. 2016, Freshwater Aquatic Ecotoxicity Pot. (FAETP inf.) [kg DCB eq.] 0.0198 

CML2001 - Jan. 2016, Global Warming Potential (GWP 100 years) [kg CO2 eq.] 0.14 

CML2001 - Jan. 2016, Global Warming Potential (GWP 100 years), excl biogenic 

carbon [kg CO2 eq.] 

0.145 

CML2001 - Jan. 2016, Human Toxicity Potential (HTP inf.) [kg DCB eq.] 0.0558 

CML2001 - Jan. 2016, Marine Aquatic Ecotoxicity Pot. (MAETP inf.) [kg DCB eq.] 91.2 

CML2001 - Jan. 2016, Ozone Layer Depletion Potential (ODP, steady state) [kg R11 

eq.] 

6.79E-9 

CML2001 - Jan. 2016, Photochem. Ozone Creation Potential (POCP) [kg Ethene eq.] 9.97E-5 

CML2001 - Jan. 2016, Terrestric Ecotoxicity Potential (TETP inf.) [kg DCB eq.] 0.00266 

USEtox 2.1, Ecotoxicity (recommended and interim) [CTUe] 269 

USEtox 2.1, Ecotoxicity (recommended only) [CTUe] 0.00228 

USEtox 2.1, Human toxicity, cancer (recommended and interim) [CTUh] 5.13E-9 

USEtox 2.1, Human toxicity, cancer (recommended only) [CTUh] 1.57E-9 

USEtox 2.1, Human toxicity, non-canc. (recommended and interim) [CTUh] 1.08E-7 

USEtox 2.1, Human toxicity, non-canc. (recommended only) [CTUh] 5.76E-12 
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Figure A.3.1: Additional LCIA results for Eudorlin® Extra (relative contribution) 
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Figure A.3.2: Environmental heat map (galenic formulation). The processes are classified based on their relative contribution to 
the total LCIA result for the galenic formulation. For this purpose, a color scheme from red (large contribution) to green (small 
contribution) is used. 
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A. 4. PCR for pharmaceutical products and processes 

In the PCR for pharmaceutical products (also referred to as ‘final framework’), the results presented in 

chapter 3 are included and complemented by further (generic) information (e.g. on data quality). The 

PCR is published under a Creative Commons Attribution 4.0 International License 

(https://creativecommons.org/licenses/by/4.0/): 

Siegert M.-W., Finkbeiner M., Emara Y., Lehmann A. Product Category Rules (PCR) for 

pharmaceutical products and processes (2019). 

http://dx.doi.org/10.14279/depositonce-9143  

 

https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.14279/depositonce-9143
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