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EXECUTIVE SUMMARY 
One of the key challenges in making life cycle assessments (LCAs) for pharmaceutical products is 
compiling an overview of resources and emissions in a life cycle inventory (LCI). Due to limited 
data availability, this is usually a time-consuming exercise, leading to incomplete LCIs with under- 
or overestimations and data gaps, which then leads to unreliable LCAs. 

In this deliverable, we report on our progress on filling LCI data gaps for prospective and 
retrospective environmental impact assessments of pharmaceutical products. We aimed to close 
these gaps along two routes: 1) by scaling up LCI data for energy consumption from laboratory 
to industrial scale; and 2) by read-across of LCI data, which is the prediction of properties of a 
pharmaceutical substance based on pattern recognition with similar substances. 

We did this by improving and extending existing methods for scaling up energy demands from 
lab scale to full scale production of pharmaceutical products. Our approach for read-across was 
to create an LCI of substances and production technologies based on data from the other 
TransPharm work packages and literature.  

Key findings presented in this work are: 

1. Improved data approximation methods have been developed for energy usage of unit 
operations. We present recommended equations and other simplified approaches per 
unit operation. 

2. During the production of six commonly used anaesthetics and NSAIDs 
(dexmedetomidine, morphine, diclofenac, ibuprofen, paracetamol and lidocaine), 
heating, ventilation and air conditioning (HVAC) contribute significantly to energy 
consumption. Other considerable energy contributions come from cleaning equipment 
and other auxiliary operations, such as wastewater and air emission control.  This stresses 
the need to estimate these energy intensive processes carefully by choosing appropriate 
scale-up methods for these processes and including them in the inventory. 

3. Because data disclosure was limited, it was unfeasible to test if pattern recognition with 
read-across can be a viable route for LCI data gap filling. Instead, we created a life cycle 
process diagram in collaboration with consortium partners. This diagram depicts what 
unit process data – the smallest operational elements in the LCI that require in- and 
output data –  should be reported in a harmonised LCI. This is expected to improve the 
availability and consistency of LCI data, facilitating pattern recognition in the future.  

We recommend to explicitly include energy intensive processes when gathering LCI data. We 
encourage practitioners of pharmaceutical product LCAs to use energy calculation methods from 
Table 2 and our life cycle inventory process diagram and data approximation specification sheet 
in Appendix D and E. These tools serve as checklists as well as transparent reporting instruments 
for data estimates and approximation methods used.  
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1 INTRODUCTION 
Pharmaceutical products have considerable environmental impacts, ranging from greenhouse 
gas (GHG) emissions during production, consumption and waste incineration to discharges via 
wastewater that impact the aquatic environment (Van Wilder et al., 2024). Since emissions may 
occur in all stages of the product’s life cycle, it is important to analyse environmental fate and 
effects by means of life cycle thinking. 

Life Cycle Assessment (LCA) is commonly used as an analytical tool to evaluate environmental 
impacts throughout a product’s life cycle. Since the end of the 20th century, the pharmaceutical 
industry has started to adopt life cycle thinking and LCA, amongst others for process 
development of pharmaceutical production (Jiménez-González, 2000).  

Structure of a Life Cycle Assessment (LCA) 

According to the ISO 14040 standard, an LCA is constructed in four steps: 1) a goal and scope 
definition, where the purpose of the study and system boundaries are identified; 2) data 
collection and analysis for the life cycle inventory (LCI); 3) assessment of environmental 
impacts; and 4) interpretation of the results. The most time-consuming element in LCA is 
compiling resource use and emission data in an LCI. This is also one of the most challenging 
parts, as calculations and assumptions to fill data gaps usually must be made on a very 
limited amount of data that may be difficult to validate. 

Pharmaceutical products typically have complex life cycles: production, consumption and 
disposal chains form a global network, making it challenging to map the spatial differentiation of 
resource inputs, emissions, and environmental impacts. Life cycle inventory (LCI) data are not 
widely available, amongst others because of confidential synthesis routes and methodological 
inconsistencies regarding reporting (Siegert et al., 2019).  

In the literature, we found only a limited set of methods for estimating LCI data for chemical 
production based on laboratory scale data. Piccinno et al. (2016) designed an upscaling method 
through Process Design Calculations (PDCs) at unit operation level to estimate LCI data. They 
adapted and simplified the PDCs for LCA contexts. PDCs provide an accurate method for 
estimating LCI data. Previous studies have demonstrated that LCIs estimated for chemical 
synthesis using this method, yield environmental impacts with differences of only 1–10% 
compared to impacts derived from primary plant data. Parvatker et al. (2019) further applied 
different existing methods, including the method of Piccinno et al. (2016), to 20 analgesic APIs. 
However, they did not consider certain aspects of pharmaceutical production, such as product 
formulations and auxiliary operations, as these were not covered in existing estimation methods. 
Additionally, the omission of equipment design specifications and performance data in PDCs can 
lead to an underestimation of the environmental impacts of pharmaceutical production. Similarly, 



 

 

9 TransPharm | D4.3 – Filling inventory data gaps for pharmaceutical product life cycle assessment | PU 

conservative assumptions (e.g. on energy efficiencies of equipment) might result in 
overestimations of impacts. 

Because data is lacking and approximation methods have limitations, compiling the LCI is a 
difficult and time-consuming exercise, leading to incomplete LCIs with under- or overestimations 
and data gaps. This in turn leads to unreliable LCAs. Given the unique nature of the 
pharmaceutical sector, a specialized approach is necessary to estimate the LCI. 

Therefore, in Task 4.2 in TransPharm we aimed to develop methodological innovations to fill LCI 
data gaps when insufficient data are available. This work was subdivided into two tasks: Task 4.2.1 
focused on developing methods to estimate LCI data by upscaling from laboratory data and Task 
4.2.2 was about estimating LCI data through read-across. Read-across is a predictive data 
approximation method based on pattern recognition in the characteristics and properties of 
substances.  

Filling LCI data gaps is a first step towards operationalization of the holistic framework for 
integrated sustainability assessment as presented in Task 4.1. Integrated sustainability 
assessment combines the footprint, reflecting environmental and socio-economic burdens, with 
the so-called “handprint”. The latter is an assessment of the societal benefits of pharmaceutical 
products. Reporting on handprint and footprint allows for comprehensive evaluation (Van Wilder 
et al., 2024).  

In this report, we examined methods by which laboratory-scale data or data with similar 
properties can be used to provide estimates that fill data gaps in life cycle inventories. The 
methods section provides a brief overview of data estimation methods and development of new 
LCI estimation method. This is followed by an analysis of suitable methodologies for 
pharmaceutical products and outlining the streamlined guidelines to estimate LCI data using the 
new methods. In  chapter 5 we  discuss the impact of the results and we present a process 
diagram that was created in collaborative effort with consortium partners. This diagram serves 
as a checklist for reporting on unit process data – the smallest operational elements in the LCI 
that require in- and output data –  in a harmonised LCI.  These results are further presented in a 
practical approach to compile and report an LCI with data approximations.   
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2 METHODS 
Radboud University (RU) developed a method to estimate LCI data for pharmaceutical production 
by upscaling laboratory data, operationalized as an Excel-based tool. A distinction was made 
between the upscaling of batch production processes and continuous production processes. 

The method begins by capturing steps commonly used in laboratory settings, as outlined in study 
protocols (e.g., scientific articles, patents, or industry reports), and translating them into their 
equivalent batch production unit operations, building upon the scale-up framework for industrial 
chemicals previously established by Piccinno et al. (2016). These operations were then integrated 
into a generalized process flow diagram (PFD). We also considered auxiliary units not included in 
the study protocols, such as solvent recovery.  

It was decided to initially focus on the energy use of these unit operations. To estimate the 
industrial energy usage for full-scale pharmaceutical production technologies from cradle to 
gate, process design calculations (PDCs), comprising mass- and energy-balance equations were 
derived for each unit operation in the PFD.  

This new method is a refined version of existing method applied by Parvatker et al. (2019) for 
active pharmaceutical ingredient (API) synthesis based on Piccinno et al. (2016) that was critically 
assessed and further optimized. The refined methodology was tested and compared with existing 
methods. This was done by assessing the environmental impacts associated with energy usage 
data estimated from both approaches for selected, well-known, and commonly used drugs such 
as diclofenac and ibuprofen. 

RIVM has performed a desk-study on pattern recognition methods for read-across, such as 
machine learning models (Steenmeijer, et al. 2022). RIVM has also used information from their 
ongoing literature review on LCAs of pharmaceutical products (to be published in 2024/2025) to 
review which aspects of the LCI can be built up via read-across.  

To validate upscaled data and read-across, partners in this WP have sought to retrieve LCI data 
from partners within the consortium. A workshop on data sharing with partners was held at the 
12M General Assembly Meeting (GAM) in Helsinki. Besides, partners have been contacted 
individually to work together on case studies for improved sustainability assessment. During the 
24M GAM in Dublin, posters have been presented on upscaling methods and reporting on the 
LCI (see Appendix A). Feedback from the consortium partners on the posters helped shape this 
report.  
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3 DEVIATION FROM OBJECTIVES AND 
CORRECTIVE ACTIONS 

The original objective with Task 4.2.2 was to find a statistical relationship between the molecular 
structure of a pharmaceutical and the inventory data on its production process.  

Retrieving training and validation data turned out to be more difficult than originally anticipated. 
We were able to collect little or no LCI information from partners within the consortium. No 
industries shared their LCI data. A lack of industrial production data on pharmaceutical products 
has limited our research. Also, an ongoing literature review on LCAs of pharmaceutical products 
from partner RIVM showed a general lack of LCI data (see Appendix B). It turned out to be 
unfeasible to gather sufficient input and emission data for a selected set of production 
technologies to be used for read-across.  

It was therefore decided by the WP partners to repurpose this task and to focus on the 
remediation of data gaps in LCI data. RIVM broadened the scope of their literature review and 
focussed on methodological choices, knowledge gaps, challenges, and solutions to optimize the 
availability of LCI data.  

This has resulted in an aligned LCI process diagram in collaboration with RIVM, UGent, Ecologic 
and Radboud University that outlines the processes to be included in the inventory phase. This 
serves as a checklist for inventory data collection and harmonised reporting. It is a basis for 
further development of methods to remediate data gaps in LCI data and to harmonise data 
collection in order to create consistent data sets. 

  



 

 

12 TransPharm | D4.3 – Filling inventory data gaps for pharmaceutical product life cycle assessment | PU 

4 ANALYSIS AND OUTCOMES 

4.1 Estimating energy usage: scaling up laboratory data  
(Task 4.2.1) 

Figure 1 presents the developed general procedure to estimate the energy usage of the industrial 
production of a pharmaceutical product based on a lab-scale study protocol. The new procedure 
developed by Radboud University consists of three main steps. It was decided to present the 
three steps in this deliverable as instruction texts that can be directly applied.   

Step 1 - Data Extraction: Conduct literature search using open-access patent databases and 
peer-reviewed articles to identify relevant study protocols for API synthesis and tablet 
formulation. Patent databases like Google Patents and Espacenet provide broad applicability and 
usability for a range of LCA practitioners. When accessible, incorporate additional resources such 
as Scopus and relevant books on pharmaceutical synthesis and formulation (S. Niazi, 2016; 
Vardanyan & Hruby, 2006). Use specialized tools like Reaxys to gain critical insights into reaction 
mechanisms and detailed experimental conditions, verifying the identified protocols. Finally, 
extract relevant data from the study protocols, including steps involved in API synthesis, tablet 
formulation, and process specifications such as material inputs, yields, and reaction conditions.  
 
Step 2 - Upscaling to Industrial Scale: scale up the extracted API synthesis and tablet 
formulation steps to industrial scale by mapping them into a limited number of Industrial Unit 
Operations (IUOs). Table 1 lists the common API synthesis and tablet formulation steps used in a 
laboratory setting and their equivalent industrial unit operations included in this method. The 
tablet form was selected because it is the most frequently used drug product type (Azad, et al. 

Figure 1: Stepwise procedure for estimating energy usage of pharmaceutical production. 
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2019). Additionally, auxiliary units typically not included in study protocols are incorporated, 
utilizing established industrial designs of these auxiliary units documented in open literature. 
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Table 1: Upscaled laboratory processes to industrial-scale unit operation.  

Production stage Laboratory scale step 
Scaled-up Industrial Unit Operation 

(IUOs) 

API synthesis 

Reaction under heating/cooling 
Batch reaction in a stirrer batch 

reactor 

Mixing (magnetic stirrer) & Dispersing In-tank stirring 

Crystallization 
Batch crystallization in a stirrer batch 

reactor 

Blending, Mixing (viscous solution), 

Homogenizing (all types) & Dispersing 
Rotor-stator type homogenization 

Pestling in mortar, Grinding/milling, 

Other particle size reduction 

Grinding 

 

Filtration, Sieving 

Centrifugation/cyclonic separation 

Other solid–liquid separation 

Filtration/centrifugation 

Distillation (Rotary evaporation) Distillation 

Vacuum drying, Drying & Rotary 

evaporation 

(Oven) drying/vaporization. 

 

(Manual) Transferring of liquids Pumping 

Synthesis-related units not included in the lab protocols 

(auxiliary units) 

Heating, ventilation & A/C (HVAC)- Air 

Handling Unit (AHU)  

 Wastewater treatment 

 Heat recovery 

 Air emission control 

 Cleaning of equipment (CIP) 

 Solvent recovery-Distillation 

Tablet 

formulation 

Blending and mixing Tumbling 

Milling (Fitz mills, colloid mills, swing 

hammer mill) 
Cone milling 

Wet granulation High shear granulation 

Dry granulation Roller compaction 

Drying Fluidized bed drying 

Tablet compression Rotary Tablet Pressing 
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All raw materials, including reactants and solvents, are scaled up linearly in stoichiometric 
quantities according to lab procedures, following the same framework with detailed data 
provided in Table S11 in Appendix C. 

Integrate the mapped unit operations  in a generalized Process Flow Diagram (PFD) that 
describes how these operations are interlinked and ultimately result in the end product as shown 
in Figure 2. This figure is illustrative for the production of a general pharmaceutical and can be 
used to develop a product-specific PFD. In some cases, multiple technologies can perform the 
same operation step, allowing the LCA practitioner to choose among them.   

Step 3 - Estimation: Estimate the expected energy usage for each IUO involved in the product-
specific PFD mainly using derived PDCs. The main equations and empirical models used in the 
PDCs, along with certain simplified approaches, are presented in Table 2. Apply the extracted data 
from the original study protocol (e.g., material inputs and reaction temperatures) into the PDCs, 
along with the suggested equipment design parameters for each IUO, as outlined in the 
developed method. For example, to estimate the energy usage of a reaction, use extracted data 
such as reaction temperature and reactant quantities, alongside the reactor's design 
specifications (e.g., its heating efficiencies and dimensions) provided in the developed method. 
Ultimately, energy usage is quantified as heat (kJ) and electricity (kWh) for the entire production 
process. These standard design data were derived from key sources such as chemical 
engineering textbooks, equipment manufacturing catalogs, and scientific literature (Am Ende 
2010, Niazi 2004, Qiu, et al. 2016, Tao, et al. 2023). 

Although this provides a general procedure for the estimation process, a set of detailed 
guidelines is provided in the Appendix C. These guidelines offer the necessary depth for handling 

Figure 2: A process flow diagram (PFD) for generalized pharmaceutical production. 



 

 

16 TransPharm | D4.3 – Filling inventory data gaps for pharmaceutical product life cycle assessment | PU 

complex operational conditions and adapting and parametrizing PDCs. The derivation procedure 
of equations and empirical models is also included to provide transparency and guide users in 
adapting these models, taking into account variations in operational conditions, such as pressure 
and other critical parameter assumptions. Suggestions for parameterizing the PDCs are 
provided, considering the standard design specifications of different equipment types and scales 
according to the user preference.. Recommendations for selecting the appropriate approach are 
provided when multiple approaches are proposed for estimating energy usage of a particular 
unit operation based on data availability in the study protocol. All of these elements will be 
incorporated into an Excel-based tool for LCA practitioners, which will be made available 
alongside the upcoming publication, as shown in Figure 3. 

 

 

 

 

 

 



 

 

Table 2: Equations and Empirical Models Used to Calculate Energy Usage of Unit Operations. 

 
Industrial Unit 

Operation 
Recommended Equations and Empirical models Simplified Equations and Empirical models Comments 

API synthesis 

Reaction* 

𝑸𝑹 = 𝑄𝐻𝑒𝑎𝑡/𝐶𝑜𝑜𝑙 + ∑ 𝑆𝑥
𝑖=1 +  𝑄𝐿𝑜𝑠𝑠                         (1) 𝑸𝑹 = 𝑈 ∙ 𝐴 ∙ (𝑇𝑟,𝑎𝑣𝑔 − 𝑇𝑜) ∙ 𝑡ℎ + 𝐾 ∙ 𝐴 ∙ (𝑇𝑟 − 𝑇𝑜) ∙ 𝑡𝑟    (1A) Employed multipurpose batch reactor design for two 

reactor types and 5 scales each. 

Simplified method: when mass ratios and specific heat 

capacities for complex mixtures are unavailable. 

𝑄𝐻𝑒𝑎𝑡/𝐶𝑜𝑜𝑙 = (𝑚𝑟𝑥 ∙ 𝐶𝑝,𝑟𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,a) ∙ (𝑇𝑟 − 𝑇𝑜)   (2) 𝑇𝑟,𝑎𝑣𝑔 =
(𝑇𝑗 − 𝑇𝑜) + (𝑇𝑗 − 𝑇𝑟)

2
    (2A) 

𝑄𝑙𝑜𝑠𝑠 = 𝑎 ∙ (𝑄𝐻𝑒𝑎𝑡/𝐶𝑜𝑜𝑙)
𝑏

 ± 𝑘 ∙ 𝐴 ∙ (𝑇𝑟 − 𝑇𝑜) ∙ 𝑡𝑟   (3) 𝑡ℎ =
(𝑇𝑟 − 𝑇𝑜)

𝐻𝑟 ∙ 60
  

Crystallization* 

𝑸𝑪,𝒄𝒐𝒍 =
(𝑚𝑐𝑥 ∙ 𝐶𝑝,𝑐𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑐 − 𝑇𝑜) + 𝑚𝑐 ∙ 𝛥𝐻𝑐

𝜂𝑒

 (4) 𝑸𝑪 =
𝑈 ∙ 𝐴 ∙ (𝑇𝑐,𝑎𝑣𝑔 − 𝑇𝑜) ∙ 𝑡ℎ + 𝑄𝐿𝐻

𝜂𝑒

 (4A) 
Employed same multipurpose batch reactor designs.  

Consider mainly cooling and evaporative crystallization. 

𝑄𝐿𝐻 varies based on type of crystallization. 

𝑸𝑪,𝒆𝒗𝒑 =
(𝑚𝑐𝑥 ∙ 𝐶𝑝,𝑐𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) + 𝑚𝑠 ∙ 𝛥𝐻𝑣𝑎𝑝

𝜂𝑒

 (5) 𝑄𝐿𝐻 = 𝑚𝑐 ∙ 𝛥𝐻𝑐    or   𝑄𝐿𝐻 = 𝑚𝑠 ∙ 𝛥𝐻𝑣𝑎𝑝    (5A) 

Distillation* 

𝑸𝒅𝒊𝒔𝒕 =
𝑄𝐻𝑒𝑎𝑡 + 𝑚𝑠 ∙ 𝛥𝐻𝑣𝑎𝑝 ∙ (1.2 ∙ 𝑅𝑚𝑖𝑛 + 1)

𝜂𝐿𝑜𝑠𝑠

 (6) 
1.53 kg of steam per kg of solvent evaporated  

A simplified design of multipurpose batch reactor with 

addition of distillation column. 

Underwood equation to determine  reflux ratio 𝑅𝑚𝑖𝑛 . 

Empirical heat loss efficiencies 𝜂𝐿𝑜𝑠𝑠 instead expert 

estimated. 

𝑄𝐻𝑒𝑎𝑡 = (𝑚𝑑𝑥 ∙ 𝐶𝑝,𝑑𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) (7) 

𝑸𝒄𝒐𝒏𝒅 =
𝑚𝑠 ∙ 𝛥𝐻𝑐𝑜𝑛𝑑 ∙ (1.2 ∙ 𝑅𝑚𝑖𝑛 + 1)

η𝑐𝑜𝑛𝑑

 (8) 
0.027 kg of cooling water per kg of solvent 

evaporated 
 

Drying* 

𝑸𝑫𝒓𝒚 = 𝑄𝐻𝑒𝑎𝑡 + 𝑚𝑙𝑖𝑞 ∙ 𝛥𝐻𝑣𝑎𝑝 + 𝑄𝑙𝑜𝑠𝑠 + 𝛾 ∙ 𝑃𝑁 ∙ 𝑡𝑑 (9) 

𝑸𝑫𝒓𝒚 =
𝑚𝑙𝑖𝑞 ∙ 𝐶𝑝,𝑙𝑖𝑞 ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) + 𝑚𝑙𝑖𝑞 ∙ 𝛥𝐻𝑣𝑎𝑝

𝜂𝑙𝑜𝑠𝑠

 (6A) 

Two equipment designs to represent specificity in API and 

basic bulk chemical production. 

Assumed heat transfer rates in the  industrial process 

remain constant and similar to the lab-scale setup. 𝑄𝐻𝑒𝑎𝑡 = (𝑚𝑙𝑖𝑞 ∙ 𝐶𝑝,𝑙𝑖𝑞 + 𝑚𝑎 ∙ 𝐶𝑝,a) ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) 

 

(10) 

 

𝑄𝑙𝑜𝑠𝑠 = 𝐾 ∙ 𝐴 ∙  (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) ∙ 𝑡𝑑 (11) 
𝑡𝑑 =

𝑚𝑙𝑖𝑞

𝐸𝑅
                                              (7A) 

Simplified methods in the absence of drying time-𝑡𝑑 

𝑡𝑑 = 0.6 𝑡𝑙𝑎𝑏 ∙
𝑚𝑙𝑖𝑞

𝑚𝑙𝑎𝑏

 (12) 



 

 

Stirring  𝐸𝑠𝑡𝑖𝑟 =
𝑁𝑝 ∙ 𝜌𝑚𝑖𝑥 ∙ 𝑁3 ∙ 𝐷5 ∙ 𝑡𝑟

𝜂stir

 (13)  𝐸𝑠𝑡𝑖𝑟 = 𝑃𝑁 ∙ 𝑡𝑟  (8A) 
Equation from Piccinno et al. (2016).  

Simplified method: use nominal power (𝑃𝑁) in kW. 

Homogenization Refer Equation 13  NA Same equation 14, only parameters were adapted. 

Filtration 

Centrifugation 
1 and 10 kWh per ton of dry material  

 

Given in  Piccinno et al. (2016) 

Grinding 8–16 kW h/ton of grinded material  NA 

 

Pumping  𝐸𝑝𝑢𝑚𝑝 = 55
J

kg
∙ 𝑚 (14) 

 

 

 

 

 

Tablet form
ulation 

Wet granulation* 𝑬𝒘𝒈  =  𝑃𝑤𝑔 ∙ 0.5 𝑡𝑤𝑔 (15) 
NA Simplified the variation of power consumption (𝑃𝑤𝑔) with 

quantity of binder added with time. 

Dry granulation 𝑬𝒅𝒈  =  0.131
𝑘𝑊ℎ

𝑘𝑔
∙ 𝑚𝑔 (𝑘𝑊ℎ) (16) 

NA Derived from the average empirical power rating per unit 

mass (kg) as rough estimate.  

Fluidized bed 

drying* 

𝑸𝒇𝒃 = 𝐶𝑝,𝑎𝑖𝑟 ∙ (𝑇𝑑𝑟𝑦 − 𝑇𝑜) ∙ 𝛼 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝑡𝑓𝑏

+ 3600 𝑃𝑐𝑜𝑚𝑝 ∙ 𝑡𝑓𝑏 + 𝑄𝑙𝑜𝑠𝑠 

𝑄𝑙𝑜𝑠𝑠 = 𝐾𝑤𝑎 ∙ 𝐴𝐿 ∙ (𝑇𝑑𝑟𝑦 − 𝑇𝑎)  (18) 

(17) 

 
   

𝑸𝒇𝒃 =  ∆𝐻 × (𝐶𝑖 − 𝐶𝑓) 

 

(9A) 

Equipment design specifications were based on data from 

industrial case studies (Hindiyeh et al., 2018; Sharma et al., 

2022) . 

Simplified method used without drying time, given initial 

and final moisture contents (𝐶𝑖 , 𝐶𝑓) 
𝑡𝑓𝑏 = 0.6 𝑡𝑙𝑎𝑏 ∙

𝑚𝑙𝑖𝑞

𝑚𝑙𝑎𝑏

 (19) 

Milling*   𝑬𝒎𝒊𝒍  =  𝑃𝑚𝑖𝑙  ∙ 0.5 𝑡𝑚𝑖𝑙 (20) 
NA Equation 15 can be applied with similar assumed conditions 

but different suitable motor ratings (𝑃𝑚𝑖𝑙) 

Mixing & blending   𝐸𝑚𝑖𝑥𝑖𝑛𝑔 = 𝑃𝐵 ∙ 𝑡𝑚𝑖𝑥𝑖𝑛𝑔 (21) 
NA Variation of power consumption (𝑃𝐵) has been simplified as 

a function of  mixing time (𝑡𝑚𝑖𝑥𝑖𝑛𝑔) 

Tablet 

compression 
  𝑬𝒕𝒄  =  0.045

𝑘𝑊ℎ

𝑘𝑔
∙ 𝑚𝑓 (𝑘𝑊ℎ) (22) 

NA Derived from the average empirical power rating per unit 

mass (kg) as rough estimate. 



 

 

*Focused high energy intensive unit operations under this study 

𝑸 represents the production dependent steam/coolant consumption of a batch reactor (𝑅),  heat loss from the system (𝑙𝑜𝑠𝑠), cooling 
crystallization (𝑐, 𝑐𝑜𝑙),  evaporative crystallization (𝑐, 𝑒𝑣𝑝),  crystallization in general  (𝐶),  distillation  (𝑑𝑖𝑠𝑡),   condensation (𝑐𝑜𝑛𝑑),  drying (𝑑𝑟𝑦),  
fluidized bed drying  (𝑓𝑏),  continuous distillation (𝑐𝑜𝑑𝑖), azeotropic distillation (𝑎𝑧𝑒) in kJ respectively; 𝑬 represents the electricity consumption 
for stirring (𝑠𝑡𝑖𝑟), mixing (𝑚𝑖𝑥𝑖𝑛𝑔), milling (𝑚𝑖𝑙), tablet compression (𝑡𝑐), cleaning (𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔) in kWh respectively; 𝒎 are the masses of the 
reaction mass (𝑟𝑥), the equipment/apparatus (𝑎),  crystallized material (𝑐), solvent evaporated (𝑠), distillation mass (𝑑𝑥), liquid or solvent (𝑙𝑖𝑞),    

 

Auxiliary units 

Solvent recovery* 

𝑸𝒄𝒐𝒅𝒊 = 0.78 𝑄𝑑𝑖𝑠𝑡 (23) 

1.21 kg of steam per kg of solvent evaporated 

Adapted batch distillation energy equations by considering 

the variation in empirical or process-simulated data. 

Equation 23 was modified for novel distillation technologies 

based on empirical data as a conservative approach. 
𝑸𝒂𝒛𝒆 = 𝑄𝑐𝑜𝑑𝑖 ×

𝑓𝑎𝑐

𝜂𝑎𝑐

 (24) 

HVAC* 

 𝑸𝑨𝑯𝑼  𝑎𝑠  𝑉𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠  &  𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦    

𝑽𝒏𝒂𝒕𝒖𝒓𝒂𝒍 𝒈𝒂𝒔 = 47.95 
m3

ℎ
 ∙  𝑡𝑝 (25) 

 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 475.15 kW ∙ 𝑡𝑝 (𝑘𝑊ℎ) (26)            

Combined: 𝑄𝐴𝐻𝑈 = 972.4 ∙ 𝑡𝑝 (kWh) (27) 

 

𝑸𝑨𝑯𝑼  𝑎𝑠  𝑉𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠  &  𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦   

 𝑉𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 = 3.49 𝑚3 of natural gas per kg of product  

 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 31.72 kWh of electricity per kg of 

product             

Combined:   88.07  kWh per kg of product 

Considered the energy usage separately for natural gas and 

electricity utilized (  𝑉𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 , 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) 

Recommendation method: Empirical energy data as  

function of the production duration of a batch ( 𝑡𝑝 in hours) 

Simplified method: Empirical values per kg from industrial 

case studies. 

Separate combined equation by converting to common 

unit. 

Equipment 

cleaning 

𝑬𝒄𝒍𝒆𝒂𝒏 = [0.2𝑉 ∙ 𝐶𝑝,𝑠 ∙ (𝑇𝑏𝑜𝑖𝑙,𝑠 − 𝑇𝑜) + 𝑃𝑝𝑢𝑚𝑝 ∙ 𝑡𝑠]  + [0.4𝑉 ∙ 𝐶𝑝,𝑤 ∙

(𝑇𝑤 − 𝑇𝑜) + 𝑃𝑝𝑢𝑚𝑝 ∙ 𝑡𝑤     (28) 
NA 

Derived from a base equation by Palabiyik et al. (2015) and 

adapted using recommended procedures from the literature. 

𝑡𝑠 𝑜𝑟 𝑡𝑤 =  0.2
𝑉

𝐹. 𝐴
 (29)   

Wastewater 

treatment-onsite 

  Complete LCI estimation method provided in Appendix C  

Air emission 

control 

 Complete LCI estimation method provided in Appendix C

  

 



 

 

final ingredient mixture (𝑓), granulation ingredient mixture (𝑔) in kg respectively; 𝐶𝑝 represents the heat capacities of the reaction mass (𝑟𝑥), 
the material of the vessel (𝑎)  in kJ/kg.K respectively; 𝑻 represents the temperature of the reaction (𝑟), the ambient (𝑜),  average over heating 
period (𝑎𝑣𝑔),  vessel jacket (𝑗),  boiling point  (𝑏𝑜𝑖𝑙), crystallization (𝑐),  cleaning solvent boiling point (𝑠), boling point of water (𝑤) in K 
respectively; 𝒕 represents the time taken to heat mixture from initial temperature to reaction temperature (ℎ), reaction (𝑟), drying (𝑑), fluidized 
bed drying (𝑓𝑏), solvent cleaning (𝑠), water cleaning (𝑤) in seconds respectively. 𝜼 are the efficiencies of the equipment (𝑒),  due to losses (𝑙𝑜𝑠𝑠), 
stirring (𝑠𝑡𝑖𝑟), specific to distillation technology (𝑎𝑐); 𝜟𝑯 are the enthalpy of vaporization (𝑣𝑎𝑝) and crystallization (𝑐) in kJ/kg; 𝑷 are the motor 
rating of the compressor (𝑐𝑜𝑚𝑝),  milling (𝑚𝑖𝑙),  wet granulation (𝑤𝑔),  wet granulation (𝑑𝑔), nominal power of the equipment (𝑃𝑁);  in kW; 
𝐴𝐿and  𝐴 are the heat transfer area of the equipment in m²; 𝑈 and 𝐾𝑤𝑎are overall heat transfer coefficient in kW/m²·K for relevant equipment; 
ρmix is density of the reaction mixture and  𝜌𝑎𝑖𝑟  is the density of air in kg/m3; 𝑎, 𝑏, and k (in W/m²·K ) are parameters of the thermal losses 
model; correction factor specific to azeotropic mixtures (𝑓𝑎𝑐); S refers to additional terms that might be applied in special cases, such as high-
pressure reactions and highly endothermic or exothermic reactions; loss coefficient (𝐾) in kW/m2; heating and cooling rates (𝐻𝑟) in K/min 
specific to different reactor sizes; minimum reflux ratio (𝑅𝑚𝑖𝑛); fraction of nominal power consumed by the equipment (𝛾); Evaporation Rate 
(𝐸𝑅) in in Kg/s;  𝑁𝑝 is power number, impeller diameter given (D) in m; rotational speed (𝑁) in 1/s; inlet air flux (𝛼) in m3/h; typical flow rates 
for equipment cleaning (𝐹) in l/min. 

 

  

  

 

 

 



 

 

 

Figure 3: Example interface of Excel-based tool developed for LCA practitioners to operationalize the new estimation method for generating LCI data on 
industrial scale. 
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4.2 Read-across methods based on pattern recognition 
(Task 4.2.2) 

Read-across is a data approximation method where one tries to find similarities in the 
characteristics of substances, such as their chemical structure. The European Chemicals Agency 
(ECHA) uses the following definition: "read-across is regarded as a technique for predicting 
endpoint information for one substance (target substance), by using data from the same 
endpoint from (an)other substance(s), (source substance(s))." (ECHA 2017).    

Read-across can also be based on similarities of other properties, such as similarities in the 
production processes, for instance if source and target production processes use similar auxiliary 
chemicals (Takkellapati and Gonzalez 2023). Pattern recognition lies at the basis of read-across. 
Pattern recognition is also the basis of predictive tools such as machine learning models. 
Parvatker & Eckelman (2018) describe in their LCI approximation method hierarchy several 
techniques that can include forms prediction with pattern recognition. We discuss them here:    

o Process calculations, with principles of process engineering and predictions of 
process features. For instance, duration of a synthesis step and molar efficiency 
can be used as predictor variables for resource consumption (De Soete, et al. 
2014) . However, fine chemicals like APIs can be produced in many different ways, 
so the mass and energy balance, essential elements of an LCI, can differ 
significantly by production route (Parvatker 2021). This variation makes pattern 
recognition and prediction of process data for pharmaceutical products difficult. 

o Stoichiometry is the study of the quantitative relationships between reactants and 
products in a chemical reaction based on the balanced chemical equation. 
Predictions based on stoichiometry only are not a preferred method as important 
properties of production processes such as scale, losses and energy consumption, 
require a lot of resources that cannot be taken into account by looking at the 
chemical reaction only (Parvatker 2021). 

o Molecular structure-based models are a type of machine learning model to 
estimate an LCI based on molecular structure. Current prediction methods based 
on LCI data of fine chemical or bulk chemical products may be insufficient for 
pharmaceutical products. At this moment, for instance, the carbon footprint of 
purification process steps required for complex chemicals such as pharmaceutical 
products cannot be retrieved from molecular structure models, such as the 
recently updated model FineChem 2 (Zhang, et al. 2024). 

In general, there are currently not enough training and validation data to test if read-across is a 
viable route. The same is the case for machine learning models to fill LCI data gaps for 
pharmaceutical products (Steenmeijer et al., 2022). Thus, what cannot be done at this is moment 
is read-across. What can be done is scaling up current LCI data from lab scale to commercial scale.  

https://echa.europa.eu/documents/10162/13628/raaf_en.pdf/614e5d61-891d-4154-8a47-87efebd1851a
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5 IMPACT OF THE RESULTS AND DISCUSSION 

5.1 Comparison of results new upscaling method with 
existing LCI estimation method (Task 4.2.1) 

In this section, we present a cradle-to-gate LCA with global warming (GW) impacts for six selected 
APIs. This analysis is based on the energy usage estimates and LCI data obtained previously using 
both this new method and an existing method. The method applied in Parvatker et al. (2019), 
which is based on Piccinno et al. (2016), is considered the existing method.  

This analysis was performed using SimaPro v9.4, employing the ReCiPe Midpoint (H) impact 
assessment method. The functional unit for this analysis was defined as 1 kg of API production. 
Inventory data for raw materials including precursor chemical synthesis, and other background 
processes such as energy utility supply were obtained from the Ecoinvent database v.3.10 
(Wernet et al., 2016). When data for precursor chemicals were unavailable, both the new and 
existing methods were applied to estimate the necessary inventory data. Consequently, all data 
for this analysis were comprehensively modeled for each pharmaceutical product. The new 
estimation method revealed significant changes in absolute impact values compared to existing 
methods, incorporating additional layers of environmental impact due to newly included unit 
operations, as shown in Figure 4.  

Figure 4: Cradle to gate global warming impact based on the energy usage estimates and LCI data 
obtained using both new and existing estimation methods. 
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The air handling unit (AHU) of the HVAC system has a major impact in the new method for most 
APIs, with its magnitude varying according to differences in production times. While the impact 
from other newly added unit operations such as facility cleaning and tablet formulation also 
shows noticeable contribution in most APIs with the new estimates, its impact is not as substantial 
as that of the AHU. However, these new contributions are  considerable compared to the total 
impacts from energy estimates of the existing method. This result is complimentary with the 
highlights of Figure 6. 

This increment is particularly significant in four out of six APIs considering their total impact, 
which have lower total absolute impacts below 110 kg CO2 eq per kg API produced. In contrast, 
smaller increments are observed for other APIs, primarily due to their higher molecular 
complexity and lower yields. These involve the synthesis of complex intermediate pharmaceutical 
ingredients (IPI) derived from precursor chemicals. This process results in higher material inputs, 
substantially contributing to GW and diminishing the relative contribution of the impacts resulted 
from newly included unit operations.  

Moreover, impacts related to energy usage of API synthesis, including the production of IPIs and 
precursor chemicals, slightly increased with the new estimation method. However, even this 
slight increase in impacts for certain APIs may be equal to the total impacts of other API 
syntheses. For example, the GW increase for Morphine synthesis under the new method is about 
29 kg CO2-equivalent, which is higher than the total GW value of Lidocaine synthesis (See Figure 

Figure 5: Gate-to-gate GW impact from energy usage estimates for selected pharmaceutical production 
using existing and new estimation methods. 
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4). This highlights the importance of including minor enhancements in energy usage in the life 
cycle inventory as well.  

Figure 5 illustrates the contributions to Global Warming from only energy usage estimates for all 
six selected APIs using both estimation methods. These values are compared to the GWP from 
averaged empirical energy usage per kilogram of product, derived from energy data across 40 
industrial sites in Italy and United States  (Bruni, et al. 2023, IAC 2024). The results indicate that 
the GW values from the new estimation method are more aligned with, comparable to, or exceed 
the reference impact value of 57.5 kg CO2 eq. Specifically, the new estimation method shows 
higher GW values for APIs such as Ibuprofen, Lidocaine, Morphine, and Dexmedetomidine, 
indicating a closer alignment with the reference value compared to the existing method. This 
comparison serves as a partial validation, given that the reference value is generic and not specific 
to APIs, underscoring the potential of the new estimation method in better reflecting real-world 
energy usage impacts in pharmaceutical production. 

5.2 Life cycle process diagram (Task 4.2.2) 

As shown in Chapter 4, it is currently not possible to test generation methods with read-across 
for pharmaceutical products because of lacking data. One of the reasons data are lacking may 
well be the complex nature of production routes and processes. These must be carefully reported 
to compile an overview of the life cycle of a pharmaceutical product.  

As an alternative answer to this task, we here introduce our structure to generate LCI data with 
a process diagram presented in Figure 6. In a collaborative effort, process chemists, LCA experts 
and risk assessment experts from RIVM, UGent, Ecologic and Radboud University have developed 
this diagram. The diagram is structured around different life cycle stages defined earlier in the 
TransPharm project  (Van Wilder et al., 2024). 

LCI data are  comparable and applicable in broader sustainability assessments if uniform 
reporting and upscaling techniques are used. This diagram serves as a checklist for inventory 
data collection and modelling. It is also an invitation to guideline developers to have a dialogue 
on what should and should not be included in a pharmaceutical product LCA.  

This life cycle process diagram can be used by LCA practitioners, industry as well as decision 
makers to help identify the right scope and desired goal that the LCA should contribute to 
(solution focused) as RIVM observed in their ongoing literature review that the goal and scope of 
LCAs are not always aligned (see Appendix B). The diagram is specific about the system 
boundaries of each life cycle stage and which processes are involved to sufficiently reflect each 
life cycle stage. This helps, for example, to indicate where the end of a cradle-to-gate scope is 
located.   



 

 

26 TransPharm | D4.3 – Filling inventory data gaps for pharmaceutical product life cycle assessment | PU 

Figure 6 shows separate processes for facility cleaning, HVAC and production waste treatment 
when making an LCI for any pharmaceutical product. This is because several papers in our 
ongoing literature review indicate high impact contributions from these processes (Amasawa et 
al., 2021; Budzinski et al., 2022; Bunnak et al., 2016; Renteria Gamiz et al., 2019), and our own 
upscaling work in Task 4.2.1 indicates the importance of them. These processes already occur in 
the other processes described in the diagram, but are here taken separately to stress the 
important contributions of these processes to energy usage. All processes involved in the life 
cycle of pharmaceutical products and considerations for inclusion are further described in 
Appendix D.   

This process diagram can be complemented with data quality descriptions based on the LCI 
approximation hierarchy first described by Parvatker and Eckelman (2018). A table that can be 
used for this is presented in Appendix E.   

These tools serve as checklists and transparent reporting instruments for data estimates and 
approximation methods used. The diagram and the sheet depict what unit process data should 
be reported in a harmonised LCI. This is a requirement for further development of methods to fill 
data gaps by improving the availability and consistency of LCI data. Harmonised data collection 
aids in creating consistent data sets that can facilitate pattern recognition in the future.



 

 

 

 

 

Figure 6: Generic life cycle of a pharmaceutical product with processes eligible for inclusion in the life cycle inventory. This diagram is a product from a 
collaboration with WP4 partners UGent, Ecologic, Radboud University, and RIVM.
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6 CONCLUSION 
In this deliverable we presented options to estimate data gaps in LCI modelling for 
pharmaceutical products. This was done in two tasks: Task 4.2.1 on method development for 
upscaling laboratory data to a commercial scale and Task 4.2.2 through read-across. 

We have introduced a new data estimation method in Task 4.2.1 and we have shown the potential 
of it. The developed method estimates energy usage of unit operations in API synthesis, tablet 
formulation and auxiliary operations as refined and extended versions of existing methods. 
Compared to existing methods, this approach aims to more accurately reflect industrial 
production processes by integrating all relevant factors such as heat losses and equipment 
design specifications, following a semi-empirical approach using engineering-based theoretical 
models and empirical data. 

A comparison with existing methods reveals significant improvements in data estimations. By 
accounting for additional factors like auxiliary unit operations and detailed equipment 
specifications, the overall environmental impacts are better reflected. This additional capture of 
impacts is mostly due to new energy estimates from auxiliary operations, but also from other 
LCIs such as chemicals consumption. Notably, the new method identified significant 
contributions from auxiliary units, including wastewater treatment, air emission control, cleaning 
equipment, and particularly the AHU of HVAC systems, which were previously underestimated or 
overlooked. 

Furthermore, global warming impacts from energy usage estimates of the new method align 
more closely with reference values from averaged empirical energy usage per kilogram of 
production, derived from energy data across 40 industrial sites. The new method’s greenhouse 
gas emission estimates are closer to reference values than the existing methods. 

The original plan for Task 4.2.2 was to fill LCI data gaps for pharmaceutical products for 
prospective and retrospective assessments through read-across. However, read-across based on 
molecular structure or similarities in production processes is currently not a viable route to 
remediate data gaps in life cycle inventories. This is because fine chemicals such as 
pharmaceuticals can have various synthesis routes with a large variation in environmental 
impacts. Information about these impacts to feed read-across is currently lacking. Furthermore, 
too little impact assessments with LCA and underlying LCI data have been published that can be 
used to reveal patterns with artificial intelligence, such as machine learning. 

Alternatively, in a collaborative effort with the work package partners, we have presented a 
process diagram that serves as a checklist for inventory data collection. Systematic data collection 
is an essential first step for further filling data gaps with data approximation methods. 

Based on these findings, we recommend to explicitly include energy intensive processes when 
gathering LCI data. We encourage practitioners of pharmaceutical product LCAs to use the newly 
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developed approximation method, particularly the energy equation recommendations presented 
in Table 2 of this work. Our life cycle inventory process diagram and data approximation 
specification sheet in Appendix D and E serve as checklists as well as transparent reporting 
instruments for data estimates and approximation methods used. Our method and tools help 
remediate data gaps in LCI data and harmonise data collection. This enables consistent and 
transparent reporting of data sets. 

 

Dissemination of the work in other work packages 

• WP4: results will be used in guidance for integrated sustainability assessment of 
pharmaceutical products in task 4.4. 

• WP5: processes identified in the discovery, design and development phase mark 
important steps in the regulatory procedures for market authorization. These will be 
further set out in WP5 with a stage-gate figure with key decision steps.  

• WP6: The process diagram will be explained in a video on the training platform. 
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Appendix A: Poster presented at the 24M GAM in Dublin 



   
 

 

Appendix B: Results of ongoing systematic review of life 
cycle assessments of pharmaceutical products 

 



   
 

 

Appendix C: Streamlined guidelines of estimating the 
energy usage  
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1. Reaction 

Batch reactions are the foundation of chemical and pharmaceutical production, involving the 

controlled reaction of substances within a contained vessel. To model energy usage, a generalized 

design of a multipurpose batch reactor was utilized, incorporating an integrated utility system of 

heating and cooling. The reactor comprises a vessel equipped with stirring equipment (refer Section 

5).  

The PDCs for estimating the energy usage of the reactor were derived based on a generic model 

previously investigated and applied by Bieler et al. (2004). This model primarily considers the heat 

required to raise or lower the temperature of the reactor and reaction mixture, along with heat losses 

from the overall system, assuming that pseudo steady state conditions are achieved. However, since 

this model requires comprehensive input data and does not account for heat losses from utility 

systems, it was refined and enhanced to Equation 1 for the context of this research using 

methodological approaches detailed in the methods section .  

𝑄𝑅 = 𝑄𝐻𝑒𝑎𝑡/𝐶𝑜𝑜𝑙 + ∑ 𝑆𝑥
𝑖=1 +  𝑄𝐿𝑜𝑠𝑠                                                          ( 1) 

𝑄𝐻𝑒𝑎𝑡/𝐶𝑜𝑜𝑙 = (𝑚𝑟𝑥 ∙ 𝐶𝑝,𝑟𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,a) ∙ (𝑇𝑟 − 𝑇𝑜)                                             (2) 

Where  𝑄𝑅  is the production dependent steam/coolant consumption of a batch reactor in kJ; 𝑚 are 

the masses of the reaction mass (𝑟𝑥), the equipment/apparatus (𝑎), in kg respectively; 𝐶𝑝 represents 

the heat capacities of the reaction mass (𝑟𝑥), the material of the vessel (𝑎) in kJ/kg.K, respectively; 𝑇 

represents the temperature of the reaction (𝑟), the ambient temperature (𝑜), in K respectively; Heat 

loss from the system (𝑄𝐿𝑜𝑠𝑠) in kJ. S refers to additional terms that might be applied in special cases, 

such as high-pressure reactions and highly endothermic or exothermic reactions (refer Section 1.2).  

In this context, the initial temperature of the mixture is typically assumed to be the ambient 

temperature (𝑇𝑜) at 25 °C = 298.15 K if the feed is not from a previous step at a different temperature. 

Additionally, under steady-state conditions, the temperature of the reactor vessel is considered to be 

the reaction temperature (𝑇𝑟) which can be obtained in lab protocols. Furthermore, the accuracy of 

the calculation depends on the precision of the input data, particularly the physicochemical 

properties (e.g., heat capacities) of the chemical substances being processed. It is recommended that 

the heat capacity be taken as an average value of the heat capacities at 𝑇𝑟 and 𝑇𝑜 if those values are 

accessible. When the solvent is a mixture, the specific heat capacity of this solvent blend can be 



   
 

 

estimated using the mole fraction average of its pure components, following the method outlined by 

Piccinno et al. (2016). Under this framework, the heat capacity is simplified to that of the solvent and 

liquid reactants, disregarding the influence of solid reactants. 

1.1 Generic model 

The heating/cooling system consists of a jacketed arrangement (either a double jacket for glass-

lined reactor or a configuration with half-pipes for stainless steel reactor), through which heating 

and cooling fluids circulate.  

Figure S1: Generic batch reactor system for heat loss modelling. 

Existing Bottom-up model equation considered under this study 

𝑄𝑅 = (𝑚𝑟𝑥 × 𝐶𝑝,𝑟𝑥 + 𝑚𝑎 × 𝑐𝑝,𝑎 + 𝑚𝐻/𝐶𝑠𝑦𝑠 × 𝑐𝑝,𝐻/𝐶𝑠𝑦𝑠) × (𝑇𝑟 − 𝑇0) + 𝑚𝑒𝑣𝑎𝑝,𝑡 × ∆𝐻𝑣𝑎𝑝 + 𝑟𝑡 × ∆𝑟𝐻 × 𝑡 − 𝑄𝐷𝑖𝑠𝑠

+ 𝑄𝐿𝑜𝑠𝑠 

( S2) 

• Heat Loss Modelling: Initially considered all heat loss components and prioritized based on 

significance and accessibility of data to calculate. 

• Removal of Less Significant Components:  



   
 

 

o The dissipated energy (𝑄𝐷𝑖𝑠𝑠) from the stirrer is almost negligible from the overall energy 

consumption point of view and represents only 1.5% of the overall energy usage. 

o Estimated evaporated solvent as a fugitive emission to the headspace and heat 

associated with evaporation (𝑚𝑒𝑣𝑎𝑝,𝑡 × ∆𝐻𝑣𝑎𝑝) for selected chemicals contributed 

negligible to the overall energy usage. 

o Generally estimated reaction enthalpy 𝑟𝑡 × ∆𝑟𝐻 × 𝑡 for selected chemicals contributed 

negligible to the overall energy usage.   

• Empirical Data Integration:  

o The average weight of the equipment (𝑚𝑎) , specific heat capacity (𝑐𝑝,𝑎) and surface area 

of the vessel (A) for selected design material and scale were taken from vendor 

catalogues. 

• Simplify application for LCA. 

o Temperature of the equipment (𝑇𝑎) were assumed to be equal to the reaction mixture 

temperature which is accessible from lab data under pseudo-steady state. 

Thermal loss modelling 

Heat loss from the system (𝑄𝐿𝑜𝑠𝑠) must be compensated by additional energy to maintain a constant 

temperature throughout the reaction. This model accounts for losses due to temperature differences 

between process conditions and the ambient environment, incorporating an additional loss term to 

capture inefficiencies in energy transfer from the heating/cooling system, as represented by the 

Equation 3: 

𝑄𝐿𝑜𝑠𝑠 = 𝑎 ∙ (𝑄𝐻𝑒𝑎𝑡/𝐶𝑜𝑜𝑙)
𝑏

 ± 𝑘 ∙ 𝐴 ∙ (𝑇𝑟 − 𝑇𝑜) ∙ 𝑡𝑟 

( 3) 

Here, 𝑎, 𝑏, and k are parameters of the thermal losses model assumed to be apparatus-dependent 

and constant over time for a given type of utility and specific equipment due to phenomenon such 

as radiation and free convection from the apparatus surface. These were developed through 

regression analysis for this study based on values calculated in the studies of Rérat et al. (2012) &  

Szïjjarto et al. (2008). The heat transfer area (𝐴) in m3 is obtained from equipment manufacturing 



   
 

 

catalogues rather than assumed or calculated. The reaction time (𝑡) in sec is obtained from laboratory 

protocols. The heat loss terms can be replaced with the efficiency values given in the literature, 

simplifying the calculation to Equation S5 (see Section 1.3). This allows efficiency terms specific to the 

apparatus to be applied when accessible or derived based on empirical data.  

Apart from all reaction specific data from lab protocols, reactor design parameter data including 

characteristics of the reactor system such as weight of reactor vessel, heat loss parameters were 

listed in the Table S1 that can be used as a These can be used as the best substitution for the required 

reactor type and scale, with a stainless-steel reactor being one example. 

Table S1: Suggested scale-dependent data for the estimation of reactor’s energy usage. 

Stainless Steel                                                                                     Size (in litres) 
Physical entity  Symbol Unit 300 500 1000 5000 10000 
Reaction mixture 
volume 

𝑉𝑚𝑖𝑥 m³ 0.3 0.5 1.0 5.0 10.0 

Surface area 𝐴 m² 1.48 2.12 3..55 11.8 21.14 
Reactor volume 𝑉(𝑟𝑒𝑎𝑐) m³ 0.362 0.635 1.26 5.5 12.7 
Weight of Vessel  kg 480 725 1450 4270 8720 
Heat Capacity of Vessel 𝐶𝑝,a kJ/kg·K 0.50 0.50 0.50 0.50 0.50 

Steam Heat Loss 
Parameter 'a' 

a  7.66 7.66 7.66 7.66 7.66 

 Heat Loss 
Parameter 'b' 

b  0.57 0.57 0.57 0.57 0.57 

 Heat Transfer 
Coefficient 

k W/m²·K 66.52 67.37 69.84 88.8 112.4 

Brine Heat Loss 
Parameter 'a' 

a  7.39 7.39 7.39 7.39 7.39 

 
Heat Loss 
Parameter 'b' b  1.49 1.49 1.49 1.49 1.49 

 
Heat Transfer 
Coefficient k W/m²·K 59 59 59 59 59 

Glass-Lined Reactors                                                                     Size (in litres) 
Physical entity  Symbol Unit 300 500 1000 5000 10000 
Reaction mixture 
volume 

𝑉𝑚𝑖𝑥𝑉𝑚𝑖𝑥  m³ 0.3 0.5 1.0 5.0 10.0 

Surface area 𝐴 m² 1.8 2.5 4.0 12.0 18.0 
Reactor volume 𝑉(𝑟𝑒𝑎𝑐) m³ 0.352 0.58 1.9 6.3 11.8 
Weight of Vessel  kg 525 785 1600 5250 9900 
Heat Capacity of Vessel 𝐶𝑝,a kJ/kg·K 0.84 0.84 0.84 0.84 0.84 

Steam Heat Loss 
Parameter 'a' 

a  6.85 6.85 6.85 6.85 6.85 



   
 

 

 
Heat Loss 
Parameter 'b' 

b  0.74 0.74 0.74 0.74 0.74 

 Heat Transfer 
Coefficient 

k W/m²·K 68 68 68 68 68 

Brine 
Heat Loss 
Parameter 'a' 

a  10.85 10.85 10.85 10.85 10.85 

 
Heat Loss 
Parameter 'b' 

b  0.64 0.64 0.64 0.64 0.64 

 
Heat Transfer 
Coefficient 

k W/m²·K 37 37 37 37 37 

 

Alternative calculations 

In scenarios where data such as mass ratios and specific heat capacities for complex mixtures are 

unavailable, an alternative approach can be used to estimate the energy usage by applying 

Equation 1A. By applying this method, a conservative estimate of the reactor's energy 

requirements can be obtained based on reaction time and temperature. This approach integrates 

the heat transfer mechanism of the vessel design with heat loss estimations, while also considering 

practical constraints. Since most of these parameters were unknown such as average temperature 

(𝑇𝑎𝑣𝑔) and  heating time (𝑡ℎ), assumptions were made and values were derived based on 

appropriate industrial scale conditions .  

1.2 Additional terms (S) for QR  

The standard enthalpy of reaction is considered as an additional term only if it is explicitly mentioned 

in the data source and deemed necessary for the overall energy balance. If the relevant data is 

available, it can be calculated using Equation S2 by substituting values for the rate expression (𝑟𝑡) in 

mol/sec, the standard molar enthalpy change of the reaction (∆𝑟𝐻) in kJ/mol, and the reaction time 

(𝑡) in seconds. 

 𝑄𝑒𝑛𝑡 = 𝑟𝑡 ∙ ∆𝑟𝐻 ∙ 𝑡 

( S3) 

Reaction involving increased pressure are typically considered for gaseous reactants. If this specific 

data is unavailable, thermodynamic properties such as heat capacities at standard ambient 

temperature (298.15 K) and pressure (1 atm) are utilized. 



   
 

 

The energy demand for pressure changes is estimated as an additional term based on the electricity 

usage of the compressor, calculated using Equation S3 under the assumption of an isentropic 

(adiabatic and reversible) compression process for simplification. 

 𝐸𝑐𝑜𝑚 =  (𝑃1 ∙ 𝑉1 ∙ 𝑙𝑛
𝑃2

𝑃1

) /0.9 

  ( S4) 

Here, it is assumed that the compressor takes in gas at 𝑃1=1 atm (approximately 101,325 N/m-2) and 

compresses it to the known reaction pressure at a averaged efficiency of 90%. The volume (𝑉1 ) of 

the gas phase in m3 is calculated using the ideal gas equation with 𝑃2 values provided in lab protocols. 

1.3 Heat loss parameters and efficiency  
Deriving Scale factor Loss coefficient of the heating element of the batch reactors were extrapolated 

from the available range k values for lower scale reactors. Efforts have been made to develop scale 

factors using data from multiple sources (Rérat et al., 2012Szïjjarto et al., 2008). This was performed 

for the both the steam and brine used for the heating and cooling purposes, respectively.  

Average values of a and b for steam across the different reactor scales for lower-scale reactors were 

taken due to the weak linear relationship. This simplifies the process and avoids unnecessary 

complexity. Similar approach was taken for brine (cooling media) as given the low R2 values for 

parameters a,b and k it is practical to use average values for these parameters for simplicity and 

consistency. 

Based on the regression analysis, the formula to estimate k in kW/m2K for stainless steel reactor 

steam at different scales in liters: 

𝑘 = 0.0651 + 4.74 × 10−6 × 𝑆𝑐𝑎𝑙𝑒 

 ( S5) 

• Simplified equation using efficiency. 

𝑄𝑅 =
(𝑚𝑟𝑚 ∙ 𝐶𝑝,𝑟𝑚 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑟 − 𝑇𝑜)

𝜂𝑒

 

 Where 𝜂𝑒 = 0.67 ( S6) 



   
 

 

 

Figure S2: Linear Regression Analysis for Loss Parameters a, b, and k in heating (steam) system 

1.4 Alternative estimation: Complex mixtures with limited thermal and mass data 

By applying this method, a conservative estimate of the reactor's energy requirements can be 

obtained based on reaction time and temperature. This ensures that the reactor's energy needs can 

be reasonably estimated, even without detailed data, maintaining the reliability and practicality of 

the energy estimation process. 

𝑄𝑅 = 𝑈 ∙ 𝐴 ∙ (𝑇𝑟,𝑎𝑣𝑔 − 𝑇𝑜) ∙ 𝑡ℎ + 𝐾 ∙ 𝐴 ∙ (𝑇𝑟 − 𝑇𝑜) ∙ 𝑡 

(1A) 

where 𝑈 is overall heat transfer coefficient in kW/m²·K; 𝑡ℎ is the time (hours) taken to heat mixture 

from initial temperature to reaction temperature; 𝐾 is loss coefficient in kW/m2. Average temperature 

difference over the heating period is 𝑡ℎ. Since most of these parameters were unknown, assumptions 

were made and values were derived based on appropriate industrial scale conditions. It is 

recommended to use the average U values from the given ranges in Table S2, relevant to mixture 

characteristics and the heating medium, for equation 6. 

Table S2: Generic Overall heat transfer coefficient for jacketed vessels 



   
 

 

 

• The average temperature (𝑇𝑎𝑣𝑔) can be calculated as the difference over the heating period 

to provide a simplified approach, using Equation S8. Assuming a linear temperature change 

from the initial to the final or reaction temperature offers a straightforward way to 

approximate the average conditions, especially when data is limited. 

 

In this study, batch reactors are modelled to be supplied with steam at 5 bars (151.8°C) & 15 

bar (198.28℃) or heating purposes and cooling water of −1 °C, and brine composed of calcium 

chloride at a temperature around −28 °C to the cooling purposes based of the necessity. 

𝑇𝑎𝑣𝑔 =
(𝑇𝑗 − 𝑇𝑜) + (𝑇𝑗 − 𝑇𝑟)

2
 

(2A) 

• To calculate the heating time needed to raise the temperature from ambient (initial) to 

reaction (final) temperature, we use heating and cooling rates (𝐻𝑟 in K/min) specific to 

different reactor sizes. These rates are derived based on empirical data and are commonly 

cited in chemical engineering literature and textbooks.  The heating time (𝑡ℎ in hours) is 

calculated as: 

𝑡ℎ =
(𝑇𝑟 − 𝑇𝑜)

𝐻𝑟 ∙ 60
 

( 3A) 

Based on empirical data provided by equipment manufacturers, the recommended heating or 

cooling rates for chemical reactors are as follows: for small reactors (1,000 - 5,000 L), 0.3 K/min; for 

medium reactors (5,000 - 20,000 L), 0.2 K/min; and for large reactors (20,000 L and above), 0.1 K/min. 

These rates are suggested to ensure safe and efficient thermal management during chemical 

processes. 

Jacket medium Mixture characteristics U (W/m2 𝑲) 

Steam Dilute aqueous solutions 500-700 

Steam Light organics 250-500 

Brine Dilute aqueous solutions 200-500 

Brine Light organics 200-300 



   
 

 

2. Crystallization 

Crystallization processes are modelled and upscaled by employing the same equipment of 

multipurpose reactors used for reaction steps. Multiple process design calculations are derived for 

different crystallization modes and are addressed through distinct process conditions outlined in 

laboratory protocols. 

Cooling crystallization  

This mode Involves solvent cooling from a high to a low temperature at constant solvent 

composition. The energy required for cooling can often be neglected if the process occurs within the 

range of approximately 20-25°C (239 K-298 K). In this mode, no solvents typically evaporate where 

the cooling energy balance equation is similar to that used for steam consumption (equation 1), 

adjusted for cooling: 

𝑸𝑪,𝒄𝒐𝒍 =
(𝑚𝑐𝑥 ∙ 𝐶𝑝,𝑐𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑐 − 𝑇𝑜) + 𝑚𝑐 ∙ 𝛥𝐻𝑐

𝜂𝑒

 

 (4) 

where 𝑚𝑐is the mass of crystallized material specified in the lab protocols, efficiency of the equipment 

(𝜂𝑒), crystallization enthalpy (Δ𝐻𝑐) in kJ/kg, if known. Generally, this crystallization enthalpy was 

unknown due to the unique nature of the produced molecules, and therefore, it is challenging to 

provide an averaged value. 

Evaporative crystallization   

In this process, supersaturation is generated as solvent mass is removed at a constant solubility rate. 

The heat of crystallization is often negligible compared to the heat transferred through vessel walls 

during batch crystallizations (McKeown et al., 2010). Equation 4 was altered with substitution of mass 

of the solvent evaporated (𝑚𝑠) and enthalpy of vaporization (𝛥𝐻𝑣𝑎𝑝) in kJ/kg. 

𝑸𝑪,𝒆𝒗𝒑 =
(𝑚𝑐𝑥 ∙ 𝐶𝑝,𝑐𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) + 𝑚𝑠 ∙ 𝛥𝐻𝑣𝑎𝑝

𝜂𝑒

 

 (5) 

 

 



   
 

 

Antisolvent crystallization  

Crystallization is induced by adding an antisolvent to a solvent to reduce solubility. Energy 

calculations for this process consider the thermal effect caused by the added antisolvent only if 

explicitly mentioned in the data source and deemed necessary for the overall energy balance  

Equation 4 is modified by including the product of the antisolvent mass (𝑚𝑎𝑠), specific heat capacity 

(𝐶𝑎𝑠) . 

𝑄𝐶 =
(𝑚𝑐𝑥 ∙ 𝐶𝑝,𝑐𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑐 − 𝑇𝑜) + 𝑚𝑐 ∙ 𝛥𝐻𝑐 + 𝑚𝑎𝑠 ∙ 𝐶𝑎𝑠

𝜂𝑒

 

( S6) 

If the required data are not available, providing universal values for the amount of antisolvent 

needed in crystallization processes is challenging due to significant variations based on the specific 

solute, solvent, process conditions, and other factors. 

3. Distillation 

A simplified batch distillation column is considered basically similar to a multipurpose batch reactor 

with an addition of the distillation column on top (i.e., only the enriching part of a rectification 

column). It is equipped with a condenser unit possibility to split the evaporated and condensed 

solvent flow in a reflux and a distillate flow. Unlike a continuous distillation, the solvent to be distilled 

is filled into the reactor vessel as a reboiler at the beginning of the process, heated-up, and distilled 

until certain content either of the distillate or the bottom product is reached. 

Heating energy 

The heating energy for the batch distillation column derived as a modified version of batch distillation 

as shown in equation 6.   

𝑸𝒅𝒊𝒔𝒕 =
𝑄𝐻𝑒𝑎𝑡 + 𝑚𝑠 ∙ 𝛥𝐻𝑣𝑎𝑝 ∙ (1.2 ∙ 𝑅𝑚𝑖𝑛 + 1)

𝜂𝐿𝑜𝑠𝑠

 

(6) 

𝑄𝐻𝑒𝑎𝑡 = (𝑚𝑑𝑥 ∙ 𝐶𝑝,𝑑𝑥 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) 

(7) 



   
 

 

In this context, a reflux ratio 𝑅𝑚𝑖𝑛, which represents the minimum ratio required for effective 

distillation and can be calculated using equation S7. 𝑚𝑠 is mass of the liquid that needs to be 

vaporized, and 𝛥𝐻𝑣𝑎𝑝 represents the distillate and enthalpy of vaporization. To simplify the scale-up 

framework, even multicomponent distillations are treated as sets of binary systems at ambient 

pressure, each requiring its own specific reflux ratio.  Lower heat loss quantified for the batch 

distillation compared to reactors and Nutsche dryers mainly due to more direct heating of the vessel 

with steam condensing in the jacket (see Section 4.2).  

Reflux ratio 

𝑅𝑚𝑖𝑛 =
𝑋𝐿𝐹

𝛼 − 𝜃
+

(1 − 𝑋𝐿𝐹)

1 − 𝜃
 

 

𝜃 =
(𝛼 + 𝑞𝑋𝐿𝐹 + 𝑞(1 − 𝑋𝐿𝐹)) ±     √(𝛼 + 𝑞𝑋𝐿𝐹 + 𝑞(1 − 𝑋𝐿𝐹))2 − 4(𝛼 − 𝑞𝛼(1 − 𝑋𝐿𝐹))

2
 

(S7) 

Where α is relative volatility of the solvents (>1) ; 𝜃 is a dimensionless parameter and correct must lie 

between the relative volatilities of the light key components and one, then: 1 < 𝜃 < 𝛼. 𝑞 represents 

the fraction of the feed that is liquid and  ranges from 0 (saturated vapor) to 1 (saturated liquid); 𝑋𝐿𝐹 

is mole fraction of light key in feed. As relative volatility is not given in the lab protocols, equation S8 

is typically used for preliminary estimates when detailed data are not available (Parvatker et al., 2019). 

𝑙𝑜𝑔𝛼 =
𝑇2 − 𝑇1

𝑇𝑚𝑖𝑥

(3.99 + 0.001939𝑇𝑚𝑖𝑥) 

( S8) 

where (T2 – T1) – boiling point difference of separating mixtures, °C; 𝑇𝑚𝑖𝑥 – boiling point of mixture; If 

the 𝑇𝑚𝑖𝑥 not available, it can be estimated using the mole fraction average of its pure components. 

𝜼
𝑳𝒐𝒔𝒔

 calculations for alternative method 

This approach was taken to provide a more accurate and specific basis for calculations compared to 

efficiency values based on expert estimates. The empirical heat loss values for the 9 batches (n=9) 

from Bieler et al. (2004) can be considered under this generic model, assuming they are 

representative of typical batch operations. An average 𝜂𝐿𝑜𝑠𝑠 derived as a percentage of heat loss to 

all other energy usages in distillation from this dataset.  

https://www.sciencedirect.com/topics/engineering/relative-volatility


   
 

 

𝜂𝐿𝑜𝑠𝑠 = ∑
𝐻𝐿𝑜𝑠𝑠

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 − 𝐻𝐿𝑜𝑠𝑠

𝑛

𝑖=1
∙

100

𝑛
 

(S9) 

4.Drying 

Drying is a fundamental part of the isolation process, requiring the vaporization of the remaining 

wet fraction that was not removed in previous steps. In pharmaceutical processing, the drying 

operation is mostly preceded by filtration in the same equipment, as seen in Nutsche filter dryers 

specifically designed for the pharmaceutical sector, typically at limited scales. On the other hand, 

larger quantities of material can only be dried using rotary dryers that employ hot air for heating. 

Accordingly, the aforementioned dryer designs were modelled separately in this study, as energy 

usage is highly dependent on the type of dryer. 

The PDCs for estimating energy usage were developed based on the simplified equation outlined by 

Bieler et al. (2004). As drying is an energy-intensive process where heat losses and heating of 

equipment are significant for the total production energy usage, these values were only roughly 

estimated in the other LCI estimation methods. Additionally, it is necessary to include the energy 

contribution from vacuum pumps such as Anti-Pollution Vacuum (APOVAC) for temperature-

sensitive cases. To address this, the energy usage of the Nutsche dryer (𝑄𝑁.𝑑𝑟𝑦) equipped with 

vacuum pump can be calculated as follows:     

𝑸𝑫𝒓𝒚 = 𝑄𝐻𝑒𝑎𝑡 + 𝑚𝑙𝑖𝑞 ∙ 𝛥𝐻𝑣𝑎𝑝 + 𝑄𝑙𝑜𝑠𝑠 + 𝛾 ∙ 𝑃𝑁 ∙ 𝑡𝑑 

(9) 

𝑄𝐻𝑒𝑎𝑡 = (𝑚𝑙𝑖𝑞 ∙ 𝐶𝑝,𝑙𝑖𝑞 + 𝑚𝑎 ∙ 𝐶𝑝,𝑎) ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) 

(10) 

𝑄𝑙𝑜𝑠𝑠 = 𝐾 ∙ 𝐴 ∙  (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) ∙ 𝑡𝑑 

(11) 

where 𝛾 is the fraction of nominal power consumed by the equipment, 𝑃𝑁 is the nominal power of 

the equipment in kW, 𝑄𝐿𝑜𝑠𝑠  is the heat loss from the system in kJ. The mass of the liquid or solvent 

(𝑚𝑙𝑖𝑞) to be evaporated is obtained by comparing the weight before and after the drying step, as 

stated in the lab protocol. Drying time (𝑡𝑑 in seconds) can be scaled from the laboratory drying time 



   
 

 

if given or estimated using conservative approaches in the absence of this data (see following 

section). Similar to reaction and distillation section, all other parameters must be adapted 

accordingly, whereas standardized values for three common scales were listed in Table 3 can be used. 

Table S3: Suggested scale-dependent data for the estimation of energy usage of Nutsche 
filter dryers. 

 

Considering that quantifying heat losses in a rotary dryer is challenging due to its low efficiency and 

the scarcity of data on the mean ratio of heat losses to heat input in the literature, an alternative 

estimation approach is discussed in Appendix, Section 6(d). 

Drying time (𝒕𝒅) 
a) This scaling assumes that the heat transfer rates in the larger-scale process remain constant, 

similar to those in the lab-scale setup. The relationship can be expressed as; 

𝑡𝑑 = 𝑡𝑙𝑎𝑏 ∙
𝑚𝑙𝑖𝑞

𝑚𝑙𝑎𝑏

 

  ( 12) 

b) If the drying time is not given in the lab protocol, we use recommended evaporation rates (𝐸𝑅 in 

Kg/h) provided for pharmaceutical  wet cake drying to estimate drying time. These ER values are 

Parameter Symbol Unit 600 L 2200 L 4000L 

Nominal Power of 

APOVAC Pump 
𝑃𝑁 kW 7.5 20 26 

Fraction of 

Nominal Power 

Consumed 

𝛾 - 0.75 0.8 0.8 

Heat Transfer 

Coefficient 
𝐾 W/m²·K 47 47 47 

Surface Area 𝐴 m² 5.7 16.5 29 

Equipment Weight 𝑚𝑎  2750 5750 900 

Specific Heat 

Capacity of Air 
𝐶𝑝,a kJ/kg·K 1.01 1.01 1.01 

      



   
 

 

based on chemical engineering books and references from scientific literature and industry 

sources. These values are suggested based on typical small-scale production requirements, 

where precise control over drying is critical to maintain the quality of pharmaceutical products. 

The specified range aligns with practical observations and industry norms for batch productions. 

The drying time is calculated as: 

𝑡 =
𝑚𝑙𝑖𝑞

𝐸𝑅
 

( 7A) 

      Evaporation Rate: 0.3 to 0.6 kg/sec 

Alternative method 

We recommend using the energy efficiency specific for both types of dryers (𝜂N.dry and 𝜂R.dry) in the 

absence of quality data. This approach reflects the practical constraints of energy usage in terms of 

simplified Equation 16, with efficiency values extracted from empirical measurements. 

𝑄𝑑𝑟𝑦 =
𝑚𝑙𝑖𝑞 ∙ 𝐶𝑝,𝑙𝑖𝑞 ∙ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) + 𝑚𝑙𝑖𝑞 ∙ 𝛥𝐻𝑣𝑎𝑝

𝜂e

 

(6A) 

This equation was taken to provide a more accurate and specific basis for calculations in the absence 

of drying time compared to efficiency values based on expert estimates. The empirical heat loss 

values for the 6 batches (n=6) from Bieler et al. (2004) can be considered under this generic model, 

assuming they are representative of typical wet cake drying. An average 𝜂𝐿𝑜𝑠𝑠 derived as a percentage 

of heat loss to all other energy usages in distillation from this dataset.  

𝜂𝐿𝑜𝑠𝑠 = ∑
𝐻𝐿𝑜𝑠𝑠

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 − 𝐻𝐿𝑜𝑠𝑠

𝑛

𝑖=1
∙

100

𝑛
 

(S10) 

5. Stirring Energy  

The consumption of stirring energy ( 𝐸𝑠𝑡𝑖𝑟 ) during chemical reactions can be calculated using 

Equation S9, as proposed by Piccinno et al. (2016), which includes the type of impeller (characterized 

by the power number 𝑁𝑝), impeller diameter (D) in m, rotational speed (𝑁), density of the reaction 

mixture (ρmix), and reaction time (t). This relationship is mathematically expressed as:  



   
 

 

 𝐸𝑠𝑡𝑖𝑟 =
𝑁𝑝 ∙ 𝜌𝑚𝑖𝑥 ∙ 𝑁3 ∙ 𝐷5 ∙ 𝑡

𝜂stir

 

( 13) 

where ηstir represents the stirring efficiency, accounting for dissipated energy due to friction and 

other inefficiencies. In contrast to aforementioned approach, the power number (𝑁p) is altered and 

not held constant but varies based on different impeller types and reactor scales, providing a more 

accurate representation of mixing intensity under varying operational conditions. 

In situation where detailed input data is limited due to lot of combinations in stirring setups, an 

alternative method involves calculating energy values using nominal power (𝑃𝑁) in kW sourced from 

manufacturer catalogues for each reactor scale and type. These motor power values are then 

multiplied by the operation time to estimate energy usage, reflecting a worst-case scenario 

assumption to ensure practical feasibility. 

 𝐸𝑠𝑡𝑖𝑟 = 𝑃𝑁 ∙ 𝑡 

(8A) 

Furthermore, averaging power values derived by Towler (2013) can be substitute for 𝑃𝑁 in kWm-3 

based on empirical knowledge of agitation types such as specific application requirements like liquid-

liquid (see Table S4) can contribute to a comprehensive analysis of stirring energy consumption 

across diverse reactor configurations and process conditions. 

Table S4: Generic Overall heat transfer coefficient for jacketed vessel 

 

 

 

Agitation Application Power, kW/m³ 

Mild Blending, mixing 0.04-0.10 

Homogeneous reactions 0.01-0.03 

Medium Heat transfer 0.03-1.0 

Liquid-liquid mixing 1.0-1.5 



   
 

 

6.Other API synthesis operations 

Homogenizer  

Different types of homogenizers, such as the high pressure, the ultrasonic and the rotor-stator 

type homogenizer, can be distinguished. In this framework, only the rotor-stator type is included. 

This type can be regarded as stirring at very high shear rates. The calculation of the energy 

requirement for homogenizing, therefore, utilizes the same equation as in the case of stirring. Only 

the parameters have to be adapted whereas the standardized values listed in S5 can be used. The 

power number data is comparable to normal agitators and an average power number was calculated 

(Myers et al., 2001, Zhang et al., 2012). However, in comparison to conventional agitators, the 

impeller diameters of a homogenizer are smaller. We consulted producer data to determine an 

average value for the diameters and shear rates, assuming 0.9 rotor-stator ratio (based on maximum 

value that was encountered), where the impeller information was not available, and at maximum 

shear rate. The increased shear rate, in comparison to stirring, results in a considerably higher 

energy consumption. Given this much higher energy consumption, homogenizing steps can have a 

considerable influence on the LCA's overall result. As the impeller diameter is raised to the fifth 

power for the energy use calculation, already a small change alters the value considerably. Therefore, 

a sensitivity analysis is advisable, which can be complemented with the results of producer data for 

homogenizers. 

Table S5. Suggested scale-dependent data for the calculation of the rotor-stator homogenizer 

energy draw. 

Physical entity Symbol Unit 100 l 500 l 1′000 l 5′000 l 10′000 l 

Impeller diameter d m 0.072 0.111 0.139 0.260 0.288 

Power number of rotor Np – 2.39 2.39 2.39 2.39 2.39 

Rotational speed of rotor N 1/s 48.333 48.333 48.333 20 20 

Efficiency of agitator ηstir % 90 90 90 90 90 

 

https://www.sciencedirect.com/topics/engineering/homogenizer
https://www.sciencedirect.com/topics/engineering/high-shear-rate
https://www.sciencedirect.com/science/article/pii/S0959652616308514?via%3Dihub#tbl4
https://www.sciencedirect.com/science/article/pii/S0959652616308514?via%3Dihub#bib18
https://www.sciencedirect.com/science/article/pii/S0959652616308514?via%3Dihub#bib32
https://www.sciencedirect.com/topics/engineering/maximum-shear-rate
https://www.sciencedirect.com/topics/engineering/maximum-shear-rate


   
 

 

7.Wet granulation 

The high shear granulator, a common type of wet granulation in pharmaceutical manufacturing and 

it was selected for agglomeration of smaller particles into larger granules to improve the flowability 

and compressibility for further processing (Chen et al., 2022; Faure et al., 2001). It uses an impeller 

to mix the solid powder blend and the liquid together. The torque profile applied by the impeller 

motor was used to calculate energy usage (Sampat et al., 2022).  

𝐸𝑤𝑔 = ∫ 𝑃𝑔𝑟𝑎𝑛𝑑𝑡

𝑇𝑒𝑛𝑑

0

 

𝐸𝑤𝑔  =  ℎ𝑝 × (
 𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔

 𝜔𝑚𝑎𝑥

)  ×  𝑡𝑖𝑚𝑒 

(S11) 

• Simplify application for LCA. 

o Energy consumes (𝐸𝑤𝑔) various with the time as power consumes (𝑃𝑤𝑔) changes with 

the quantity of binder added along the time. As a result of this, the operating impeller 

speed changes with the quantity of binder added. Consequently, the operating 

impeller speed ( 𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔) adjusts over a wide range. For modelling purposes, 

 𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 is assumed to be half the value of the maximum impeller speed  (𝜔𝑚𝑎𝑥  ), as 

a rough estimate, based on previous observations of impeller speed variation. 

o The only available data from accessible manufacturing sources is granulation time 

which may increase with scale, while the binding addition flow rate remains constant. 

However, for the context of LCA, t in lab protocol is assumed to remain constant after 

scaling up. 

• Empirical Data Integration:  

o The average motor rating (ℎ𝑝 𝑖𝑛 𝑘𝑊) of the selected design and scale were taken from 

vendor catalogues. 

For the context of LCA, the equation presented to energy usage (𝐸𝑤𝑔) in the same study has been 

refined into a simplified version adjusted for the accessible lab protocol data as follows 

𝐸𝑤𝑔  =  𝑃𝑤𝑔 ∙ 0.5 𝑡 



   
 

 

(15) 

where mixing time (𝑡 in hours) is taken from lab protocols as a rough estimate and average motor 

or power rating (𝑃𝑤𝑔) in kW for the selected design and scale were obtained from literature.  

8.Dry granulation 

Dry granulation is a another type of granulation process which is less common compared to wet 

granulation. In this process, the active drug is mixed with ingredients that are inherently granular 

and cohesive properties to form granules without the use of liquids.  Roller compaction is considered 

in this study as a commonly employed and energy-efficient process for this unit operation (Iyer et 

al., 2014; Sajjia et al., 2017). Before roller compaction process, blending and mixing are essential steps 

to ensure the uniform distribution of the active pharmaceutical ingredient (API) and excipients for 

achieving a homogeneous mixture (refer Section 10.2). The following expression was derived from 

the average empirical power rating values and compaction capacities to roughly estimate the energy 

usage (𝐸𝑑𝑔 in kWh) for the quantity of ingredient mixture subjected to dry granulation (𝑚𝑔) in a batch 

of production. 

𝐸𝑑𝑔  =  0.131𝑚𝑔 

(16) 

9.Fluidized bed drying 

In the pharmaceutical industry, fluidized bed drying is a vital process and widely used drying 

technique to remove moisture, ensuring stability of products (De Leersnyder et al., 2018). The 

fluidized bed dryer operates by passing hot air through a bed of particulate material, causing the 

particles to become suspended and facilitating efficient heat and mass transfer. The energy usage 

for drying (𝑄𝑑𝑟𝑦𝑒𝑟 ) can be determined using the following equation:  

𝑸𝒇𝒃 = 𝐶𝑝,𝑎𝑖𝑟 ∙ (𝑇𝑑𝑟𝑦 − 𝑇𝑜) ∙ 𝛼 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝑡𝑓𝑏 + 3600 𝑃𝑐𝑜𝑚𝑝  ∙ 𝑡𝑓𝑏 + 𝑄𝑙𝑜𝑠𝑠                      (17) 

Where 𝛼 represents the inlet air flux in m3/h, 𝑃𝑐𝑜𝑚𝑝  is the motor rating of the compressor in kW, 𝐶𝑝,𝑎𝑖𝑟 

is the specific heat capacity of air kJ/kg, 𝑇𝑑𝑟𝑦 and 𝑇𝑜 are the drying (or inlet) and ambient temperatures 

respectively, 𝜌𝑎𝑖𝑟  is the density of air in kg/m3 and drying time (𝑡 in hours). The inlet air flow value 

calculated as 14400m3/h is used for substitution in equation 11 based on the study conducted by 

Sampat et al. (2022).  



   
 

 

The calculation of the 𝑄𝑙𝑜𝑠𝑠 term, which accounts for heat losses, is stated Equation 18. In scenarios 

where the drying time (𝑡) is not specified, but the initial and final moisture contents (𝐶𝑖 and 𝐶𝑓) are 

provided, the energy required for drying can be estimated using the enthalpy change Equation 9A. 

Table S6: Suggested scale-dependent data for the estimation of fluidized bed drying energy 

usage and comparison with empirical data. 

Unit Operation Parameter Typical Value Units 

Fluidized Bed 

Drying 
α 14,400 m³/h 

 𝑃𝑐𝑜𝑚𝑝 20 - 100 kW 

 𝐶𝑝,𝑎𝑖𝑟 1.005 kJ/(kg·K) 

 𝑇𝑜 298.15 K 

 𝑃𝑎𝑖𝑟 1.2 kg/m³ 

 𝑄𝑓𝑏  14-52 MJ/kg 

 

It is recommended to use average power values for calculations within the given ranges in Table S6, 

which are taken from manufacturing catalogues and literature on industrial case studies (Hindiyeh 

et al., 2018; Sharma et al., 2022).  The estimated energy usage values for the scaled-up drying process 

should be compared with empirical data given in Table S6 to ensure accuracy and reliability, 

confirming that the estimates fall within the expected range for similar pharmaceutical 

manufacturing processes. Additionally, since the presented values vary by a factor of ten, conducting 

sensitivity analyses using the average value and, possibly, the minimum value is appropriate. This 

analysis aims to understand the contribution of the fluidized bed drying process to the overall impact 

of the entire formulation stage. 

𝑄𝑙𝑜𝑠𝑠 = 𝐾𝑤𝑎 ∙ 𝐴𝐿 ∙ (𝑇𝑑𝑟𝑦 − 𝑇𝑎) 

(18) 

where 𝐾𝑤𝑎  is the overall heat transfer coefficient (W/m²·K) and 𝐴𝐿 is the heat transfer area of the 

equipment (m²). The equipment specification were obtained from Rizzi Jr et al. (2007) and 



   
 

 

manufacturing catalogues. 𝐾𝑤𝑎  ranges from 50 to 100 W/m²·K and 𝐴𝐿 ranges from 10 to 20 m². It is 

recommended to use averaged values for the calculation. 

In scenarios where the drying time (𝑡) is not specified, but the initial and final moisture contents 

(𝐶𝑖  and 𝐶𝑓) are provided, the energy required for drying can be estimated using the enthalpy change 

equation 

𝑄𝑓𝑏 =  ∆𝐻 × (𝐶𝑖 − 𝐶𝑓) 

(9A) 

This method takes into account the heat of vaporization (∆𝐻) of water necessary to remove the 

specified amount of moisture from the material. For simplicity and practical purposes, it is common 

to approximate the heat of vaporization as the heat of vaporization for water, which is approximately 

2260 kJ/kg. 

10.Milling  

Milling is utilized as a post-granulation step to de-lump cohesive materials, ensuring that oversized 

granules are broken down into smaller granules that conform to product size specifications. 

(Kotamarthy et al., 2020). Energy usage in milling (𝐸𝑚𝑖𝑙) refers to the energy consumed by the mill 

motor over the entire processing time. equation 15 can be applied with similar assumed conditions 

but different motor ratings suitable for milling (𝑃𝑚𝑖𝑙) as given in Table S6.  

11. Mixing and blending 

As this process is utilized in multiple steps of product formulation, it is important to consider mixing 

and blending. However, if the duration of the operation is known from lab protocols, it is still possible 

to estimate the energy usage roughly by multiplying the accessible power values by the operation 

time. For this estimation, it is assumed that both mixing and blending are performed using a V-

blender, which is one of the most commonly used equipment in pharmaceutical manufacturing. 

Power values (𝑃𝐵) normally ranges between 5-50kW and it is recommended to use the average value 

for rough estimation. 

 𝐸𝑚𝑖𝑥𝑖𝑛𝑔 = 𝑃𝐵 ∙ 𝑡𝑚𝑖𝑥𝑖𝑛𝑔 



   
 

 

(21) 

12. Tablet compression (or tableting) 

Tablet compression is a critical step in pharmaceutical manufacturing where the blended powder 

mixture is compressed into tablets by ensures that the tablets have the required mechanical strength 

and uniformity. Rotary tablet presses are considered in this study due to their widespread use and 

efficiency in large-scale production. The following expression, derived from average empirical power 

ratings and compression capacities, provides a rough estimate of the energy usage (𝐸𝑡𝑐  in kWh) for 

the final ingredient mixture (𝑚𝑓) processed during tablet compression: 

𝐸𝑡𝑐  =  0.045 𝑚𝑓 

(22) 

 

13. Solvent recovery 

Figure S3: Schematic of the generic solvent recovery model 

Typical waste streams from pharmaceutical manufacture contain 75–80% solvent (Constable et al., 

2007). Therefore, large quantities of solvent waste are generated which must be disposed of or 



   
 

 

recycled. Often this waste is disposed of through incineration either on-site or externally (Clark & 

Tavener, 2007; Jiménez-González et al., 2011). As distillation was found to be an environmentally 

feasible method (Amelio et al., 2014; Luis et al., 2013; Meyer et al., 2016), many chemical industries 

especially pharmaceutical industry , have implemented it as a sustainability production measure. 

Distillation is commonly used for 95% of all chemical industrial solvent separation processes because 

a high recovery and purity can typically be achieved (Ramzan et al., 2008; Rundquist et al., 2012). In 

the pharmaceutical industry, it is common for a single synthesis process to generate multiple solvent 

streams. These mixed solvent wastes are often collected in a single tank and subsequently undergo 

distillation, a widely used and efficient method for solvent recovery. This practice allows for the 

separation and purification of valuable solvents, significantly reducing environmental waste.  

Some facilities employ continuous separation and purification systems as part of an integrated 

process, while others opt for batch processing of waste streams periodically. The specific approach 

can vary depending on the nature of the solvents and the production processes involved. However, 

despite the efficiency of solvent recovery, the pharmaceutical industry often does not reuse the 

recovered solvents for their own synthesis processes due to the stringent purity requirements. 

Instead, these recovered solvents are typically sold to other industries where such high purity levels 

are not as critical. This practice not only helps in managing waste but also provides an additional 

revenue stream. 

To estimate the energy usage, the calculations method described in the distillation section 3.1.5 can 

be used as the starting point with adaptations. For modelling the solvent recovery module, a 

generalized model of a continuous distillation column was used as shown in Figure S3, as this has 

become established in the chemical industry with the increasing implementation of energy-saving 

actions. However, in continuous distillation processes, the dynamics differ significantly, requiring the 

adaptation of the batch distillation energy equations by considering the variation in empirical or 

process-simulated data. This is expressed in the following equation: 

𝑄𝐶𝑜𝑑𝑖 = 0.78 𝑄𝑑𝑖𝑠𝑡 

(23) 

Here, 0.78 is an empirically derived factor that accounts for the differences between batch and 

continuous distillation. This factor is calculated based on empirical values from literature for setups 

where the same solvent mixture is distilled under both batch and continuous conditions. 



   
 

 

Azeotropic Mixtures and Efficiency Adjustments 

In the pharmaceutical industry, it is common to encounter waste streams comprised of azeotropic 

mixtures, which complicates the distillation process. It is recommended to consider the mass 

fractions of the waste streams in a production process, especially if it involves multiple solvents, and 

to check the possibility of forming azeotropic mixtures according to examples given in Table S4. 

Conventional continuous setups for azeotropic mixtures are highly energy-intensive due to the 

formation of non-ideal mixtures. To address this, equation 12 was modified to account for azeotropic 

behaviour and process efficiency. However, novel distillation technologies, such as heat pump-

assisted extractive distillation and pervaporation-distillation hybrid processes, have been introduced 

as energy-saving alternatives. These technologies offer improved energy efficiencies and can be 

integrated into the above equation to provide more accurate energy estimates as a conservative 

approach: 

𝑄𝑎𝑧𝑒 = 𝑄𝐶𝑜𝑑𝑖 ×
𝑓𝑎𝑐

𝜂𝑎𝑐

 

  (24) 

The correction factor 𝒇𝒂𝒄 is specific to azeotropic mixtures and reflects the increased energy 

demand. This factor is derived from empirical data where azeotropic mixtures have been distilled in 

both convectional continuous and novel distillation setups. Here, 𝜼𝒂𝒄 represents the energy 

efficiency factor specific to the distillation technology employed, such as heat pump-assisted or 

pervaporation-distillation hybrid processes 

14. Air Handling Unit (AHU): HVAC 

Air Handling unit (AHU) of HVAC systems are crucial in the pharmaceutical industry to maintain strict 

environmental control, ensure product quality, comply with regulatory standards, and provide indoor 

thermal comfort for workers. Many studies have highlighted the AHU contribute 20–40% of the final 

energy usage in pharmaceutical production facilities and present opportunities to reduce energy 

usage (Bruni et al., 2023; Galitsky, 2008; Müller et al., 2014). However, despite the higher contribution 

of this unit system for impacts such as global warming, previous pharmaceutical industrial LCAs and 

LCI estimation frameworks often excluded HVAC system components due to allocation complications 

and lack of site-specific data (Hernandez et al., 2023). 



   
 

 

Given the importance of HVAC systems for sustainability, the energy usage of these systems (𝑄𝐴𝐻𝑈 in 

kW) can be calculated as a function of the production duration of a batch ( 𝑡𝑝 in hours). By 

incorporating production hours into the calculation, we can allocate the AHU energy usage to the 

specific production process and capture the variation among different productions. This calculation 

is based on the average AHU energy usage per production hour, derived from the total energy usage, 

given in terms of natural gas and electricity consumed, from 68 pharmaceutical production facilities 

(which have implemented energy-saving actions) and the percentage contribution of AHU to the total 

energy usage of these facilities. 

It is recommended to consider the energy usage separately for natural gas and electricity 

consumption using Equations 25 and 26 to represent empirical data accurately when assessing LCA. 

However, this can also be indicated in terms of a combined energy term for kWh, as shown in 

Equation 27. 

As an alternative approach, if the production time is not available, average empirical values per kg of 

production derived from industrial energy audits and academic literature can be used as rough 

estimates. Providing separate energy values for one unit mass of API or the final formulated product 

is difficult due to the lack of detailed production data for all 40 production sites from two sources. 

Therefore, the energy usage is represented separately for natural gas and electricity consumption, 

similar to the recommended approach. However, this is also indicated as a combined value of 88.07 

kWh per kilogram of pharmaceutical product. 

Equation derived procedure 

Average AHU energy usage per production hour (E), derived from the total energy usage of 68 

pharmaceutical production facilities (considered the implemented energy-saving actions) and the 

percentage contribution of HVAC to the total energy usage of these facilities  

This database provides data on: 

• Annual total energy consumption of the pharmaceutical production plants (Q) in terms of 

natural gas and electricity consumption separately : Total energy values are obtained by 

deducting any given energy-saving potential 

• Floor area of the plants (A) 



   
 

 

• Annual production hours (H) 

To ensure uniformity in the energy values across the diverse dataset, E is calculated using the 

following equation:  

𝐸 =  
𝑄

𝐴∙𝐻
× 𝐴𝐻𝑈𝑃𝐶    (S12) 

Here, 𝐴𝐻𝑈𝑃𝐶  refers to the contribution of the AHU system to the total energy consumption of the 

pharmaceutical industries per batch production. This value is not directly available in the literature 

(Bruni et al., 2023; Galitsky, 2008; Müller et al., 2014). The most commonly cited value in the literature 

is approximately 21% for a production plant, regardless of factors such as industrial scale, number of 

production lines, and weather conditions. 

To allocate this value to a single production line or batch, we assumed a scenario where these plants 

operate two production lines simultaneously and used 10.5% for our calculations. This scenario can 

be adjusted based on data availability for specific case studies. 

Table S7: Data Used to Derive AHU Energy Usage per Production Hour 

 

This approach is recommended for calculating energy usage whenever the production time is 

available or can be determined. 

𝑸𝑨𝑯𝑼 =  𝑄𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 +   𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  

 𝑄𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 = 47.95 
m3

ℎ
 ∙  𝑡𝑝 ∙ 𝑐𝑎𝑙𝑜𝑟𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 

MJ

m3
 

(25) 

 

Min. floor 

area(m2) 

Max. floor 

area(m2) 

AHU 

contribution % 

(AHUpc) 

Average value  

No of 

production 

plants 

Reference 

1774 57600 10.5 
47.95 m3

  of 

Natural gas 
68 (IAC, 2024) 

  10.5 
475.15kwh 

electricity 
  

Average floor area=18475 m² 
 

Combined AHU energy per hour = 972.4 𝑘𝑊 
 



   
 

 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 475.15 kW ∙ 𝑡𝑝 (𝑘𝑊ℎ) 

(26) 

If we combine Equation 25 and 26, the following equation resulted for total energy consumed by 

AHU in kWh for a hour of production for a pharmaceutical plant, 

 𝑄𝐴𝐻𝑈 = 972.4 𝑘𝑊 ∙ 𝑡𝑝 

(27) 

As an alternative approach, if the production time is not available, average empirical values per 

production unit derived from industrial energy audits and academic literature can be used as rough 

estimates (Table S8). Providing separate energy values for one unit mass of API or the final 

formulated product is difficult due to the lack of detailed production data for all 40 production sites 

from two sources. Therefore, the energy usage is represented as 88.07 kWh per kilogram of 

pharmaceutical product. . Similar approach was performed for the dataset of 110 generic chemical 

production facilities to represent the precursors and upstream chemicals.. 

Table S8: Data used to derive the AHU energy per 1kg of production. 

 

15. Equipment or Facility cleaning 

Cleaning of pharmaceutical processing equipment is a critical operation when switching products in 

multipurpose facilities to prevent cross-contamination of drug substances and drug products with 

undesirable residues from previous batches. Therefore, for batch reactors and other vessel 

equipment, both in-between batch cleaning and cleaning before product switches are performed 

until recommended cleaning evaluation limits are met (Becker et al., 2022; Sargent et al., 2016). 

Most pharmaceutical industries use a solvent-based cleaning procedure that comprises four stages: 

pre-rinsing, main solvent cleaning, post-rinsing, and air drying, typically requiring extensive cleaning 

 

Min. 

production 

(kg) 

Max. 

production 

(kg) 

HVAC 

contribution % 

(HVACpc) 

Average 

value 

(kWh/kg) 

No of 

production 

plants 

Reference 

20000 540000 21 86 24 (Bruni et al., 2023) 

10000 200000 21 93 16 (IAC, 2024) 

Derived HVAC energy usage per mass 88.07  40  



   
 

 

with organic solvents and water (FDA, 2019; Verghese & Lopolito., 2009). However, the challenge lies 

in limiting the use of solvents while ensuring adequate cleaning as a sustainability measure (Rogers 

& Jensen, 2019). It is assumed that the same cleaning procedure is followed for various vessel 

equipment such as batch reactors, dryers, crystallizers, and others with known volumes with head 

space. 

For each cleaning stage, PDCs for energy usage were derived from a base equation indicated by 

Palabiyik et al. (2015) as shown below and simplified equation based on the specifications of the 

equipment .  

𝐸𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔 = 𝑉 ∙ 𝐶𝑝 ∙ (𝑇𝑙𝑖𝑞 − 𝑇𝑜) +
𝑉 ∙ 𝜌 ∙ ℎ ∙ 𝑔

𝜂𝑝𝑢𝑚𝑝

+ 𝐸𝑑𝑟𝑦 

(S13) 

• Removal of Less Significant Components: Energy usage for the air drying (𝐸𝑑𝑟𝑦) is assumed to be 

negligible compared to total cleaning energy. 

• Empirical Data Integration:  

o The temperature of the cleaning solvent is considered to be at its boiling point for 

effective cleaning (𝑇𝑙𝑖𝑞). 

o Due to lack of data to calculate the pump energy from 𝑉 ∙ 𝜌 ∙ ℎ ∙ 𝑔/𝜂𝑝𝑢𝑚𝑝, an alternative 

method estimated using the nominal power of the pump (𝑃pump).  

• Simplify application for LCA. 

o The volume of the water or solvent required (𝑉) for sufficient cleaning of the vessel is 

assumed as 20% of the volume of the vessel equipment. 

o The initial temperature of the water and solvent before heating for cooling is assumed 

to be the ambient temperature. 

Accordingly, energy usage for all stages (except air drying) for each equipment can be calculated by 

adding the energy required to drive the pump and the thermal energy needed to heat the cleaning 

water or solvent: 



   
 

 

𝐸𝑐𝑙𝑒𝑎𝑛 = [0.2𝑉 ∙ 𝐶𝑝,𝑠 ∙ (𝑇𝑏𝑜𝑖𝑙,𝑠 − 𝑇𝑜) + 𝑃𝑝𝑢𝑚𝑝 ∙ 2𝑡𝑠]  + [0.4𝑉 ∙ 𝐶𝑝,𝑤 ∙ (𝑇𝑤 − 𝑇𝑜) + 𝑃𝑝𝑢𝑚𝑝 ∙ 4𝑡𝑤]   

  (28) 

Where 𝐸𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔 was energy consumed in megajoule (kJ), 𝐶𝑝,𝑠 was heating capacity of water or 

methanol used. 𝑉 (m³) was volume of the equipment (refer Tables S1 & S3), 𝑇 represents the 

operational temperature of water (w), boiling temperature of solvent (s), the ambient temperature 

(𝑜), in K respectively, nominal power of the pump (𝑃𝑝𝑢𝑚𝑝 in kW) and the duration of the cleaning (𝑡). 

The recommended procedure and operational temperatures for solvent-based cleaning were taken 

from studies conducted by Aramouni et al. (2023) & Piepiórka-Stepuk et al. (2021) . Time for a cleaning 

stage (𝑡𝑠 𝑜𝑟 𝑡𝑤) derived as 

𝑡𝑠 𝑜𝑟 𝑡𝑤 =  0.2
V

F. A
 

( 29) 

The typical flow rates (𝐹) of 2-4 litres square meter per min, considered for solvent-based cleaning in 

the pharmaceutical industry, are based on industry best practices and guidelines provided by 

equipment manufacturers and literature. Therefore, different vessels have different cleaning times 

according to the derived equation. 

16. Air emissions control 

Pharmaceutical and chemical industries emit various pollutants, including volatile organic 

compounds (VOCs), particulate matter, nitrogen oxides, and greenhouse gases. These pollutants can 

significantly impact the environment if not properly treated. The majority of emissions from batch 

chemical manufacturing operations come from volatile solvents that evaporate during 

manufacturing steps (EIIP, 2007). To identify possible emission sources, each step in the process 

should be thoroughly evaluated. These air emissions can arise from by-products of chemical 

reactions, volatile solvents, fugitive leaks, and unreacted materials. While by-products are easily 

detectable through reaction equations, other types of emissions are not as easily recognizable or 

quantifiable. Estimating fugitive emissions from equipment or facilities involves complex equations 

or models, requiring detailed inputs.  

To address these emissions, treatment options such as wet scrubbers, regenerative thermal oxidizers 

(RTOs), and adsorption systems can effectively reduce pollutants by converting them into less 



   
 

 

harmful substances. Given the lack of onsite air treatment modules in the LCI database for the 

chemical industry, simplified emission treatment system was design to assess the impacts of 

estimated emissions an integrated design of a wet scrubber combined with an RTO or catalytic 

thermal oxidizer (CTO) as the baseline for this study (see Figure S5). This approach represents typical 

treatment practices, considering energy efficiency and the range of pollutants emitted in this sector 

(Tomatis et al., 2019). Assumptions regarding inventory data for the oxidizers and scrubber are 

presented in Tables S9. Average equipment specifications and performance data, representing a 

medium-scale treatment facility for the pharmaceutical or chemical industry, were used for 

modelling. The main sources of impact for the considered system are the natural gas needed for the 

operation of the combustion chamber, electricity, and gaseous emissions, including CO2, water, and 

residual volatile organic compounds. However, the quantification of CO2, residual volatile organic 

compounds and other pollutants released required to be quantified based on assumed removal rates 

of the equipment  

16.1 Estimation of air emissions to treat 
 

Figure S4: Process Flow Diagram Illustrating the Main Waste Streams in a Generalized 

Pharmaceutical Production 

Air emissions in the pharmaceutical and chemical industries can be categorized into three main 

sources: gaseous by-products, fugitive emissions, and vaporized solvents from manufacturing 

processes. As a rule of thumb stated by Jiménez-González et al. (2001), if the amount of vaporized 



   
 

 

solvents emitted from non-distillation processes, such as dryers, is relatively low, it can be practical 

and effective to treat these vapours in a RTO as shown in Figure S4, This approach is particularly 

applicable when these solvents differ from those emitted during distillation. Gaseous by-products 

are more straightforward to detect and quantify through reaction equations using stoichiometric 

ratios. However, due to limited data, fugitive emissions require estimation based on available 

methods, as outlined in the Table S11. 

There are several other techniques available for quantifying fugitive emissions, which can be chosen 

based on the level of accessible data: 

• Based on the level of detail of the plant design:  Three methods are presented for fugitive 

emissions estimation during the process design. They are tailored to data available in simple 

process flow diagram (PFD) to detailed piping & instrumentation diagram.  This offers wider 

applications since the estimation is possible to be conducted even with a basic process data. 

Precalculated modules represented processes such as distillation, reactor refer to a set of 

fugitive emission rates data that has been precalculated for standard module types in a 

chemical process (Hassim et al., 2012).  

• Smith et al. (2017) Methodology: Methodology utilizing computer-aided process simulation 

to generate more accurate chemical process LCIs. This methodology accounts for 

uncontrolled process vent and storage emissions, as well as fugitive emissions. 

• U.S. Environmental Protection Agency (U.S. EPA) Techniques: The U.S. EPA has developed 

emission estimation techniques for point sources in an organized manner. These techniques 

provide concise example calculations for identified process operations, storage tanks, 

equipment leaks, wastewater collection and treatment, cleaning, solvent recovery, and spills 

as potential air emission sources (EIIP, 2007). 

16.2 Designed air pollutant treatment system 



   
 

 

As in Figure S5, the systems are integrated such that the output of the wet scrubber feeds into the 

inlet of the RTO. This ensures that the gas stream entering the RTO is already significantly treated 

(except for VOCs/volatile solvents), reducing the thermal load on the RTO and optimizing its 

performance. Also it was assumed that the wet scrubbers effectively treated the particulate matter, 

acid gases and ammonia, where RTO is only effectively treated VOCs/volatile solvents. Continuous 

operations under same gas flow rate were assumed for all oxidizers and scrubber is investigated in 

this study. This is because discontinuous operations require additional auxiliary fuel to heat up the 

combustion chamber at the beginning of each working shift (Sorrels et al., 2017). 

Figure S5: Schematic of the waste gas treatment model (air pollutants treatment) 

 

Average values that could represent pharmaceutical and chemical industrial sources of emissions, 

were selected for both gas flow and VOC concentrations. Therefore, an inlet gas flow rate of 

8728 m3/min and a VOC concentration of 1000 mg/m3 were selected (Zhou et al., 2020). The model 

waste gas composition was 35.6 vol% benzene, 0.2 vol% toluene, 8.4 vol% ethylbenzene and 55.8 vol% 

xylene (Cheng et al., 2021; Lin et al., 2023).  Operational parameters required to model the wet 

scrubber were taken from the study conducted by (Gao et al., 2001). Based on these derived values, 

it is possible to evaluate the quantity of natural gas consumed according to equations given in in for 

oxidizers and Eve for wet scrubbers (Table S8). Comparative study on different catalyst conducted by 

Tomatis et al. (2019) clearly demonstrated that Mn-Co catalysts might represent a more sustainable 

alternative to Cr based catalysts, and therefore, Mn-Co catalyst was selected for this study. 

Table S9. Assumptions regarding the energy options for the three equipment 

https://www.sciencedirect.com/science/article/pii/S0959652619320852#bib41


   
 

 

Equipment 
Energy 

Recovery (%) 

Total Energy 

Input (MW) 

Fuel Energy 

Input (MW) 

Pressure 

Drop (kPa) 

Fan and Motor 

Energy Efficiency 

(%) 

RTO 95 15.0 0.75 4.5 65 

CTO 35 12.1 1.0 3.0 65 

WS - 10.2 7.0 1.0 60 

 
16.3 Analysis of the Life Cycle Inventory 

Table S10 shows the life cycle inventory of the selected treatment system, which includes the 

resources necessary for the daily hourly operation based on earlier calculations. 

Table S10. LCI data required to model the treatment system 

Category Item WS RTO CTO Units 

Products      

 

Total gas flow 

VOCs 
concentration 

2,085,484 2,042,148 2,040,253 m3/day 

Inputs from Technosphere 

(materials & fuels) 
    

 Natural Gas 46,671 3,335 1,440 m3 

Electricity/heat     

 Electricity 2.3 11.1 5.9 MWh 

Emissions to air     

 
Pollutant A 

to pollutant ‘n’ 
NC NC NC kg 

NC Need to be calculated accordingly  

Since the carbon dioxide emitted from RTO is dependent of the formula of the compound combusted, 

total mass of volatile solvents is therefore not an appropriate basis in order to obtain a generalized 

model. Assuming complete combustion, the amount of carbon dioxide produced can be calculated 



   
 

 

directly using stoichiometric relations, the efficiency of the oxidizer (95%), and the mass of carbon 

entering the oxidizer are shown in . 

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  𝑚𝑐 ∙ (
44𝑘𝑔 𝑜𝑓 𝐶𝑂2

12𝑘𝑔 𝑜𝑓 𝐶
) ∙ 𝜂 

Where 𝑚𝑐 is the mass of carbon contained in the waste gas stream, and 𝜂 is the efficiency of the 

incinerator. If significant sulfur and nitrogen are present, then a direct conversion to SO x and 

NO x can be calculated.  

On the other hand,  the consumption of auxiliary fuel also influenced CO2 and water emissions 

although the same amount of pollutants was processed in different systems. Accordingly, the 

quantity of CO2 emitted per hour were 121.0, 51.0 and 53.3 t/day for RTO and CTO, respectively. Due 

to the incomplete VOCs and pollutant removal, about 5% of the initial amount of pollutants from both 

web scrubber and oxidizers is still released into the atmosphere after treatment. This released gases 

to atmosphere required to be quantified accordingly using input masses and included in the Table 

S9. The VOCs ratio of the different compounds in the effluent stream containing the products of 

combustion was assumed to be the same as in the input gas.  

17. Wastewater treatment  

Many chemical and pharmaceutical production plants have on-site systems to collect and pre-treat 

wastewater before it is released to a centralized wastewater treatment plant (WWTP) or directly to 

waterways (Ankush et al., 2019). Various treatment methods are used depending on the type and 

quantity of contamination. Modelling treatment systems for pharmaceutical industries is important 

due to the different treatment options and their significant impact on the environmental footprint of 

wastewater treatment in industrial setups. 

As a simplification, conventional WWTP designs were considered under the generic design based on 

functional similarity, supplemented with advanced combined treatment options to address specific 

APIs as required. This approach is necessary because conventional systems have lower removal rates 

for APIs, which often remain at high levels as residuals in industrial wastewater (Larsson et al., 2007). 

Suitable treatment options should be selected based on previous studies conducted by Gadipelly et 

al. (2014) & Samal et al. (2022), with corresponding energy usages referenced from the literature If 

industrial data for similar processes are available, they can be used to simulate the on-site 

wastewater treatment process. LCI inputs to model the wastewater treatment option can be taken 



   
 

 

from various academic sources as average values reflecting wide ranges of case studies conducted 

on the pharmaceutical industrial wastewater  . As a guideline, Figure S6 can be used to quantify the 

wastewater and sludge generated per batch during the production process. Estimation of  the 

wastewater and sludge generated per batch  

Figure S6: Water balance for generic pharmaceutical plant with chemical synthesis process. 

To estimate the wastewater and sludge generated per batch during the pharmaceutical production 

process, framework presented in the figure S6 can be used. This approach is developed based on the 

case study given in the Gadipelly et al. (2014).  

Production Process Water (Vp): The volume of water used in the production process, denoted as Vp, can 

be calculated from the specific steps involved in producing the pharmaceutical products. Each step’s 

water consumption should be documented and summed to determine Vp. The wastewater generated 

from the production process is assumed to be 50% of the water used.  

Cleaning Water (Vc): The volume of water used for cleaning equipment is denoted as Vc. This can be 

determined from the calculations for cleaning equipment under the Section 3.3.6  in the manuscript. 

The wastewater generated from cleaning is assumed to be 90% of the cleaning water used.  

Scrubber Water (Vs): The volume of water used in scrubbers is denoted as Vs, if this process is included 

within the plant design. This value is not provided directly and would need to be measured or 



   
 

 

estimated based on the scrubber's operational parameters. The wastewater generated from 

scrubbers is assumed to be a percentage of the scrubber water.  

R&D Labs Water (0.05Vp): The water used in R&D labs is calculated as a percentage of the production 

process water. In this case, it is  0.05 Vp. The wastewater generated from R&D labs is assumed to be 

100% of the lab water used. 

Finally, The total wastewater generated can be summed up from all the individual wastewater source 

 

18. Raw-material scaling up (mass inputs and outputs)  

TableS11: Overview of methodological approaches to estimate material input and output LCI data 

Type Inventory data  Reference Specification/modification 

Inputs 
Masses of 
substrates, 
reactants, etc. 

- 
Upscale information from patents or other literature  
Stoichiometric calculations 

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)) 

 Fugitive emissions 

Following 
(Jiménez-
González et al. 
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 will 
be assumed. 
Not apply for submodule cooling tower or auxiliary 
processes (e.g. gas scrubbing) 
Only applied for inputs 
Fugitive emissions consider to be further treated and 
emissions from treatment systems can be calculated 
from the approach given under this study.  

 Product/yield 
Following 
(Parvatker et al. 
2019) 

70% over the entire stoichiometry - Different values can 
be preferred. 
No differentiation between fine and bulk chemicals; if 
patent provides detailed information on inputs and 
outputs, the yield is adjusted. 
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Appendix D: Life cycle process diagram – explanation of life 
cycle stages and processes  

A life cycle process diagram has been created in collaboration with partners RIVM, UGent, Ecologic, 
and Radboud University Nijmegen in the TransPharm horizon EU project. It follows eight life cycle 
stages as defined in Van Wilder et al. (2024). To each stage, life cycle processes have been added that 
require material and energy input flows, and produce products, waste flows and emissions.  

Processes described cover synthetic organic chemical production in batches with a focus on 
formulation to solid dose forms. Continuous flow is excluded, because of the less mature level of the 
technology in pharmaceutical production. This scope is similar to the IVL “embryo” Product Category 
Rule (PCR) that serves as a demonstration of what a PCR could look like (Pålsson et al., 2019). IVL’s 
demonstration is based on the NHS Greenhouse Gas Accounting Sector Guidance for Pharmaceutical 
Products and Medical Devices (NHS, 2012) which is built on the Greenhouse Gas Protocol.  

 



   
 

 

 

 

Figure 7: Generic life cycle of a pharmaceutical product with processes eligible for inclusion in the life cycle inventory. 
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Attributable and non-attributable processes 

Inventories can include both attributable and non-attributable processes. Attributable processes 
are directly linkable to the life cycle the final product. They are material, service and energy flows 
that result in a product and support it through its life cycle. Examples include packaging or energy 
to store, make and transport the product.  

Non-attributable processes cannot be completely connected to one final product, such as 
transport of employees or construction of buildings and other infrastructure. The Greenhouse 
Gas Protocol Reporting Standard does not require companies to include non-attributable 
processes, but recommends to at least report on both attributable and non-attributable 
processes in the inventory report if they fall within the system boundaries (Greenhouse Gas 
Protocol, 2013).  

General data inclusion recommendations 

Raw materials extracted from the natural environment and their production processes should be 
included in the product system. We follow IVL’s guidelines here, which includes extraction, 
refinement and transport of materials that are used in life cycle stages 1 to 8. This also includes 
production of cleaning agents and waste treatment of the production processes of input 
materials (Pålsson et al., 2019).  

Also, energy and transports that are attributable to the products resulting in each process steps 
should be included in the inventory. Some transport movements are difficult to attribute to a 
product, such as staff travel, and may therefore be excluded (see also IVL and NHS guidelines).  

Contrary to the IVL and NHS guidelines, we propose that non-attributable processes such as 
capital goods are considered for inclusion wherever possible. For instance, where the NHS 
guidance document says that overhead operations (e.g., facility lighting, air conditioning) in 
buildings should be excluded because they are non-attributable, we have learned from our 
review that studies that did include HVAC generally show a large contribution of HVAC to global 
warming (Bunnak et al., 2016; Renteria Gamiz et al., 2019; Budzinski et al., 2022; Amasawa et al., 
2021) . Companies have direct control over their HVAC energy consumption and can report on 
annual energy consumption per unit produced.  

However, non-attributable processes have a higher uncertainty than attributable processes, so 
we recommend to conduct a sensitivity analysis to identify the sensitivity of the outcome to the 
variation of non-attributable processes. 

Our suggested approach for data collection is: include processes if possible, even a qualitative 
description can be helpful. For instance, a description of substances that have been tested in the 
research phase can give insights in toxicology potential during R&D. This may later serve as input 
for further analysis. 

1. Discovery, design and development 

This life cycle stage includes the research itself for new pharmaceutical products and the market 
authorization process. Expected resource-intensive processes are conditions for the clean room 
such as heating, ventilation, air conditioning and cooling (HVAC), facility cleaning and treatment 
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of waste during the research process. Production waste treatment includes recovery of solvents 
and catalysts, waste gas and water treatment and incineration. Note that the processes of 
cleaning, HVAC and waste treatment occur in other processes and stages too. But here they are 
explicitly mentioned as something to take into account in the life cycle inventory as studies have 
shown major contributions of these unit processes  (Amasawa et al., 2021; Budzinski et al., 2022; 
Bunnak et al., 2016; Renteria Gamiz et al., 2019). 

(Pre-)clinical trials and related impacts such as patient treatment including transport of patients 
and medication should be described. This is because clinical trials likely have a substantial climate 
footprint (Adshead et al., 2021; LaRoche et al., 2024. A phase-1 clinical study – the first testing of 
a new pharmaceutical with healthy humans – sponsored by Janssen Pharmaceuticals of a novel 
drug product combining ritonavir and cobicistat (HIV protease inhibitors) showed that 
particularly participant travel, staff commuting, trial site utilities and participant accommodation 
have large greenhouse gas contributions (LaRoche et al., 2024). Also, phase-2 clinical trials with a 
small group of volunteers with the target disease should be part of the environmental footprint 
as these trials have a similar design. 

We lastly recommend that regulatory procedures for market authorization, such as phase-3 
clinical trials with a large population of diseased volunteers, the environmental risk assessment 
(ERA) and a benefit-risk assessment should also be part of this life cycle stage.  

This entire stage, however, has an attribution problem: how much does the discovery, design and 
development stage contribute to the total environmental impact of individual product once it has 
been brought to the market? Can we make a breakdown over several years on the market or is 
the processes non-attributable? The NHS guideline recommends to exclude R&D, clinical trials 
and marketing because of complexity of product development and the difficulty to attribute 
emissions to these activities. Because this phase usually takes more than a decade and involves 
a lot of substances, we argue that attempts should be made to at least qualitatively describe the 
resource consumption and emissions of these processes. At least, the following should be 
described/estimated: 

- The number of substances used in discovery, design and development, particularly 
substances of very high concern. 

- Energy sources and energy efficiency used in discovery, design and development 
- Geographic area and years of activity (to determine electricity mixes) 
- Transportation activities at a longer distance than 100 km 
- How substances are disposed of after use. 

 

2. Production 

In the synthesis part of the production life cycle stage, typical processes for active pharmaceutical 
ingredient (API) production are described. The same process steps can be used as a checklist for 
the production of precursor chemicals, so-called intermediate pharmaceutical ingredients (IPI) 
or “building blocks” of a pharmaceutical. This means that processes in this life cycle stage may 
be described several times, depending on the number of IPI modification steps in the synthesis 
route. Non-attributable processes such as sterilization of equipment and facility cleaning should 
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be part of the assessment (following IVL and NHS). Deviating from IVL and NHS guidelines, we 
recommend that bulk packaging in the synthesis stage is included as this process may require 
specific insulating materials such expandable polystyrene (EPS). 

Formulation and packaging of the final product require similar steps such as purification, 
transports, facility cleaning and disposal and treatment of production waste. Similar to previous 
stages, staff commutes may be excluded. 

3. Distribution 

Transport and storage (including HVAC and lighting) are included in this stage. Exclusions are 
similar to previous stages. 

4. Prescription & sales 

Energy and materials, such as freezers used for prescribing should be included. This also includes 
dispensing of pharmaceutical products at the pharmacy and sales of over-the-counter 
medication. Patient travel that is entirely related to the pharmaceutical product is included.  Here, 
too, an allocation problem arises as most dispensing points sell various products and patient 
travel data may be difficult to estimate.  

5. Patient drug administration 

This stage includes processes to administer the drug, such as heating and cooling, sterilizing and 
cleaning utensils. Exclusions are similar to previous stages. 

6. Collection & sorting 

Include: 

- Energy consumption of sorting machinery (allocated per batch of pharmaceutical waste 
sorted) 

- Capital goods, if used exclusively for sorting medication 

Exclusions are similar to previous stages. 

 
7. Treatment of waste containing medicinal residues 

Include: 

- Waste water treatment plant (WWTP) energy and material consumption 
o Incl. pharma filters 

- Incineration energy and material inputs, emission and waste outputs 
- Landfill inputs and emissions 

Exclusions are similar to previous stages. 

8. Fate of medicinal residues 

There are no production processes yet that can alter the fate of medicinal residues.  
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Appendix E: Minimum quality and reporting standard LCI elements 

Life cycle processes from the process diagram (see Appendix 1) can be complemented with data approximation reporting that gives 
information about the quality and representativeness of the data estimations used in the life cycle inventory. For each process given in 
Appendix 1, an LCA practitioner can specify the approximation method in the following table in this appendix.   

Table 3: data approximation specification sheet based on the hierarchy from Parvatker and Eckelman (2019). 

LCI elements LCI modelling 

Life cycle stage Life cycle 
process 

Not 
specified  

Omitted Proxy Molecular 
structure 
models 

Stoichiometry Basic 
process 
calculations 

Advanced 
process 
calculations 

Process 
simulation 
tools 

Plant data 
or LCI 
databases 

1. Discovery, 
design and 
development 

Aggregated (not 
specified) 

         

Research          

Pre-clinical trials          

Clinical trials 
(Phase 1-3) 

         

Environmental 
risk assessment 
(ERA) 

         

Benefit/risk 
balance 

         

Facility cleaning          

Heating, 
ventilation and 
air conditioning 
(HVAC) 

         

Production 
waste 

         



   
 

 

treatment 
(PWT) 

2.1. Production: 
Synthesis (IPI & 
API) 

Aggregated (not 
specified) 

         

Sterilizing          

Reaction          

Mechanical 
purification 

         

Granulation          

Mixing & 
stirring 

         

Chemical 
purification 

         

Thermal 
purification 

         

Quality checks          

Bulk packaging          

Facility cleaning          

HVAC          

PWT          

2.2. Production: 
Formulation 

Mechanical 
Purification 

         

Granulation          

Mixing & 
stirring 

         

Thermal 
Purification 

         

Miling          

Lubrication          

Compression          

Coating          

Quality checks          

Facility cleaning          

PWT          

Assembling          



   
 

 

 

2.3. Production: 
packaging 

Sterilizing          

Filling          

Thermal 
purification 

         

Quality checks          

Facility cleaning          

PWT          

4. Distribution Transport           

Storage          

5. Prescription & 
Sales 

Prescribing          

Non-commuting 
patient travel 

         

6. Patient drug 
administration 

Heating & 
cooling 

         

Sterilizing & 
cleaning 

         

7. Collection & 
sorting 

Sorting of 
packaging 

         

Take-back of 
unused drugs 

         

8. Treatment of 
waste containing 
medicinal 
residues 

Wastewater 
treatment 

         

Incineration          

Landfilling          

Recycling          

9. Fate of 
medicinal 
residues 

N.a.          


