
ABSTRACT 

 

JIMÉNEZ-GONZÁLEZ, CONCEPCIÓN.  Life Cycle Assessment in Pharmaceutical 

Applications. (Under the direction of Michael R. Overcash). 

 In the present work, life cycle information is developed to provide environmental 

input into process development and chemical selection within the pharmaceutical industry.  

The evaluation at various stages of the development process for Sertraline Hydrochloride, an 

effective chiral antidepressant, was conducted.  This evaluation included the Life Cycle 

Inventory (LCI) and further Life Cycle Assessment (LCA) to compare several synthetic 

routes and production processes of this pharmaceutical product. 

 To complete the Sertraline analysis, a methodology to generate gate-to-gate life cycle 

information of chemical substances was developed based on a transparent methodology of 

chemical engineering process design (an ab initio approach).  In the broader concept of an 

LCI, the information of each gate-to-gate module can be linked accordingly in a production 

chain, including the extraction of raw materials, transportation, disposal, reuse, etc. to 

provide a full cradle-to-gate evaluation. 

 Furthermore, the refinery, energy and treatment sub-modules were developed to 

assess the environmental burdens related to energy requirements and waste treatment. 

 Finally, the concept of a ‘Clean/Green Technology Guide’ was also proposed as an 

expert system that would provide the scientists with comparative environmental and safety 

performance information on available technologies for commonly performed unit operations 

in the pharmaceutical industry. 

 With the expected future application of computer-aid techniques for combinatorial 

synthesis, an increase of the number of parallel routes to be evaluated in the laboratory scale 

might be predicted.  Life cycle information might also be added to this combinatorial 

synthesis approach for R&D.  This input could be introduced in the earlier stages of process 

design in order to select cleaner materials or processes using a holistic perspective.  This life 

cycle approach in pharmaceutical synthesis is intended to facilitate the evaluation, 

comparison, and selection of alternative synthesis routes, by incorporating the overall 

environmental impact of routes. 



 
 



 ii

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family 
to the one I love, 

to my friends, 
    and to my God. 

 
 

 



 iii

BIOGRAPHY 
 

Concepción Jiménez-González 
 
Education 
• Ph.D. Chemical Engineering.  Thesis: Life Cycle Analysis in Pharmaceutical Applications. Chemical Eng. 

Department at North Carolina State University, NCSU, Aug. 1996 to Dec. 2000 (GPA 4.0). 
• MS Environmental Engineering.  Thesis:  Tailored Zeolites and its applications in removal of Cr(VI) 

Monterrey Institute of Technology and Superior Studies (ITESM), México, Aug. 1994 (GPA 10/10) 
• Certificate in Environmental Technology and Management, ITESM, Dec. 1993 
• BS Chemical and Industrial Engineering (double major).  Chihuahua Institute of Technology (ITCH), 

México, Jun. 1992 (GPA 98.8/100) 
 
 

Professional Experience 
 

Aug. 1996- Dec. 2000 Research Assistant.  Life Cycle Assessment and Process Design and Optimization.  
Dept. of Chemical Eng. NCSU, Raleigh, NC, USA 
 

April to August 2000 Visiting Researcher.  Clean Technologies in Pharmaceutical processes:  Evaluation, 
Comparison and Selection.  SmithKline Beecham, Worthing, East Sussex, UK. 
 

1997 & 1998, summers Visiting Researcher.  Process Development and its  Environmental Implications. 
Pfizer Pharmaceuticals Central Research, Groton, CT, USA 
 

Aug. 1994-Aug. 1996 Project Engineer.  Several Environmental Engineering and Environmental Management 
Projects.  Environmental Quality Center.  ITESM, Monterrey, NL, México 
 

Jan.-Aug. 1996 Full-time Researcher and Professor.  Environmental Quality Center and Chemical Eng. 
Department, ITESM, Monterrey, NL, México 
 

Jan. 95-Aug. 1996 Visiting Professor.  Saltillo Technological Institute.  Saltillo, Coah., México 
 

Mar. 1993-Aug. 1996 Advisor of the Hazardous Waste Management Committee for the Small and Medium 
Industry.  Program of Ecological Culture Promotion, Monterrey, NL, México 
 

Jan. 1993-Jul. 1994 Research Assistant.  Environmental Quality Center.  ITESM, Monterrey, NL, México 
 

Aug.-Dec. 1992 Research Assistant.  Biotechnology Center, ITESM, Monterrey, NL, México 

 
 

Honors 
• Special Mention for Outstanding Presentation. Shoenborn Award and Presentation, NCSU, Nov.1999 
• Fulbright Scholar.  Aug. 1996. 
• “1995 Rómulo Garza Award to Research and Technological Development”, jointly with Dr. Enrique 

Cázares-Rivera, ITESM, Jan. 1995 
• “Outstanding Case Award”, jointly with Leonardo J. Cardenas and Bryan W. Husted, BALAS 

Conference, Mar. 1996. 
• "The Best Students of Mexico Award, Class 1992" from CONACYT (Mexican National Science and 

Technology Foundation)  and "El Diario de México", Nov. 1992 
• Scholarship from Mexican National Science and Technology Foundation (CONACYT) for MS studies 

(1992-1994)  
• “1969 Class Award" for Outstanding Performance during BS studies.  Chihuahua Institute of 

Technology (ITCH) Class 1992, Oct. 1992. 
• "Academic Merit Award", from ITCHs Chemical Engineer Faculty; Jun. 1992 
• " Outstanding Chemical Eng. Student Award" from Chemistry Association of Chihuahua, May. 1992 
• Scholarship from Mexican Public Education Ministry (SEP) for BS studies (1989-1992) 

 

 



 iv 

Publications 
• How do you select the ‘greenest’ technology?  Development of Guidance for the Pharmaceutical Industry.  

AIChE 2000 Annual Conference, Los Angeles, CA, Nov. 2000. 
• Energy optimization during early stages of drug development.  C. Jimenez-Gonzalez and M. Overcash. 

AIChE Annual Conference, Dallas TX, 1999, in press at J. of Chemical Tech. and Biotech., 2000. 
• LCI of refinery products: review and comparison of commercially available databases.  C, Jimenez-Gonzalez 

and M.  Overcash.  AIChE Annual Conference, Dallas TX, 1999, ASAP Article 10.1021/es991140f S0013-
936X(99)01140-2.  Web Release Date: October 11, 2000. 

• Methodology of Developing Gate-to-Gate Life Cycle Analysis Information. C. Jimenez-Gonzalez, S. Kim 
and M. Overcash. International Journal of Life Cycle Assessment,  5 LCA (3) 153-159, 2000. 

• Energy sub-modules applied in life cycle inventory of processes.  C. Jimenez-Gonzalez and M. Overcash. J. 
of Clean Products and Processes, 1, 57-66; 2, 2000. 

• Cárdenas, J.C., Husted, B., Jiménez-González, C.  “Janssen Pharmaceutical:  Case Study”, Spanish version 
by C. Jiménez-González.. Sustainable Enterprise in Latin America. World Resources Institute, 99-116, 1997. 

• Jiménez-González, C., I. Jarquín-Arellanes.  “Manual de Prevención y Control de la Contaminación para la 
Industria”.  Ed. FOMCEC, 1996. 

• Jiménez-González, C., Cázares-Rivera, E.,  “Remoción de Cromo Hexavalente Utilizando Columnas 
Empacadas con Zeolitas Modificadas Químicamente”.  XXV Research Exchange Meeting of ITESM System 
Proceedings, 285-294, Jan. 1995. 

• Jiménez-González, C.  “Biological Treatment:  an Alternate Solution for Detergent Removal from Water”.  
Calidad Ambiental, Vol II, Num 1, 11-14 pp, Dec. 1994. 

 

Selected Projects 
• Evaluation and Selection of Technologies.  SmithKline Beecham, Worthing, UK. 
• Life Cycle Analysis in Pharmaceutical Applications , NCSU and Pfizer Inc., Raleigh NC, USA. 
• Solution Manual for the 3rd Ed. Of “Elementary Principles of Chemical Processes”, by R. M. Felder and R. 

W. Rousseau.  Chapters 2, 7 and 9.  May 1999. 
• Packaging Reduction in Janssen Pharmaceuticals, Puebla, Mexico, 1996. 
• Environmental Impact Analysis.  “Almacenadora de Chihuahua”, Chihuahua, Mexico,  Jun. 1996. 
• Preliminary Environmental Risk Assessment.  “Alambrados y Circuitos Electricos”, Plant VIII, (with the 

team of ITESM, campus Chihuahua), Chihuahua, Mexico, Feb. 1996. 
• Environmental Communication Program.  “PYOSA SA de CV”, Monterrey, N.L, México, May 1996. 
• Biodegradation of Activated Sludge.  “Wastewater Treatment Plan of Petróleos Mexicanos”, Cd. Guadalupe, 

NL, México.  Apr. 1996. 
• Environmental Certification.  “DuPont, Altamira Plant”.  Altamira, Tamps, México.  Oct. 1995. 
• Optimization of Lime Furnaces in the Solvay Process Using Experiment Design Techniques.  “Industrias del 

Alcali”, Garza García, NL, México, May 1995. 
 
Languages 

• Spanish: mother tongue (Mexican national).   
• English: fluent.   
• Italian: speaking, semi-fluent; reading and listening, fluent.   
• French: speaking, semi-fluent; reading and listening, fluent. 

 
Other Activities. 

• Kid’s Café and Athens Dr. High School, Raleigh, NC, 1999.  Tutor of Hispanic Students. 
• Culture Corps, Raleigh, NC, 1999-present.  Regular Speaker about aspects of Mexican culture. 
• American Institute of Chemical Engineers.  1999-present. 
• Society of Women Engineers, Student chapter at NCSU., Sep. 1999-present 
• Society of Hispanic Professional Engineers, SHEP, Student chapter at NCSU., Sep. 1996-present.  

Community Outreach: 1999-present.  Treasurer: 1998-1999.  Secretary: 1997-1998. 



 v 

ACKNOWLEDGEMENTS 
 
The author wish to give special thanks to: 
 

• Pfizer Pharmaceuticals, Central Research and Pfizer Pharmaceuticals, Global 
Manufacturing; for providing the funding of the research for the Sertraline case study, 
for the opportunity of working with a team or great people, and for all the support 
received during the project.   

 
• David L. Northrup, for his direct input, enthusiasm and support during the entire 

duration of the research. 
 
• Department of Chemical Engineering, NCSU, and Micheal R. Overcash, for the 

graduate student assistantship received and the support during my PhD studies. 
  
• SmithKline Beecham, Corporate Environmental and Safety; for the opportunity of 

working in the Green Technologies project and the allowing me to include this 
research on my dissertation. 

 
• Alan Curzons, for being a terrific boss, and for all the support during my stay in 

‘sunny’ England. 
 
• Seungdo Kim, for his always appropriate and accurate guidance regarding life cycle 

assessment. 
 
• ITESM, Alberto Bustani and Francisco Lozano; for the support and encouragement 

on continuing my studies and developing my career. 
 
• CONACYT, for the scholarship received during the first year and a half of my PhD 

program. 
 

• The Office of International Students and Scholars Services at NCSU, especially to 
Hanya Redwan, for being always there to give me advice and help. 

 
• Sam Winchester, Christine Grant, P. K. Lim and Barry Peters, for honoring me by 

being part of my PhD advisory committee. 
 

• Jim Spavins, Geraldine Taber, George Quallich, Nancy Sage, Sam Guhan, Juan 
Colberg, Luisa Freitas Dos Santos, Tatiana Gallego-Lizón, Ian McAuliffe, Francisco 
Beltrán, David O. Morgan, Rod McKenzie, Robert Hannah, Joe Phillips, John 
Richardson, Matt Higgins, Asterios Gravriilidis, and all the many other people who 
contributed to the present work; for their support, interest, feedback and 
collaboration. 



 vi 

TABLE OF CONTENTS 
  Page 

 LIST OF TABLES…………………………………………………………...   xii 

 LIST OF FIGURES………………………………………………………….   xvi 

1. LIFE CYCLE IN FINE CHEMICAL AND PHARMACEUTICAL 

PROCESES:  LITERATURE REVIEW……………………………………. 

 

  1 

2. LIFE CYCLE ASSESSMENT IN PHARMACEUTICAL 

APPLICATIONS……………………………………………………………. 

 

  4 

 2.1. Introduction:  Process Development in the Pharmaceutical Industry…...   6 

 2.2. Sertraline:  A Case Study…………………………………………….….   8 

 2.3. Goal, Scope and Functional Unit of the Life Cycle Assessment of 

Sertraline……………………………………………………………….. 

 

 10 

 2.4. Methodology…………………………………………………………….  13 

 2.4.1. Identification of the Routes Under Study………………………...  13 

 2.4.2. Definition of the System Boundaries…………………………….  13 

 2.4.3. Data Collection for Sertraline processes and Tetralone Routes….  14 

 2.4.4. Estimation of chemical losses inside the company’s boundary…..  15 

 2.4.5. Estimation of Energy Requirements for tetralone and sertraline 

processes……………………………………………………….…. 

 

 15 

 2.4.6. Energy-related Emissions:  Development of Energy Sub-

modules…………………………………………………………… 

 

 15 

 2.4.7. Development of Waste Treatment sub-modules………………….  16 

 2.4.8. Development of a Life Cycle Inventory (LCI) Database  16 



 vii 

 2.4.9. Modeling  17 

 2.4.9.1. Transportation-related emissions…………………………  17 

 2.4.9.2. Allocation factor………………………………………….  18 

 2.4.9.3. Life Cycle Inventory……………………………………...  18 

 2.4.9.4. Solvent Recovery Scenarios……………………………...  18 

 2.4.9.5. Life Cycle Assessment Models…………………………..  19 

 2.5. Results and Discussion………………………………………………….  20 

 2.5.1. Tetralone Routes…………………………………………………  20 

 2.5.1.1. Total emissions inside of the pharmaceutical 

manufacturing plant boundaries………………………….. 

 

 20 

 2.5.1.2. Life Cycle Inventory:  Mass Intensity and Total Carbon 

Dioxide production……………………………………….. 

 

 21 

 2.5.1.3. Life Cycle Impact Assessment…………………………...  22 

 2.5.2. Sertraline Processes………………………………………………  24 

 2.5.2.1. Total emissions inside of the pharmaceutical 

manufacturing plant boundaries………………………….. 

 

 24 

 2.5.2.2. Life Cycle Inventory:  Mass Intensity and Total Carbon 

Dioxide production……………………………………….. 

 

 25 

 2.5.2.3. Life Cycle Impact Assessment…………………………...  26 

 2.6. Data Quality……………………………………………………………..  27 

 2.7. Conclusions and Recommendations…………………………………….  28 

 2.8. Acknowledgments……………………………………………………….  30 

 2.9. References……………………………………………………………….  30 



 viii 

3. METHODOLOGY FOR DEVELOPING GATE-TO-GATE LIFE CYCLE 

INVENTORY INFORMATION……………...…………………………...... 

 

 75 

 3.1. Introduction……..……………………………………………………….  77 

 3.2. Methodology…..………………………..……………………………….  79 

 3.3. Results and Discussion……..…………..……………………………….  83 

 2.3.1. Estimation of LCI Information for Ammonia Production………..  84 

 2.3.2. Comparison with other data……………………………..………..  86 

 3.4. Conclusions…………..……..…………..……………………………….  90 

 3.5. References……………………………………………………………….  92 

4. ENERGY SUB-MODULES APPLIED IN LIFE CYCLE INVENTORY 

OF PROCESSES……………………………………………………………. 

 

100 

 4.1. Introduction……..………………………………………………………. 102 

 4.2. Methodology…..………………………..………………………………. 103 

 4.2.1. The Concept of Energy Sub-modules…………………...……….. 103 

 4.2.2. Cooling Tower……………………...…………………...……….. 105 

 4.2.3. Refrigeration Cycle ………………...…………………...……….. 107 

 4.2.4. Steam…………………………….....…………………...……….. 108 

 4.2.5. Dowtherm A……………………………….….………...……….. 110 

 4.3. Results and Discussion……..…………..………………………………. 110 

 4.4. Conclusions…………..……..…………..………………………………. 113 

 4.5. References………………………………………………………………. 115 

5.  LIFE CYCLE INVENTORY (LCI) OF REFINERY PRODUCTS.  

REVIEW AND COMPARISON OF COMMERCIALLY AVAILABLE 

 

 



 ix 

DATABASES.……….……………………………………………………… 130 

 5.1. Introduction……..………………………………………………………. 132 

 5.2. Objectives……..………………………..………………………………. 133 

 5.3. Methodology…..………………………..………………………………. 133 

 5.4. Results - Assessment Based on Comparative Concepts………………... 140 

 5.5. Results – Assessment Based on Technical Issues……………………… 145 

 5.6. Conclusions……………………………………………………………... 146 

 5.7. References………………………………………………………………. 148 

6.  TREATMENT MODULES – A PARTIAL LIFE CYCLE INVENTORY… 164 

 6.1. The Wastewater Treatment Plant Module……………………………… 166 

 6.1.1. COD Model………………………...…………………...……….. 166 

 6.1.1.1. Calculation of Life Cycle Information using design 

equations and average data……………………………….. 

 

166 

 6.1.1.1.1. Calculation of oxygen requirements, carbon 

dioxide generated and sludge produced ………….. 

 

167 

 6.1.1.1.2. Energy Requirements……………….………….. 170 

 6.1.2. Comparison between these results and other data ……...……….. 171 

 6.1.3. Ancillary Substances ….…………...…………………...……….. 171 

 6.1.4. Inorganic Salts……………………...…………………...……….. 172 

 6.1.5. Specific Organic Compounds……....…………………...……….. 173 

 6.1.6. Summary of LCI for WWTP Model..…………………...……….. 174 

 6.1.7. Limitations of the Model…………...…………………...……….. 174 

 6.2. Solvent Incinerator (Thermal Oxidizer) Module………………..……… 175 



 x 

 6.2.1 Methodology……………………………………...……...……….. 176 

 6.2.2. Results…….……………………………………...……...……….. 178 

 6.2.3. Limitations of the Model………………………...……...……….. 179 

 6.3. Solvent Recovery Module……………………………………………… 180 

 6.3.1 Methodology……………………………………...……...……….. 180 

 6.3.2. Results…….……………………………………...……...……….. 182 

 6.3.3. Limitations of the Model………………………...……...……….. 182 

 6.4. Waste to Landfill……………………………………………………….. 183 

 6.5. References………………………………………………………………. 184 

7. ENERGY OPTIMIZATION DURING EARLY DRUG DEVELOPMENT 

AND THE RELATIONSHIP WITH ENVIRONMENTAL BURDENS…… 

 

196 

 7.1. Introduction……..………………………………………………………. 198 

 7.2. Chiral Pharmaceuticals.  A Case Study………………………………… 199 

 7.3. Methodology…..………………………..………………………………. 200 

 7.3.1. Sensible Heat...………………………………...…...…...……….. 202 

 7.3.2. Heat of Reaction……………………………………………...….. 202 

 7.3.3. Heating or cooling a vessel at constant temperature…………….. 203 

 7.3.4. Electricity…….………………………………...…...…...……….. 203 

 7.3.5. Cooling Tower….……………………………...…...…...……….. 204 

 7.3.6. Refrigeration Cycle………………………………………………. 204 

 7.3.7. Steam………...………………………………...…...…...……….. 205 

 7.4. Results and Discussion…………………………………………………. 206 

 7.4.1. Energy Requirements...………………………...…...…...……….. 206 



 xi 

 7.4.2. Energy Sub-modules....………………………...…...…...……….. 209 

 7.4.3. Energy-Related Emissions……...……………...…...…...……….. 209 

 7.5. Data Quality…………………………………………………………….. 212 

 7.6. Conclusions……………………………………………………………... 213 

 7.7. Acknowledgements……………………………………………………... 214 

 7.8. References………………………………………………………………. 214 

8. TARGETED ANALYSIS:  THE LIFE CYCLE APPROACH……………... 229 

 8.1. Introduction……………………………………………………………... 229 

 8.2. Total yield versus solvent usage………………………………………... 230 

 8.3. Solvent recovery………………………………………………………... 232 

 8.4. Conclusions……………………………………………………………... 234 

 8.5. References………………………………………………………………. 234 

9. HOW DO YOU SELECT THE ‘GREENEST’ TECHNOLOGY?  

DEVELOPMENT OF GUIDANCE FOR THE PHARMACEUTICAL 

INDUSTRY…………………………………………………………………. 

 

 

239 

 9.1. Introduction……………………………………………………………... 241 

 9.2. Methodology…..………………………..………………………………. 242 

 9.3. The Framework..………………………..………………………………. 244 

 9.4. The Indicators....………………………..………………………………. 245 

 9.5. Scenario Example..……………………..………………………………. 246 

 9.6. Conclusions and Future Work………………………………………….. 251 

 9.7 Acknowledgements……………………………………………………… 252 

 9.8. References………………………………………………………………. 252 



 xii 

LIST OF TABLES 
 
 Page 

Table 2.1. The Chiral Top Ten (1994)………………………………..…………...  33 

Table 2.2. Summary of the data used for the Energy-sub-modules and refinery 

products………………..……………………………………………… 

 

 34 

Table 2.3. Average Transportation Distances and Mode Contribution…………...  35 

Table 2.4 Total waste, total solvent input and percentage of solvent in waste for 

the internal processes for Tetralone and Sertraline…………...………. 

 

 36 

Table 2.5. Distribution of the potential effects for the Tetralone routes.  Method:  

Ecoindicator 95.  Characterization……………………….…………… 

 

 37 

Table 2.6.  Distribution of the potential effects for the Sertraline processes.  

Method:  Ecoindicator 95.  Characterization…………………………. 

 

 40 

Table 2.7.  Criteria for determine the Data Quality Indicators (DQI) for the 

Sertraline Case Study………………………………………………… 

 

 43 

Table 2.8.  Data quality indicators for the Sertraline Case Study……..…………..  44 

Table 3.1. Heat recovery efficiency…………………..…………………………...  94 

Table 3.2. Energy requirement for each unit process and energy recovery….…....  95 

Table 3.3. Summary of Life Cycle Inventory Information……………..…………  96 

Table 3.4. Comparison of inputs, products and emissions per 1,000 kg of 

ammonia produced………….………………………………………… 

 

 97 

Table 3.5. Comparison energy per 1,000 kg of ammonia produced..………..……  97 

Table 4.1 . Operating Temperature Ranges for the energy sub-modules………... 117 

Table 4.2 . Unit Operation results for the energy sub-module for cooling a  



 xiii 

process stream………………………………………………………… 117 

Table 4.3.  Results of the combustion mass balance for natural gas and No. 2 oil.. 118 

Table 4.4. Unit operation results for the energy sub-module for heating a process 

stream with steam or Dowtherm A…………………………….……... 

 

118 

Table 4.5.  Summary of the life cycle information for 1 kg of NaCl…….………. 119 

Table 4.6.  Summary of the life cycle information for 1 kg of Ammonia…..……. 119 

Table 4.7.  Summary of the life cycle information for 1 kg of  R134a (used as an 

approximation of SUVA 123)………………………………………... 

 

120 

Table 4.8.  Life cycle inventory information for electricity. National grid for the 

USA…………………………………………………………………… 

 

121 

Table 5.1.  LCI Refinery  Data sets compared…………………….……….……... 150 

Table 5.2. SIMAPRO-Naphtha Energy Data………………………………..……. 151 

Table 5.3. LCI data for generation of 1 MJ of electricity from power grid, and for 

comparison one source in which electricity is generated at the 

refinery…………………………………………………………..……. 

 

 

152 

Table 5.4  LCI data for burning fuel for thermal energy production……..………. 154 

Table 5.5.  Oil required as Feedstock (MJ) as reported in the data sets….………. 156 

Table 5.6.  NOx emission distribution for the databases analyzed……………..… 157 

Table 6.1.  Average Data for WWTP design…………………………..…………. 187 

Table 6.2.  Oxygen delivery of different aeration systems…………..…………… 187 

Table 6.3.  Electricity Requirements………………………..…………………….. 187 

Table 6.4.  Comparison of Life Cycle Information for the WWTP module, 

Organic Matter Model………………………………………………… 

 

188 



 xiv

Table 6.5.  Average Data for WWTP design……………………..………………. 188 

Table 6.6.  Reduction data for TDS (organic and inorganic) after the activated 

sludge treatment…..…………………………………………………... 

 

188 

Table 6.7.  Summary of LCI data for the WWTP.  TOC  and COD basis…..……. 189 

Table 6.8.  Example of LCI data for the WWTP with TDS in the influent. TOC 

basis…………………………………………………………………… 

 

190 

Table 6.9.  Results from the Incineration Model for 10 common substances…..… 191 

Table 6.10.  Summary of the Incinerator Module…………..…………………….. 191 

Table 6.11.  Summary of the Solvent Recycling Module.  Results of the 

modeling using Chemsep Software.  Assumptions: simple distillation, 

10 stages and feed at the 5th. Stage, Raoult’s Law for K model, 

Antoine’s Equation for Vapor Pressure, Ideal Equation of State, 

Reflux ratio of 1.3, column operated at constant atmospheric 

pressure, feed at 25 C, feed is a 90:10 mixture of solvent and water, 

and recovery goal is 75%………………………………………….….. 

 

 

 

 

 

 

192 

Table 6.12.  Summary of the Solvent Recycling Module.  Results of the 

modeling using Chemsep Software.  Assumptions: simple distillation, 

10 stages and feed at the 5th. Stage, Gamma-Phi for K model, 

Extended Antoine’s Equation for Vapor Pressure, Peng-Robinson 

Equation of State, Reflux ratio of 1.3, column operated at constant 

atmospheric pressure, feed at 25 C, and recovery goal is 75%……….. 

 

 

 

 

 

192 

Table 6.13.  Summary of the data for landfilling organic matter, including 

Anaerobic Digestor, Dewatering and Landfill………………………... 

 

193 



 xv 

Table 6.14.  Summary of the data for landfilling inorganic compounds………..... 193 

Table 7.1.  Emission factors used as energy sub-module for electricity generation 

(cradle-to-gate LCI information for electricity)………………………. 

 

219 

Table 7.2. Results for the energy sub-module for heating a process stream with 

steam produced using natural gas as fuel……………………………... 

 

219 

Table 7.3.  Results for the energy sub-module for heating a process stream with 

steam produced using Oil No. 2 as fuel………………………………. 

 

220 

Table 7.4.  Results for the energy sub-module for cooling a process stream…….. 220 

Table 7.5  Data quality indicators for sertraline Case Study.  Energy-related 

calculations……………………………………………………………. 

 

220 

Table 9.1.  Representative Sample of the Framework for the Clean Technology 

Guide…………………………………………………………………. 

 

254 

Table 9.2.  Comparative Indicators……………………………………………….. 255 

Table 9.3.  Description of the reactor options for the case-scenario……………… 255 

Table 9.4.  Mass Indicators for the Example Described………………………….. 256 

Table 9.5.  Energy Indicators for the Example described………………………… 256 

Table 9.6.  Energy-related emissions for the Example described………………… 256 

Table 9.7.  Green Technologies’ Metrics for the Scenario Presented……………. 256 

  

  

 



 xvi

LIST OF FIGURES 
 
 Page 

Figure 2.1.  (a) Isomers of Sertraline.  (b) Tetralone in the Racemic 

representation………………………………………………………. 

 

 45 

Figure 2.2.  Description of the Sertraline processes………………………………  46 

Figure 2.3.  Description of the Tetralone routes…………………………………..  47 

Figure 2.4.  Definition of the boundaries for the life cycle of sertraline………….  48 

Figure 2.5.  Graphic representation of the methodology for the life cycle of 

sertraline…………………………………………………………….. 

 

 49 

Figure 2.6.  Identification of the routes and processes under study………………  50 

Figure 2.7.  Graphical representation of the substance tree for tetralone route 3…  51 

Figure 2.8.  Graphic representation of the modeling phase of the study………….  52 

Figure 2.9.  Internal chemical losses of the tetralone routes (compared per unit of 

sertraline produced………………………………………………….. 

 

 53 

Figure 2.10.  Life-cycle mass intensity for the different tetralone routes………....  54 

Figure 2.11.  Selected life-cycle emissions for the different tetralone route……...  55 

Figure 2.12.  Percentage of change in life-cycle mass intensity and life-cycle 

carbon dioxide emissions with solvent recovery (75% of solvent 

gets recovered) in the Tetralone routes……………………………... 

 

 

 56 

Figure 2.13. Life cycle assessment for tetralone routes:  BUWAL 132 Method….  57 

Figure 2.14  Life cycle assessment for tetralone routes:  CML Method………….  58 

Figure 2.15  Life cycle assessment for tetralone routes:  Ecoindicator 95 Method 

(characterization only)…………………………………………….. 

 

 60 



 xvii

Figure 2.16  Life cycle assessment for tetralone routes:  Ecoindicator 95 Method 

(valuation)…………………………………………………………... 

 

 62 

Figure 2.17  Internal chemical losses of the sertraline processes at laboratory, 

pilot and full scales…………………………………………………. 

 

 64 

Figure 2.18.  Life-cycle mass intensity for the sertraline processes………………  65 

Figure 2.19.  Selected life-cycle emissions for the sertraline processes…………..  66 

Figure 2.20.  Percentage of change in life-cycle mass intensity and life-cycle 

carbon dioxide emissions with solvent recovery (75% of solvent 

gets recovered) in the Sertraline processes…………………………. 

 

 

 67 

Figure 2.21  Life cycle assessment for sertraline processes:  BUWAL 132 

Method……………………………………………………………… 

 

 68 

Figure 2.22  Life cycle assessment for sertraline processes:  CML Method……...  69 

Figure 2.23  Life cycle assessment for sertraline processes:  Ecoindicator 95 

Method (characterization only)………………….………….………. 

 

 71 

Figure 2.24  Life cycle assessment for sertraline processes:  Ecoindicator 95 

Method (valuation)……………………….…………………………. 

 

 73 

Figure 3.1.  Methodology for developing Gate-to-Gate Life Cycle Inventory 

information…….…………………………………………………… 

 

 98 

Figure 3.2.  Process diagram for ammonia manufacturing process……………….  99 

Figure 4.1. Graphic representation of energy sub-modules………………………. 122 

Figure 4.2.  Schematic of site-specific and generic cooling water sub-module….. 123 

Figure 4.3.  Schematic of the refrigeration cycle sub-module for SUVA 123…… 124 

Figure 4.4.  Schematic of the steam production sub-module…………….……….. 125 



 xviii

Figure 4.5.  Schematic of the Dowtherm A heating sub-module……………….… 126 

Figure 4.6.  Comparison of Global Warming Potential for the energy sub-

modules…….……………………………………………………….. 

 

127 

Figure 4.7.  Comparison of Acidification Potential for the energy sub-

modules…….……………………………………………………….. 

 

127 

Figure 4.8.  Comparison of Winter Smog Potential for the energy sub-

modules…….……………………………………………………….. 

 

128 

Figure 4.9.  Comparison of Summer Smog Potential for the energy sub-

modules…….……………………………………………………….. 

 

128 

Figure 4.6.  Comparison of Nitrification Potential for the energy sub-

modules…….……………………………………………………….. 

 

129 

Figure 5.1.  Comparison of Refinery Use of Oil, Natural Gas and Coal per kg of 

refinery product reported in the data sets analyzed………….……… 

 

158 

Figure 5.2.  Comparison of the total carbon dioxide emissions reported in the 

data sets analyzed…………………………………………………… 

 

159 

Figure 5.3. Comparison of the total air emissions (mg/kg of refinery product) of 

dust, carbon monoxide, hydrocarbons, methane, sulfur oxides and 

nitrogen oxides reported in the data sets analyzed………………….. 

 

 

160 

Figure 5.4.  Comparison of some water borne emissions reported in the data sets 

analyzed………………..…………………………………………… 

 

161 

Figure 5.5.  Comparison of the contribution to air and water emissions…………. 162 

Figure 5.6.  Comparison of the solid waste reported in the data sets analyzed…... 163 

Figure 6.1.  Flow diagram and system boundary of the WWTP module under  



 xix

study………………………………………………………………… 194 

Figure 6.2. Schematic of the Solvent Incinerator Module………………………... 194 

Figure 6.3.  Schematic of the Solvent Recovery Module………………………… 195 

Figure 7.1.  Energy Requirements for the EtOH, THF and TOL process at full, 

pilot and laboratory scales…………………………………………... 

 

221 

Figure 7.2.  Comparative energy per reaction-separation step for this process…... 222 

Figure 7.3.  Normalized comparison of total energy-related emissions for the 

EtOH, THF and TOL process at full, pilot and laboratory scales, 

including all emissions back to natural resources.  Scenario A (lab. 

Scale assuming only electricity usage)……………………………... 

 

 

 

223 

Figure 7.4.  Normalized comparison of energy-related emissions for the EtOH, 

THF and TOL process at full, pilot and laboratory scales, including 

the emissions related to extraction and purification of fuels Scenario 

B (lab. Scale assuming usage of steam and cooling tower sub-

modules)…………………………………………………………….. 

 

 

 

 

224 

Figure 7.5.  Graph of the normalized total energy related emissions throughout 

the R&D process for THF, TOL and EtOH………………………… 

 

225 

Figure 7.6.  Normalized comparison of energy-related emissions for the THF and 

TOL process at full, pilot and laboratory scales, including the 

emissions related to extraction and purification of fuels, and 

comparing the total energy-related emissions and the produced 

outside the process plant.  Scenario B (lab. Scale assuming usage of 

steam and cooling tower sub-modules)…………………………….. 

 

 

 

 

 

226 



 xx 

Figure 7.7.  Percentage of reduction of total energy-related emissions from 

laboratory to full scale vs. time.  TOL, THF and EtOH processes…. 

 

227 

Figure 7.8.  Energy requirements vs. time (a) and normalized energy-related 

emissions versus time (b)…………………………………………… 

 

228 

Figure 8.1.  Total chemical losses for sertraline (with routes 3 and 4) before and 

after a 10% of total yield improvement…………………………….. 

 

236 

Figure 8.2.  Total chemical losses for sertraline (with routes 3 and 4) before and 

after a 10% of solvent usage reduction……………………………... 

 

236 

Figure 8.3. Schematic comparison of main characteristics of route 4 and route 3 

for tetralone production…………………………………………….. 

 

237 

Figure 8.4.  Total chemical losses saved by recovering 1 kg of THF……………. 237 

Figure 8.5.  Chemical tree for the production of THF (Tetrahydrofuran)………... 238 

Figure 9.1.  Methodology for the Development of the Clean Technology Guide... 257 

 



1. LIFE CYCLE IN FINE CHEMICAL AND PHARMACEUTICAL 
PROCESSES: LITERATURE REVIEW 

 
 
 The use of life cycle assessment for process selection and development in 

pharmaceuticals is a novel area of research.  This area has been in encouraged in part by the 

need of improving process development in pharmaceuticals (Pisano, 1997; Thayer, 1998) and 

by the increasing use of techniques such as combinatorial chemistry (Studt, 1997; Studt, 

1997a), which allows the discovery chemist to develop several chemical routes for the 

synthesis of a particular drug. 

 Although pharmaceutical companies recognize the importance of including the 

environmental aspects from the beginning of process design, and some pharmaceutical 

companies have looked at concepts like green chemistry and atom economy (Freitas dos 

Santos, 1999; Anastas and Warner, 1998), the application of life cycle for the process design 

of drugs has been limited.  

Almost all the research in environmental issues for the pharmaceutical industry, 

including the ones based on pollution prevention, deal mainly with specific issues outside the 

life cycle perspective, like solvent recovery or the minimization of a specific waste (Ahmad 

and Barton, 1994; Forman et. al., 1994). 

 Nevertheless, it was found that Curzons et. al. have developed a methodology for 

evaluating synthetic organic reaction in pharmaceutical processes through the lens of 

sustainable practices, including the life cycle viewpoint.  This methodology consists in the 

development of a series of heuristics and metrics.  The heuristics permit derivation of data for 

each of the environmental metrics, since the metrics provide a measurement of environmental 

characteristics for the evaluation and comparison of synthetic reactions. 
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 Finally, Koller et. al. (1998), and Heinzle et. al. (1998) have also proposed a general 

procedure for ecological and economic assessment during process design in fine chemical and 

pharmaceutical production that includes the life-cycle viewpoint.  This procedure proposes 

three type of indices:  mass, cost and environmental.  All three indices are based on mass 

balances and can be calculated only with literature data, or including early process knowledge. 
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2. LIFE CYCLE ASSESSMENT IN PHARMACEUTICAL APPLICATIONS.  

 

Abstract 

 Source reduction of wastes can be achieved in industry through changes in products, 

raw materials, process technologies or procedural practices.  There is also a need to introduce 

environmental factors as an integral part of the decision-making process at the Research and 

Development (R&D) stages of design for drug manufacturing.  This may improve efficiency, 

lower costs, and avoid environmental consequences in the production stage. 

 In the present work, life cycle information is developed to provide environmental input 

into process development and chemical selection within the pharmaceutical industry.  The 

evaluation at various stages of the development process for Sertraline Hydrochloride, an 

effective chiral antidepressant, was conducted at Pfizer Pharmaceuticals. 

 With the expected future application of computer-aid techniques for combinatorial 

synthesis, an increase of the number of parallel routes to be evaluated in the laboratory scale 

might be predicted.  Life cycle information might also be added to this combinatorial synthesis 

approach for R&D.  This input is expected to be introduced in the earlier stages of process 

design in order to select cleaner materials or processes using a holistic perspective.  This life 

cycle approach in pharmaceutical synthesis is intended to facilitate the evaluation, comparison, 

and selection of alternative synthesis routes, by incorporating the overall environmental impact 

of routes. 

 

Keywords:  Pharmaceutical industry, pharmaceutical process development, life cycle analysis, 

chiral synthesis. 
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2.1.  Introduction:  Process Development in the Pharmaceutical Industry 

 What organizations learn during the initial drug development phase clearly has an 

effect on production, as each process development project not only creates new production 

capabilities, but also adds to the company’s know-how.  Thus, a successful initial process 

development project can be visualize as improving the starting point on the process 

development curve (Pisano, 1997 and Overcash, 1988).  Better initial conditions lead to 

shorter time to achieve a determined level of efficiency with a new drug 

 Process development for bulk pharmaceuticals is oriented to several key objectives.  

The first priority is to design a process that can reproducibly synthesize an extremely high 

quality final product.  Another priority is to improve process efficiency in order to reduce the 

capital expense required to achieve the first priority (Forman, 1994).  Each stage of 

compound development has different characteristics, and as far as the preclinical stage is 

concerned, the efforts are traditionally focused on synthesizing high quality material as fast as 

possible.  This leads to priorities for the availability of raw materials, while the cost is only a 

secondary consideration.  As many as a third of the route candidates fail at this stage, making 

it advisable to use the initial discovery route or a close modification. 

 As a consequence, development objectives are addressed only after extensive 

screening of unsuitable compounds and routes.   For instance, of the 5,000 compounds 

evaluated in preclinical testing, only about 5 progress far enough to enter clinical trials and on 

average only 1 might actually gain approval by the US FDA for marketing (Pisano, 1997).  

Thus, given the average 12 years required to get approval for a new drug candidate, time 

allocated for process development must be optimized. 
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 Synthetic routes represent the basic process technology concept for pharmaceuticals.  

In theory, problems with synthetic routes can be detected long before a process reaches the 

factory.  Therefore, learning about route selection and how it affects development 

performance and quality offers broader conceptual lessons. 

 Changes to a synthetic route late in the development cycle can require a great deal of 

rework, as optimization conditions and new solutions are developed.  The same concept 

applies to changes due to environmental factors.  Including overall environmental criteria as 

inherent factors of process development and optimization is an essential part of anticipating 

and attempting to solve problems that might arise in actual production, as well as an intrinsic 

characteristic of environmentally conscious manufacturing (USEPA, 1991). 

 Furthermore, there is an emphasis on evaluating multiple routes at various phases of R 

& D.  With the expected future application of computer-aid techniques for combinatorial 

synthesis, an increase in the number of parallel routes to be evaluated at the laboratory scale 

might be predicted (Studt, 1997).  The life cycle inventory analysis approach thus represents 

an integrated part of the synthesis and route selection processes, allowing the prediction of 

potential environmental problems that might arise and offer global environmental criteria for 

route selection. 

 It has been formerly discussed that quality in the route selection process, expressed as 

early selection of the most attractive route, can influence overall process design quality, 

including cost and complexity reduction.  Introducing environmental life cycle information at 

this stage would represent a powerful tool to face the potential global environmental problems 

before the manufacturing phase.  This allows the company to rapidly cycle through multiple 
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routes early in the development process, while leaving sufficient time to optimize and refine 

the process. 

 As a case study, a life cycle was conducted at Pfizer Pharmaceuticals Inc. on a chiral 

product, Sertraline Hydrochloride, an effective antidepressant, which has been evaluated at 

various stages of the development process.   The present work is focused in the results 

obtained in this case study. 

 

2.2. Sertraline:  A Case Study 

 In recent years, interest in the synthesis of pure enantiomers has received new impetus, 

largely as a result of the increasing awareness of the importance of optical purity in the 

context of biological activity.  Although chirality is not a prerequisite for biological activity, 

when bioactive molecules contain a chiral center, differences are usually observed in the 

activities of the individual enantiomers. In reality, a chiral drug administered as a racemic 

mixture amounts to two separate drugs, each with different pharmacodynamics and 

pharmacokinetics (Sheldon, 1990). 

 The number of new pharmaceutical agents being developed and marketed as single 

stereoisomers continues unabated.  Pure enantiomers now constitute over half of the drugs 

undergoing clinical evaluations (Quallich and Woodall, 1992).  The commercial importance of 

this trend in pharmaceuticals is that the combined sales of the ‘chiral top ten’ in 1994 

amounted to more than 16 billion dollars.  Eight of these top ten drugs are marketed as single 

enantiomers (Table 2.1; Sheldon, 1996). 

 The evaluation of a development process for a drug is being conducted to analyze the 

effects in the environment that are produced by chemical, technological and process changes 
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throughout various R&D stages of design for drug manufacturing.  The product chosen as a 

model was Sertraline Hydrochloride (Sertraline) of Pfizer Pharmaceuticals.   

 Sertraline, which has demonstrated excellent efficacy as an antidepressant (Quallich et. 

al., 1990), is another member of the drug class marketed as pure enantiomers (Williams and 

Quallich, 1990; Welch et. al., 1994; Sheldon, 1990).  From all four possible isomers tested for 

activity (Figure 2.1a) the required high selectivity resided in the cis(+) isomer (cis-1S,4S), 

Setraline. 

 At an industrial level, the main raw material in the synthesis of Sertraline is tetralone in 

the form of a racemate (Figure 2.1b).  The process currently performed at Pfizer is the 

conversion from racemic tetralone to Sertraline.  Racemic tetralone manufacture is 

outsourced, then racemic Sertraline is produced, followed by a resolution with D-mandelic 

acid to isolate the desired enantiomer.  This synthesis is processed as batches in 4 steps. 

 For Sertraline there are three alternate processes reported (Welch, 1984;Pfizer, 1985; 

Pfizer 1999) which use different solvents in the first three steps of the conversion.  These 

variations were labeled as THF, EtOH and Tol process after the solvent used in the first step 

in each alternative (Fig. 2.2).  The process development of these alternatives has occurred at 

three stages:  laboratory, pilot and full scale. 

 Figure 2.3 shows routes under study for making tetralone (Pfizer 1989; Pfizer, 1988; 

Pfizer 1991; Quallich and Woodall, 1992).  Tetralone was originally prepared in five steps at 

8% overall yield (Route 1), with the possibility to employ a different starting material (Route 

2).  Later, another preparation of tetralone was conceived, which employed Friedel-Crafts 

reactions to construct all of the carbon-carbon bonds, Route  3 (37% yield).   This route was 

further consolidated with one less step via double Friedel-Crafts reaction with isolation of the 
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intermediate compound, Route 7 (49% yield) or without isolation, Route 8 (47% yield).  

Afterwards, the current commercial route for tetralone production was developed with 

reported laboratory yields as high as 79.6%, Route 4. 

 An asymmetric synthesis of tetralone was also sought to eliminate processing the 

undesired enantiomer of Sertraline through the resolution stage.  The synthesis of the chiral 

tetralone was successfully performed at a laboratory level with yields of 12 and 55% (Routes 

5 and 6), followed by a direct synthesis of chiral Sertraline at the laboratory level.  Chiral 

tetralone has been produced at laboratory level with an optical purity of 84% ee for route 5 

(Or a 92:8 ratio of enantiomers.  Enantiomer excess is the difference between the percentages 

of the two enantiomers) and 88.6% ee for route 6. 

 In addition to the asymmetric synthesis, Simulated Moving Bed (SMB), a 

chromatographic-based separation method has been studied for isolating the desired 

enantiomer from racemic tetralone.  Recoveries up to 75% in laboratory scale and 82% in 

pilot scale were reported (Guham, 1997).   The refinement of this technology would be to re-

racemize the unwanted enantiomer and recirculate it again into the separation process.  There 

is laboratory scale evidence of the possibility of re-racemizing the unwanted enantiomer under 

strong basic conditions, but the racemization has not been fully developed or considered yet in 

any of the routes.   

 

2.3. Goal, Scope and Functional Unit of the Life Cycle Assessment of Sertraline 

Goal 

To provide life cycle insight into process selection and development of complex drugs 

within the pharmaceutical industry was the main goal of this study.  Therefore, it aims to 
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facilitate the evaluation, comparison and selection of alternative Sertraline synthesis routes, 

incorporating the overall environmental impact of the routes.   

The findings of this research are expected to be utilized in early stages of  Pfizer 

process design in order to select cleaner materials or processes using a life cycle perspective. 

Besides the general goal, there are some specific interest areas to which the findings of 

this LCA are intended to provide some understanding.  Those interest areas are:  

 

1) Influence of number of steps (complexity) and at what step to introduce chirality on 

total chemical losses. 

2) Influence of similar chemical structure in starting raw materials with the same final 

product on the overall energy use and chemical losses. 

3) Influence of solvent recovery and non-isolation techniques on environmental factors. 

4) External (supply chain) versus Internal (pharmaceutical facility) environmental 

impacts 

5) Relationship between yield (overall efficiency) and  total waste. 

6) General understanding of inclusion of environmental factors in early stages of route 

selection and the relationships to process performance. 

7) Influence of scale of manufacturing. 

8) Unit process life cycle description. 

Scope 

 This study is a comparative assessment of different synthetic routes (production 

processes) for manufacturing of Sertraline, using LCA as a tool in a cradle-to-gate approach.  
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The analysis of packaging and distribution of the drug once manufactured are not considered 

(Figure 2.4). 

The research examined both the Sertraline processes and Tetralone Routes.  In total, 

four variations of the process for Sertraline, and eight development routes for tetralone have 

been identified.  The Tetralone routes include two that involved the synthesis of chiral 

tetralone.   

Such a system involves different scale production, different chemicals used, and 

different process principles (e.g. separation-synthesis, racemic synthesis-separation, and 

asymmetric synthesis).  

For the assessment phase, neither land use, biotic resource depletion, terrestrial eco-

toxicity, nor landfill volume are being considered in the analysis.  Landfill volume is not 

included since at the time of the analysis no assessment factors were available for this 

category, besides most of the data obtained express the solid waste in mass units instead of 

volume.  Terrestrial ecotoxicity is not included because the data for landfilling is expressed as 

total metals to soil, instead of the individual metals which have assessment factors for this 

category. 

 

Functional unit 

The functional unit has to be defined in order to make a reliable comparison of 

different processes.  For this research, the functional unit was defined as 1000 kg of Sertraline 

produced.   

This functional unit was chosen since the exact amount of Sertraline dosages that 

would fulfill the function of the drug will vary depending on the patient and the severity of the 
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ailment.  Besides, since this research has been conducted using the cradle-to-gate approach, a 

mass-based functional unit makes the comparison between routes and processes easier. 

 

2.4. Methodology 

The general methodology for this life cycle study is represented in Figure 2.5.  A 

description of the methodology is given in the following paragraphs, and more detail 

explanations of methods are described in subsequent chapters. 

 

2.4.1. Identification of the Routes under Study. 

 The research was divided into Sertraline processes and Tetralone Routes. In total, four 

variations of the process for Sertraline and eight development routes for tetralone have been 

identified.  The Tetralone routes include two that involved the synthesis of chiral tetralone.  

The routes involve different scale production, different chemicals used, and different process 

principles (e.g. separation-synthesis, racemic synthesis-separation, and asymmetric synthesis).  

Figure 2.6 summarizes the routes to be analyzed. 

 

2.4.2. Definition of the system boundaries 

 In this study, a cradle-to-gate approach of life cycle assessment was used.  In a cradle-

to-gate approach the boundaries of the life cycle assessment are set to analyze the activity 

from the extraction of raw materials until the end of the manufacturing process.  The 

packaging, distribution, use and disposal of the drug are assumed to not vary among the 

production processes, and therefore, the analysis and selection of synthetic routes and 

production process is independent of the downstream system (post-manufacturing).  As a 
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result, this research does not include the life cycle issues related to packaging, distribution, use 

and disposal of Sertraline. 

 The ‘cradle’ part of the boundaries was set back into raw materials extracted from 

earth (petroleum, metals) or produced in agriculture (corn).  All the production data included 

in this research consider post-treatment emissions, although the emissions from treatment are 

presented separately in order to compare pre versus post treatment data. 

 

2.4.3. Data Collection for Sertraline processes and Tetralone routes. 

The information for the tetralone routes was mainly obtained in literature articles that 

described the processes for tetralone synthesis.   

For the Sertraline processes the information at a laboratory level was gathered from 

literature articles and laboratory notebooks.  At pilot scale it was obtained from pilot plant 

archives, and at full scale from production records inside of the company. 

The data found included the complete description of the process with the typical 

quantities of each chemical incorporated to the route, as well as the description of the unit 

operations and temperatures.  For the tetralone routes, block flow diagrams were developed 

to better illustrate the lengthy routes.  The data found in those articles were thoroughly 

reviewed by scientists in Pfizer.  In general, much of the actual data had been previously 

published. 
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2.4.4.  Estimation of chemical losses inside the pharmaceutical manufacturing boundary. 

 To estimate the chemical losses generated in the different tetralone routes and 

sertraline processes, mass balances were performed using the information from the process 

description.  All the information about amounts of materials entering the system was provided 

in the literature or directly from records from the company at the different scales of 

production.  The output of the mass balances was sent to the company for review. 

 

2.4.5.  Estimation of Energy Requirements for tetralone and sertraline processes. 

 For calculating the energy requirements for tetralone routes and sertraline processes, 

typical thermodynamic equations were used.  The heat capacities and unknown heat of 

reactions were estimated using the group contribution theory.  The procedure for estimating 

the energy requirements for tetralone routes and sertraline processes is described in detail in 

Chapter 7. 

 

2.4.6. Energy-Related Emissions:  Development of Energy sub-modules. 

To include the energy-related emissions in this life cycle assessment, energy sub-

modules were developed for steam production, cooling using refrigeration, and cooling using 

a cooling tower.  A detailed explanation of the methodology for the energy sub-modules and 

the life cycle information of the sub-modules, including electricity production, is presented in 

chapter 4.   

For the emissions related to the primary energy carriers (e.g. natural gas, fuel oil, etc.), 

the averages of the reported data in several commercial databases were used.  The detailed 



 16

comparison of several commercial databases is presented in chapter 5, and a summary of the 

data employed for the energy-related emissions is presented in Table 2.2. 

 

2.4.7. Development of Waste Treatment sub-modules. 

 To obtain the input of the emissions generated in treatment and disposal, waste 

treatment sub-modules were generated.  Models for the waste water treatment plant, solvent 

incinerator and solvent recovery were developed.  Models for landfill disposal were taken 

from the literature.  The detailed description of the treatment modules is given in chapter 6. 

 

2.4.8.  Development of a Life Cycle Inventory (LCI) Database. 

 A substance tree was generated for the Sertraline processes and tetralone routes.  A 

substance tree is a graphic tool that shows all the precursor raw materials required in the 

production of a specific product or compound, extended back to the materials extracted from 

nature.  The substance tree documents all the materials involved in each one of the synthetic 

routes and production processes.  Figure 2.7 illustrates the substance tree of route 3. 

After the substance was generated and all the cradle-to-gate raw materials identified, 

all the information regarding the raw material production for tetralone and sertraline was 

estimated using a pre-treatment gate-to-gate approach, according to the methodology 

presented in chapter 3.  This approach was chosen because initially insufficient information 

was found for the rather large number of substances involved in the system. 
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2.4.9.  Modeling 

 To expand the boundaries of the analysis beyond the pharmaceutical manufacturing 

plant limits, the life cycle study was performed in a modular manner, incorporating the energy 

sub-modules, the waste treatment modules and the gate-to-gate information for the raw 

materials to the in-plant processes.   

After comparing several life-cycle software packages (e.g. PEMS, SIMAPRO, 

ECOPRO, LCAIT), ECOPRO 1.5 was the software selected for the modeling, mainly for the 

capability of this software to work in a modular manner, and to export the results for further 

analysis and interpretation.  The mechanics of the modeling are described in Figure 2.8. 

 

2.4.9.1. Transportation-related Emissions. 

 Since the gate-to-gate estimation approach was used no specific suppliers were 

considered.  To include the transportation of raw materials to the production centers, the 

average distances for transportation of goods and contributions related to the mode of 

transportation were used as reported by the US Department of Commerce, Economics and 

Statistics Administration, US Census Bureau (US Department of Commerce, 1999). 

 For the present research, the transportation of basic chemicals, metallic ores and 

concentrates, non-metallic minerals, cereals and grains, coal and fuels were included.  The 

transportation modes included in the analysis were truck, rail and boat.   

 The transportation-related emissions factors were taken directly from the database in 

ECOPRO 1.5 for diesel trains, 40 ton trucks (50% capacity) and river-size diesel boat (70% 

capacity).  The values for distances and mode of transportation distribution are shown in 

Table 2.3. 
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2.4.9.2. Allocation factor 

 When a specific process produces more than one product of commercial value, the 

waste treatment option, raw material requirements, energy consumption, and emissions need 

to be allotted or allocated.  In this research the allocation factor used in the modeling was 

product mass ratio.  That is, if a given process produces 25 kg of product A and 75 kg of 

product B, then the emissions, raw materials, energy, etc., will be distributed in a proportion 

of 25% for product A and 75% for product B. 

 

2.4.9.3. Life Cycle Inventory 

The inventories (chemical emissions and energy requirements) for the tetralone routes 

and Sertraline processes were generated using the modular system described above.  The 

material requirements for the tetralone routes and Sertraline processes were determined by 

linking the gate-to-gate life cycle information over the substance tree back to the raw material 

database.  The energy requirements were linked to the energy sub-modules, the waste 

generated were linked to the treatment modules, and the transportation modules were added 

to each substance system.  A final inventory was developed, containing the information on 

material consumption, energy requirements, and chemical emissions obtained. 

 

2.4.9.4.  Solvent Recovery Scenarios 

 For the life cycle inventory and assessment modeling, two scenarios were considered:  

with and without solvent recovery in the pharmaceutical processes and routes.   

The average solvent recovery percentage used was 75%.  The details of the solvent 

recovery module are described in detail in Chapter 6.   
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For the solvent recovery module, the avoided emissions from solvent recovery are 

considered.  To account for these avoided emissions, the corresponding amounts of solvent 

that are ‘saved’ through recovering the solvent are entered in the modeling as credits 

(‘negative requirements’).  If the recovery of solvent brings large benefits regarding solvent 

savings, it might translate into negative assessment values if they are larger than the energy 

and/or solvent required for a process. 

 

2.4.9.5. Life Cycle Impact Assessment Models 

 To analyze the results of the inventories, a life cycle assessment was made with three 

different methodologies: 

a) BUWAL 132.  Critical volumes method (BUWAL, 1991).  Includes factors for air, 

water, energy, soil, and landfill.  Since in this research land use and landfill volume are 

not being considered, these factors were not included in the assessment with BUWAL 

132 

b) CML (Centrum voor Milieukunde in Leiden, NL, Heijungs, 1992).  Problem oriented 

method based on environmental effects.  Includes Greenhouse effect, Nutrification, 

ozone layer depletion, photochemical oxidation, eco-toxicity, human toxicity and 

abiotic depletion.  As stated in the methodology, terrestrial eco-toxicity is not included 

in this research. 

c) Eco-indicator 95 (Goedkoop, 1995)  

• Characterization.  Problem oriented method based on environmental effects.  

Includes global warming, ozone depletion, acidification, nutrification, heavy 

metals, carcinogenic,  winter smog and summer smog. 
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• Eco-Indicator 95, Valuation.  Transforms the output of the characterization 

step into a single-indicator output (Ecopoints) 

 

All the factors used for these methodologies were taken directly from the database of 

ECOPRO. 

 

2.5. Results and Discussion 

2.5.1. Tetralone Routes 

2.5.1.1. Total Emissions inside of the pharmaceutical manufacturing plant boundaries 

 In order to study the relationship between material wastes and system complexity, the 

generation of material wastes in Sertraline synthesis using different tetralone routes were 

compared.  Basically, the information available of the tetralone routes was found at laboratory 

level.   Routes 7 and 4 (Fig 2.3) have been used for commercial purposes, route 4 being the 

one used currently, because it proved more economical in the past.   

 Figure 2.9 shows the material wastes directly generated at the laboratory level in 

Sertraline synthesis via different Tetralone routes.  At the laboratory level there is no recycling 

of materials whatsoever.  For the racemic Tetralone the total waste of a route follows a fairly 

good correlation with the number of steps or isolations of the same route.  Route 8 is an 

exception, which is explainable by the fact that in this route a much higher amount of solvent 

is used in the non-isolation step equivalent to two steps of route 7. 

 Meanwhile, the chiral Tetralone routes had different behavior in comparison with the 

non-chiral routes.  Routes 5 and 6 have both a total of 9 isolation steps, but different amount 
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of waste produced.  This is explained by the fact that Route 6 has a better overall chemical 

yield.    

 Route 4 is the one that produces the least amount of wastes, according with the results 

from laboratory level.  This same route was demonstrated to be also the most economical 

route, with the highest yield and with the lowest level of complexity, carrying out the synthesis 

in only one isolation step to tetralone.  This route also has a starting raw material that is more 

similar in chemical structure to the final product. 

 

2.5.1.2. Life Cycle Inventory:  Mass Intensity and Total Carbon Dioxide production 

 The life cycle inventory was performed as described in the methodology section.  Once 

the raw materials, chemical losses and energy requirements were calculated for each of the 

tetralone routes, the gate-to-gate information of all the substances of the chemical tree was 

incorporated, as well as the energy, treatment, and transportation sub-modules.   

A comparison of the mass intensity and total carbon dioxide emissions is shown in 

Figures 2.10 and 2.11.  Mass intensity is defined as the total amount of the raw materials 

taken directly from nature per mass unit of product (including treatment and transportation).  

As an example, for aluminum chloride production, bauxite, chlorine and air are required; for 

chlorine production water and sodium chloride are needed and, finally, sodium chloride is 

extracted from salt rock.  The mass intensity for aluminum chloride will be then the 

summation of the amounts of bauxite, air, water and salt rock needed per unit of aluminum 

chloride. 

In this analysis, routes 5 and 6 (chiral routes) are covered in the sertraline analysis 

because they are designed for the production of chiral tetralone.  Again, the route with lowest 



 22

mass intensity and lowest carbon dioxide emissions is route 4.  This route, as it has been 

shown earlier, is simpler, has fewer steps and has raw materials that can be synthesized in 

mass- and energy-efficient processes (refinery products). 

It also can be seen that recovering the solvent has an effect in diminishing the mass 

intensity and carbon dioxide emissions proportional to the percentage of solvent in the total 

inputs (Figure 2.12).  It is interesting to note that in a life cycle framework the solvent 

recovery has a big impact on the total mass intensity, but even bigger to the total carbon 

dioxide emissions.  Furthermore, for most of the routes, the effect in mass intensity and 

carbon dioxide emissions is larger in percentage than the proportion of solvent in the inputs.  

The exception is the mass intensity for route 4, but this can be explained by the lower 

proportion of solvents (Table 2.4), and a smaller substance tree.   

 

2.3.1.3. Life Cycle Impact Assessment. 

A life cycle assessment was performed using the methods shown in the methodology 

section.  Figure 2.13, 2.14, 2.15, and 2.16 show the results of the life cycle assessment for the 

tetralone routes using the methods of BUWAL 132 (1996), CML, Ecoindicator 95 

(characterization only) and Ecoindicator 95 (valuation).   

In all the assessment methods, route 4 is the one that fares the best in all the 

categories, followed by routes 7 and 8.  It is interesting to observe that the routes fared better 

in proportion of their development time, that is, the routes that developed later fared better in 

the assessment.  Also, when the scenario with solvent recovery is considered, the impact 

indicators have values between two and three times smaller than when the solvent recovery 

scenario is not considered. 
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Regarding the contribution of processes, thermal energy, electricity generation, 

disposal (treatment) and transport to the different impact categories, the distribution for the 

ecoindicator 95 (characterization) are shown in Table 2.5.  As it can be appreciated in Table 

2.5, some routes present negative values for some contributions; this is caused by relatively 

large amounts of potential energy recovery of these routes (heat to be recovered from hot 

streams by heat integration, see chapter 3) compared with the heating requirements of the 

routes, as explained in the methodology section. 

As expected, most of the global warming potential contributions come from disposal 

and energy-related emissions (electricity and thermal).  In routes 7 and 8, the contribution of 

energy-related emissions to the global warming potential is less due mainly to the large 

amount of potential energy to be recovered from energy integration.  As a matter of fact, most 

contributions to the assessment impacts categories are dominated by the energy-related 

emissions.   

The process-generated emissions are important contributors in the categories of 

acidification (average 27%), nutrification (average 55%), carcinogens (average 30%), winter 

smog formation (average 39%) and summer smog formation (average 59%, not including 

values over 100%).  Transport-related emissions have important contributions only in the 

ozone depletion potential (average 38%). 

The importance of these contributions is that these allow to target process design and 

optimization regarding a specific environmental effect.  By example, if the priority of the 

design is to improve the process conditions regarding global warming, then effort should be 

directed to optimize energy.  These percentages also show the importance of the 
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environmental credits given to a process by recovering the solvent, either internally or 

externally. 

 

2.5.2.  Sertraline Processes 

2.5.2.1.  Total Emissions inside of the pharmaceutical manufacturing plant boundaries 

 In order to study the relationship between material wastes and system complexity, the 

generation of material wastes in Sertraline processes was assessed.  The TOL, THF and EtOH 

processes (Figs. 2.2 and 2.6), have been used for commercial purposes in that order, and the 

information was obtained for laboratory, pilot and full scale.   

 Figure 2.17 shows the material wastes directly generated for all the scales in the 

Sertraline synthesis from racemic Tetralone.  At the full-scale level, although the THF process 

presents slightly larger amount of waste produced, there is not significant difference between 

the THF and EtOH processes regarding in-plant material waste production.  Nevertheless, for 

the TOL process, the chemical losses are two-fold in comparison to the THF and EtOH 

processes, mainly due to the larger use of solvents in said TOL process (Table 2.4) 

For the laboratory and pilot scale the trend is the same, with the exception of the TOL 

process at laboratory scale, which presents a remarkably larger amount of chemical losses per 

unit of product (6.6 times higher than THF process at laboratory scale).  This can be explained 

by a larger number of solvents used in the laboratory synthesis, and by the fact that the toluene 

processes was the first one to be developed. 
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2.5.2.2. Life Cycle Inventory:  Mass Intensity and Total Carbon Dioxide production 

 A life cycle inventory was carried out for the sertraline processes, comparing the chiral 

and non-chiral processes, that is, including the TOL, THF and EtOH processes and the routes 

5 and 6.  Even though information was available in all the scales for the TOL, THF and EtOH 

processes, the comparison was made only at full scale, scaling-up the laboratory information 

for the chiral routes (routes 5 and 6).  For the production of racemic tetralone prior to the 

sertraline processes, route 4 was employed.  The life cycle inventory was performed as 

described in the methodology section.   

Once the raw materials, chemical losses and energy requirements were calculated for 

each of the sertraline processes, the gate-to-gate information of all the substances of the 

chemical tree was incorporated, as well as the energy, treatment, and transportation sub-

modules.   

A comparison of the mass intensity and total carbon dioxide emissions is shown in 

Figures 2.18 and 2.19.  Mass intensity is defined as the total amount of primary raw materials 

per mass unit of product.   

It can be seen that the process with the least mass intensity and carbon dioxide 

emissions is the EtOH process.  This is a non-isolation process that uses the same solvent 

throughout the first 3 steps of the synthesis, and avoids the formation of a waste cake in the 

first step.  However, it is important to note that for carbon dioxide production the difference 

between the EtOH and the THF is twice as big as for mass intensity (34% vs 12% difference 

between the processes), which indicates that with regard to emissions, the EtOH has a better 

environmental performance in comparison to the other processes analyzed. 
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It also can be seen that recovering the solvent has an effect in diminishing the mass 

intensity and carbon dioxide emissions proportional to the percentage of solvent in the total 

inputs (Figure 2.20).  As well as with the tetralone routes, in a life cycle framework the 

solvent recovery has a big impact on the total mass intensity, but even bigger to the total 

carbon dioxide emissions.  But contrary to what occurred with the tetralone routes, the effect 

in mass intensity and carbon dioxide emissions is smaller in percentage than the proportion of 

solvent in the inputs, for most of the processes.  This last point is expected, and explained by 

the fact that the chemical tree of the processes is larger by the Sertraline synthesis, and 

therefore, the effect of solvent is relatively smaller than for the tetralone routes, although 

nevertheless important in the contribution to mass intensity and carbon dioxide emissions.   

The exception of the above is the chiral route 6, in which the carbon dioxide emissions 

saved with solvent recovery are in percentage larger than the solvent input, which can mainly 

be explained by the large absolute amount of solvent input employed in this synthesis (Table 

2.4).   

 

2.5.2.3.  Life Cycle Impact Assessment. 

A life cycle assessment was performed using the methods shown in the methodology 

section.  Figures 2.21, 2.22, 2.23, and 2.24 show the results of the life cycle assessment for 

the tetralone routes using the methods of BUWAL 132 (1996), CML, Ecoindicator 95 

(characterization only) and Ecoindicator 95 (valuation).   

In all the assessment methods, the EtOH process is also the one that fares the best in 

all the categories, followed by the TOL and THF processes.  As well as with the tetralone 

routes, when the scenario with solvent recovery is considered for the racemic tetralone 
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processes (TOL, THF and EtOH), the impact indicators present values between two and three 

times smaller than when the solvent recovery scenario is not considered.  For the chiral routes, 

the impact is not as large.  The non-chiral processes represent a better option almost in all the 

impact categories compared with the two chiral routes.  

Regarding the contribution of processes, thermal energy, electricity generation, 

disposal (treatment) and transport to the different impact categories, the distribution for the 

Ecoindicator 95 (characterization) are shown in Table 2.6.   

As expected, most of the global warming potential contributions come from energy-

related emissions (electricity and thermal), and disposal in a lower percentage (around 8% 

average).  As a matter of fact, most contributions to the assessment impacts categories are 

dominated by the energy-related emissions in a very uniform manner.   

The process-generated emissions are important contributors in the categories of 

acidification (11% average), nutrification (average 33%), carcinogens (average 46%), winter 

smog formation (10% average) and summer smog formation (average 50%).  Transport-

related emissions do not represent in general a significant contribution to the impacts (less 

than 2% in average in all the cases). 

 

2.6  Data Quality 

 Data quality is the specific characteristic of data as expressed through information 

about the data.  The data quality indicators used were (Weidema and Wesnaes, 1996):  

reliability (R), completeness (C), geographical correlation (G), temporal correlation (time), 

and technological correlation (Tech).  A 1 to 5 scale for each indicator is used, 1 being the 

most accurate data and 5 the least accurate.  Table 2.7 shows the criteria parameters used in 
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this research to determine the data quality indicators, and Table 2.8 shows a summary of the 

data quality indicators for the present research. 

 

2.7.- Conclusions and Recommendations. 

 When designing a process, a myriad of interrelated factors must be taken into 

consideration.  Environmental aspects are also a complex set of interrelated variables.  The 

inclusion of environmental issues could be facilitated by producing a better understanding of 

the relations among different factors that contribute to global wastes.  Also, it could help to 

determine a realistic influence of factors such as yield and starting materials on emissions. 

 A better understanding of the relationship between the stages of scale-up (laboratory, 

pilot and full scale) can help to anticipate, if not predict, the possible burdens and 

environmental problems when selecting or designing a route.  Chemical usage and wastes 

follows a fairly linear scale-up, while the main advantage of experimenting at pilot scale before 

producing commercially seems to be energy optimization. 

 According to the work done with Sertraline, it seems that there is a strong relationship 

between the complexity of the system and the environmental aspects in the early stages of 

synthesis in a pharmaceutical product.  The more steps, intermediate isolation, and solvents 

that are involved in a single route in the synthesis, the more wastes seems to be generated.  If 

this factor is taking into consideration when comparing different routes in the beginning of the 

selection process (e.g. lab scale) some of the environmental differences can be addressed from 

the start. 

 The results also show that two factors seem to have great influence over 

environmental performance:  solvent utilization and energy usage. 
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Solvent utilization is an important part of the synthesis of pharmaceuticals and plays a 

very important role in the overall waste generation.  Non-isolation of intermediates and the 

use of the same solvent throughout steps reduce the amount of waste streams, as well as the 

energy requirements for separating the solvent.  Recycling solvents and favoring the use of a 

single solvent that implies less production waste produce a large effect in the overall life cycle 

of the system.   

Energy usage is a factor that historically has been overlooked in the pharmaceutical 

industry, but according to the life-cycle assessment, it plays an important role in the 

environmental performance (especially in the categories of global warming, acidification, 

ozone layer depletion), and the results justify investing resources in improving the energy 

usage.  These factors are important to take into consideration when designing a new process, 

when possible. 

On the other hand, transportation does not play an important role in the system 

analyzed.  This result might justify, on a preliminary basis, employing non-site-specific 

methodologies, like the one utilized in this research, to model pharmaceutical systems. 

 In a future perspective, this research project is intended to coordinate with route 

selection and design in the pharmaceutical industry.  The rapid development of computer-

aided synthesis, combined with the stricter environmental regulations and above all, the need 

for environmentally conscious manufacturing are the driving forces for future utilization of life 

cycle assessment. 

 Since solvent usage is a very important factor in pharmaceutical synthesis, analyzing 

different recycling percentages and methods is another research target to be taken into 

consideration in the future.  The role that the experiments at pilot scale play in optimizing 
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energy, as well as the role and importance of different energy-related unit operations are other 

subjects to be evaluated in order to understand and help to improve the design process.   

Finally, economics is always a driving force for processes of any kind.   Logic seems to 

point out that the most economical alternative will be the one with less wastes.   Future 

research including economical comparison between routes could provide a way to examine 

this hypothesis. 

 The relevance of this kind of research stands by the fact that the progress in cleaner 

process design is directly proportional to the understanding we have of the system and of the 

many factor that are interrelated to it. 

 

2.8.- Acknowledgments 

 The authors wish to thank the Central Research Division of Pfizer Pharmaceuticals at 

Groton, CT; for the interest, cooperation, and funding for this project.  Special thanks to 

David L. Northrup, Jim Spavins, Geraldine Taber, George Quallich, Nancy Sage, Sam 

Guham, Juan Colberg and all the many other people who contributed to the present work. 

 

2.9.- References. 

BUWAL, Ökobilanzen von Packstoffen; Schriftenreihe Umwelt Nr.132; Bundesamt für 

Umwelt, Wald und Landschaft (BUWAL); Bern 1991 

Forman et al,  Environmentally Proactive Pharmaceutical Process Development. Pollution 

prevention Via  Process Modifications., 1994.  Halwagi and Petrides, Ed. 

Goedkoop M.J.; Demmers M.; Collignon M.X.; The Eco-indicator 95, Manual for designers; 

NOH report 9524; PRé consultants; Amersfoort (NL); july 1995  



 31

Guham, S.,  Guinn, M., and Charton,R. N., Separation of the Sertraline-Tetralone 

Enantiomers by Simulated Moving Bed.  Submitted for publication. 1997 

Heijungs R.; Environmental life cycle assessment of products, Guide and Backgrounds, NOH 

report 9266 and 9267, commissioned by the National Reuse of Waste Research 

Programme (NOH), in collaboration with CML, TNO and B&G.  Leiden; 1992;  

Overcash, M. Hazardous Waste Reduction-  Measurement of Progress.  Haz. Wastes and 

Haz. Materials.   Vol. 5, No. 3, 1988 

Pfizer Inc., US Patent 4,536,518.  Aug. 20, (1985). 

Pfizer Inc., US Patent 4,777,288.  Oct. 11, 1988 

Pfizer Inc., US Patent 4,839,104.  Jun. 13, 1989 

Delalande SA, US Patent, 5,019,655.  May 28, 1991 

Pfizer Inc., World Patent WO 9936394A1.  Jul. 22, (1999). 

Pisano, G. P., The Development Factory.  Lessons from Pharmaceuticals and Biotechnology.  

Harvard Business School Press, 1997 

Process Monograph Description.  Pfizer, Internal Document, 1997 

Quallich, G. J. and Woodall, T. M.  Synthesis of 4(S)-(3,4-Dichlorophenyl)-3,4-dihydro-

1(2H)-naphtalenone by SN2 Cuprate Displacement of an Activated Chiral Benzylic 

Alcohol.  Tetrahedron, Vol. 48, No. 47, pp. 10239-10248, 1992 

Quallich, G. J., and Woodall, T.M., Synthesis of 4(S)-(3,4-Dichlorophenyl)-3,4-dihydro-

1(2H)-naphtalenone by SN2 Cuprate Displacement of an Activated Chiral Benzylic 

Alcohol.  Tetrahedron, Vol. 48, No. 47, pp. 10239-10248, 1992 

Sheldon, R. A.  The Industrial Synthesis of Pure Enantiomers.  Drug Information Journal.  

Vol. 24, pp. 129-139, 1990 



 32

Sheldon, R. A.  The Industrial Synthesis of Pure Enantiomers.  Drug Information Journal.  

Vol. 24, pp. 129-139, 1990 

Studt, T.  Maturing Combinatorial Chemistry.  R & D Magazine, August, 1997 

U.S. Environmental Protection Agency.  Gruides to Pollution Prevention in the 

Pharmaceutical Industry.  October, 1991 

US Department of Commerce, Economics and Statistics Administration, US Censuc Bureau.  

US Department of Transportation.  Bureau of Transportation Statistics.  1997 Economic 

Census.  Transportation.  1997 Commodity Flow Survey (Issued in December 1999).  

EC97TFC-US 

Weidema, B. P. and Wesnaes, M. S.  Data quality management for life cycle inventories-- an 

example of using data quality indicators.   Journal of Cleanar Production, 4 (3-4) 1996 

Welch, W. M., et. al.  Nontricyclic Antidepressant Agents Derived from cis- and trans-1-

Amino-4-aryltetralins.  Journal of Med. Chem., Vol. 27, 1508-1515. 1984 

Williams, M. T,  and Quallich, G. J., Sertraline:  Development of a Chiral Inhibitor of 

Serotonin Uptake.  Chemistry and Industry, 21 May 1990



 33

Table 2.1. The Chiral Top Ten (1994) 

 
 
Drug 

 
Therapeutic class 

Sales a 
($ million /year) 

Amoxycillin Antibiotic 2,200 
Enalaprin Antihypertensive 2,100 
Ampicillin Antibiotic 2,000 
Catopril Antihypertensive 1,800 
Pravastatin Antihypercholesteraemic 1,700 
Diltiazem Antihypertensive 1,500 
Ibuprofenb Antiinflammatory 1,500 
Lovastatin Antihypercholesteraemic 1,300 
Naproxen Antiinflammatory 1,200 
Fluoxetineb Antidepressant 1,200 

 

 

 

a Bulk formulated drug 
b Marketed as racemate 
 
Source: Chirotechnology:  Designing Economic Chiral Synthesis.  Sheldon, R.A., J. Chem. 

Tech. Biotechnol., 1996,  67, 1-14. 
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Table 2.2. Summary of the data used for the Energy sub-modules and refinery products 

 

Process  
emission 

Unit Electricity* 
[1MJ] 

Cradle-to-gate 

Natural gas  
precombustion 

[1kg] 

Refinery 
product [1 

kg] 
(Median) 

Steam 
produced 

[1MJ] 

Dowtherm  
[1MJ of 
heating 

potential ] 

Cooling water 
tower  

[1MJ of cooling 
water potential] 

Refrigeration  
[1MJ of 
cooling 

potential] 

Heating by 
Natural gas  
combustion 
[1kg Natural 

gas] 

Heating by 
Fuel oil #2 
combustion 
[1kg fuel oil 

#2] 
Electricity  MJ   5.000E-02 5.50E-03 6.50E-04 3.20E-03 3.20E-01 2.00E-03 2.00E-03 

Natural gas g    1.10E+01 2.00E+01 0.00E+00 0.00E+00 1.00E+03 0.00E+00 

Fuel oil #2 g    1.20E+01  0.00E+00 0.00E+00 0.00E+00 1.00E+03 

Energy  
produced** 

MJ/kg        4.20E+01 3.80E+01 

           
Air emission           

CO2 g 1.650E+02 2.651E+02 2.840E+02 7.00E+01 5.30E+01 0.00E+00 0.00E+00 2.50E+03 3.30E+03 

CO g 4.500E-02 2.761E-01 8.000E-02 5.00E-02 8.00E-03 0.00E+00 0.00E+00 4.00E-01 4.00E-01 

CH4 g 5.800E-01 6.666E+00 3.190E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

VOC g 3.800E-02 1.591E+01 8.600E+00 5.00E-02 8.00E-03 0.00E+00 0.00E+00 4.00E-01 4.00E-01 

NOx g 3.500E-01 9.648E-01 2.900E+00 2.00E-01 1.70E-01 0.00E+00 0.00E+00 8.00E+00 4.50E+00 

SOx g 4.900E-01 1.113E+00 1.800E+00 3.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.20E+01 

           
Water emission           

COD g 5.000E-01 1.809E-03 4.000E-01 1.00E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

BOD5 g 2.000E-02 1.312E-04 2.000E-01 3.00E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

TDS g 4.200E-01 1.125E-01 1.000E+00 3.40E-01 0.00E+00 4.80E-02 0.00E+00 0.00E+00 0.00E+00 

           

Solid waste g 7.500E+00 3.641E+00 4.700E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

           
* Average of US and UK energy 
grid 

        

48% Coal  5% Hydro       
25% Nuclear 4% Fuel oil       
18% Natural gas 2% Other       

** Calorific value x 80% efficiency to recover flame energy (such as steam, 
kiln, etc.) 
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Table 2.3 Average Transportation Distances and Mode Contribution 
 

 

 

                            Reported Value                         Value to use in modeling

Mode
Basic 
Chemicals

Metallic 
ores and 
concentrates

Non-
metallic 
minerals

Cereal 
grains Coal Fuel Oils

Basic 
Chemicals

Metallic 
ores and 
concentrates

Non-
metallic 
minerals

Cereal 
grains Coal Fuel Oils

Average 
distance/shipment (mi) 332 303 174 125 81 28 330 300 175 125 80 30
Average 
distance/shipment (km) 531 485 278 200 130 45 530 480 280 200 128 48
Contribution of modes 
(% of ton-mi)
Truck 26.4 4.6 31.2 9 1.7 50.7 30 5 33 10 2 51
Rail 50.8 76.8 39.3 58 81.2 1.4 50 75 44 60 93 2
Water 19.3 18.6 19.7 29 4.2 11.2 20 20 23 30 5 12
Air - - - - - - - - - - - -
Pipeline - - - - - 34.2 - - - - - 35
Multiple modes 2.2 - 9.8 1.5 12 1.2 - - - - - -
Other unknown 1.3 - - 2.5 0.9 1.3 - - - - - -
Total 100 100 100 100 100 100 100 100 100 100 100 100
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Table 2.4.  Total waste, total solvent input and percentage of solvent in waste for the internal processes for 
Tetralone and Sertraline 
 
Tetralone routes Total waste pre-

treatment (before 
solvent recovery),  
kg/kg tetralone 

Solvent input,  
kg/kg tetralone 

% Solvent in 
total waste 

1,2 644.17 370.46 57.5% 
3 225.92 80.19 35.5% 
4 16.07 5.32 33.1% 
7 112.43 4.71 4.2% 
8 174.19 43.69 25.1% 

    

Sertraline processes Total waste pre-
treatment (before 
solvent recovery),  
kg/kg sertraline 

Solvent input, 
kg/kg sertraline 

% Solvent in 
total waste 

5 3,660.99 2,481.56 67.8% 
6 1,642.97 471.23 28.7% 
EtOH-lab 73.93 68.47 92.6% 
EtOH-pilot 134.39 129.09 96.1% 
EtOH-full 93.76 89.47 95.4% 
THF-lab 104.06 94.66 91.0% 
THF-pilot 154.64 143.05 92.5% 
THF-full 96.88 88.88 91.8% 
TOL-lab 915.97 889.86 97.1% 
TOL-pilot 215.58 206.59 95.8% 
TOL-full 221.23 213.79 96.6% 
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Table 2.5.  Distribution of the potential effects for the Tetralone routes.  Method:  Ecoindicator 95, 
Characterization only.  (sr denotes with solvent recovery.  The averages were calculated without including 
values over 100% or negative values). 
 
GWP  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total CO2-eq 

route 1, 2 1.26% 93.31% 0.94% 4.07% 0.45% 2.69E+07 

route 3 1.52% 90.50% 1.85% 5.60% 0.53% 6.11E+06 
route 4 6.23% -45.64% 21.43% 114.32% 3.65% 1.74E+04 
route 7 6.05% 6.10% 28.18% 56.87% 2.80% 9.15E+04 
route 8 3.99% 0.89% 23.77% 68.46% 2.88% 2.47E+05 
1-2 sr 1.45% 91.92% 1.57% 4.42% 0.64% 7.90E+06 
3 sr 1.76% 88.63% 3.14% 5.76% 0.70% 2.79E+06 
4 sr 5.37% 13.26% 32.76% 41.08% 7.53% 6.93E+03 
7 sr 5.21% 14.09% 30.57% 47.24% 2.89% 8.43E+04 
8 sr 4.19% 8.96% 27.78% 55.87% 3.20% 1.55E+05 
average 3.70% 45.30% 17.20% 40.37% 2.53%  

       
ODP  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total CFC11-eq 

route 1, 2 0.00% 99.20% 0.05% 0.00% 0.75% 1.87E+01 
route 3 0.00% 99.03% 0.24% 0.00% 0.97% 4.14E+00 
route 4 0.00% 5.23% 10.25% 0.00% 84.53% 8.53E-04 
route 7 0.00% 30.82% 21.15% 0.00% 48.03% 6.10E-03 
route 8 0.00% 23.00% 23.60% 0.00% 53.40% 1.00E-02 
1-2 sr 0.00% 98.88% 0.19% 0.00% 1.12% 5.34E+00 
3 sr 0.00% 98.36% 0.23% 0.00% 1.09% 1.83E+00 
4 sr 0.00% 5.14% 3.07% 0.00% 91.67% 6.48E-04 
7 sr 0.00% 31.60% 21.68% 0.00% 46.72% 5.95E-03 
8 sr 0.00% 22.00% 22.80% 0.00% 55.20% 1.00E-02 
average 0.00% 51.33% 10.33% 0.00% 38.35%  

       
HM  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total Pb-eq 

route 1, 2 0.00% 90.51% 8.81% 0.00% 0.68% 22.130 

route 3 0.01% 83.11% 15.95% 0.00% 0.75% 5.330 
route 4 0.51% 0.90% 90.79% 0.00% 7.81% 0.010 
route 7 0.03% 0.98% 95.24% 0.00% 1.50% 0.210 
route 8 0.02% 0.66% 97.37% 0.00% 2.63% 0.380 
1-2 sr 0.00% 85.10% 14.01% 0.00% 0.89% 6.710 
3 sr 0.02% 73.58% 25.66% 0.00% 0.75% 2.650 
4 sr 1.45% 2.29% 77.59% 0.00% 18.48% 0.003 
7 sr 0.03% 0.98% 95.24% 0.00% 1.43% 0.210 
8 sr 0.02% 0.65% 97.30% 0.00% 2.70% 0.370 
average 0.21% 33.88% 61.79% 0.00% 3.76%  
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Table 2.5.  (continued) 
 
AP  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 
Total SO2-eq 

route 1, 2 13.02% 84.35% 0.44% 1.62% 0.56% 3.00E+05 

route 3 26.15% 69.90% 0.74% 2.66% 0.56% 8.00E+04 
route 4 48.59% -144.27% 73.73% 85.23% 36.72% 2.38E+01 
route 7 27.01% 2.39% 14.07% 52.85% 3.69% 9.63E+02 
route 8 25.80% -1.73% 17.02% 53.27% 5.64% 1.74E+03 
1-2 sr 22.81% 73.46% 0.66% 2.37% 0.71% 9.87E+04 
3 sr 39.90% 54.75% 1.02% 3.74% 0.60% 4.51E+04 
4 sr 21.42% 3.33% 34.33% 16.17% 24.75% 2.91E+01 
7 sr 25.34% 4.93% 13.92% 52.34% 3.47% 9.72E+02 
8 sr 21.88% 2.90% 14.36% 56.56% 4.31% 1.59E+03 
average 27.19% 37.00% 17.03% 32.68% 8.10%  
       
NP  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total Phos-eq 

route 1, 2 26.33% 70.17% 0.15% 2.87% 0.49% 5.91E+04 
route 3 28.98% 64.95% 0.29% 5.24% 0.54% 1.41E+04 
route 4 95.01% -2.89% 1.02% 5.66% 1.19% 1.25E+02 
route 7 66.39% 0.78% 1.57% 30.23% 1.03% 5.86E+02 
route 8 53.66% -0.06% 2.66% 41.58% 2.16% 7.76E+02 
1-2 sr 30.26% 64.44% 0.24% 4.42% 0.65% 1.84E+04 
3 sr 33.35% 57.24% 0.44% 8.32% 0.65% 7.06E+03 
4 sr 96.86% 0.16% 0.62% 1.35% 1.01% 1.22E+02 
7 sr 66.04% 1.23% 1.57% 30.18% 0.98% 5.87E+02 
8 sr 54.14% 0.98% 2.04% 41.30% 1.54% 7.59E+02 
average 55.10% 32.49% 1.06% 17.11% 1.02%  
       
WS  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 
Total SO2-eq 

route 1, 2 1.59% 95.04% 2.70% 0.00% 0.51% 4.51E+04 
route 3 2.98% 90.91% 5.23% 0.00% 0.59% 1.04E+04 
route 4 92.54% -109.42% 107.20% 0.00% 7.79% 1.53E+01 
route 7 64.09% -0.17% 32.86% 0.00% 1.27% 3.80E+02 
route 8 54.76% -5.05% 45.81% 0.00% 2.23% 5.98E+02 
1-2 sr 2.99% 91.63% 4.42% 0.00% 0.70% 1.35E+04 
3 sr 4.46% 85.68% 8.61% 0.00% 0.74% 4.91E+03 
4 sr 50.87% 0.00% 44.22% 0.00% 4.62% 2.12E+01 
7 sr 61.44% 2.93% 32.51% 0.00% 1.19% 3.84E+02 
8 sr 56.27% 1.45% 38.20% 0.00% 1.69% 5.52E+02 
average 39.20% 52.52% 32.18% 0.00% 2.13%  
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Table 2.5.  (continued) 
 
 
CG  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport Total PAH-eq 

route 1, 2 12.25% 86.03% 1.23% 0.00% 0.74% 4.08E+00
route 3 71.07% 27.86% 0.71% 0.00% 0.36% 2.80E+00
route 4 49.03% 1.08% 35.09% 0.00% 14.70% 9.32E-04
route 7 14.84% 5.14% 72.05% 0.00% 7.98% 6.94E-03
route 8 11.20% 4.35% 69.15% 0.00% 15.30% 1.00E-02
1-2 sr 32.68% 65.36% 1.31% 0.00% 0.65% 1.53E+00
3 sr 53.85% 43.59% 2.56% 0.00% 0.54% 7.80E-01
4 sr 36.18% 2.73% 22.73% 0.00% 38.57% 2.93E-04
7 sr 14.91% 5.17% 72.36% 0.00% 7.63% 6.91E-03
8 sr 11.20% 4.17% 73.93% 0.00% 10.70% 1.00E-02
average 30.72% 24.55% 35.11% 0.00% 9.72% 
      
SS  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport Total PCOP-eq

route 1, 2 25.75% 73.62% 0.04% 0.14% 0.45% 6.95E+04
route 3 28.98% 70.17% 0.08% 0.25% 0.52% 1.61E+04
route 4 266.38% -183.50% 2.75% 4.31% 10.13% 1.60E+01
route 7 95.48% -2.39% 1.12% 3.35% 2.43% 2.69E+02
route 8 104.42% -7.55% 0.50% 1.30% 1.33% 1.36E+03
1-2 sr 26.54% 72.55% 0.07% 0.21% 0.63% 2.04E+04
3 sr 30.01% 68.78% 0.14% 0.40% 0.67% 7.36E+03
4 sr 92.15% -7.49% 2.41% 1.16% 11.86% 1.12E+01
7 sr 86.12% 6.09% 1.30% 3.80% 2.70% 2.31E+02
8 sr 94.25% -0.61% 0.95% 3.01% 2.40% 5.28E+02
average 59.91% 58.24% 0.76% 1.54% 2.71% 
 
GWP = Global Warming Potential 
AP = Acidification Potentical 
ODP = Ozone layer Depletion Potential 
NP = Nutrification Potential 
WS = Winter Smog 
SS = Summer Smog 
HM = Heavy Metals 
CG = Carcinogenics 
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Table 2.6.  Distribution of the potential effects for the Sertraline processes.  Method:  Ecoindicator 95, 
Characterization only.  (sr denotes with solvent recovery). 
 
GWP  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total,  CO2-eq 

EtOH 1.33% 87.71% 2.38% 8.06% 0.51% 3.39E+06 
EtOH sr 1.47% 82.66% 5.26% 9.74% 0.86% 1.26E+06 
THF 1.32% 87.56% 2.68% 7.90% 0.55% 5.16E+06 
THF sr 1.51% 81.75% 5.98% 9.92% 0.83% 2.02E+06 
TOL 1.41% 89.95% 1.44% 6.68% 0.51% 8.17E+06 
TOL sr 1.52% 87.03% 3.24% 7.38% 0.83% 2.14E+06 
5 1.57% 87.93% 2.51% 7.32% 0.66% 6.05E+07 
5 sr 1.52% 89.62% 3.69% 4.52% 0.68% 5.01E+07 
6 2.50% 81.21% 4.79% 10.07% 1.17% 1.49E+07 
6 sr 3.38% 76.60% 7.67% 10.62% 1.73% 8.22E+06 
average 1.75% 85.20% 3.96% 8.22% 0.83%  

       
ODP   

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total, CFC11eq 

EtOH 0.00% 98.68% 0.15% 0.00% 0.88% 2.27 
EtOH sr 0.00% 98.70% 0.37% 0.00% 1.30% 0.77 
THF 0.00% 98.97% 0.26% 0.00% 0.77% 3.89 
THF sr 0.00% 98.48% 0.76% 0.00% 1.52% 1.32 
TOL 0.00% 98.99% 0.08% 0.00% 0.84% 5.93 
TOL sr 0.00% 97.93% 0.20% 0.00% 1.38% 1.45 
5 0.00% 97.99% 0.09% 0.00% 1.93% 23.33 
5 sr 0.00% 97.27% 0.31% 0.00% 2.36% 16.11 
6 0.00% 97.65% 0.32% 0.00% 2.14% 9.35 
6 sr 0.00% 96.30% 0.62% 0.00% 3.29% 4.87 
average 0.00% 98.10% 0.31% 0.00% 1.64%  

       
HM  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total, Pb-eq 

EtOH 0.00% 81.27% 18.06% 0.00% 1.00% 2.99 
EtOH sr 0.01% 63.57% 34.88% 0.00% 1.55% 1.29 
THF 0.00% 80.31% 18.92% 0.00% 0.77% 5.18 
THF sr 0.01% 61.14% 37.55% 0.00% 1.31% 2.29 
TOL 0.00% 88.69% 10.47% 0.00% 0.84% 7.16 
TOL sr 0.01% 76.24% 22.28% 0.00% 1.49% 2.02 
5 0.31% 85.99% 12.07% 0.00% 1.70% 28.76 
5 sr 0.35% 66.44% 31.60% 0.00% 1.61% 25.51 
6 0.00% 68.68% 29.85% 0.00% 1.46% 14.37 
6 sr 0.00% 54.99% 43.06% 0.00% 1.95% 9.22 
average 0.07% 72.73% 25.87% 0.00% 1.37%  
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Table 2.6 (continued) 
 
AP  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 
Total,  SO2-eq 

EtOH 8.53% 85.90% 1.16% 3.72% 0.68% 3.54E+04 
EtOH sr 9.08% 78.81% 2.56% 8.41% 1.14% 1.32E+04 
THF 8.89% 85.27% 1.20% 3.98% 0.66% 5.90E+04 
THF sr 9.38% 77.33% 2.77% 9.48% 1.04% 2.25E+04 
TOL 8.69% 87.96% 0.67% 2.03% 0.65% 8.89E+04 
TOL sr 8.97% 83.65% 1.53% 4.79% 1.07% 2.30E+04 
5 9.60% 85.84% 1.53% 1.82% 1.21% 4.50E+05 
5 sr 8.95% 81.80% 2.47% 5.48% 1.29% 3.59E+05 
6 20.02% 70.45% 2.05% 6.12% 1.37% 1.75E+05 
6 sr 26.96% 58.99% 2.97% 9.24% 1.84% 1.07E+05 
average 11.91% 79.60% 1.89% 5.51% 1.10%  

       
NP   

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total, Phos-eq 

EtOH 27.20% 65.85% 0.38% 6.05% 0.53% 7.59E+03 
EtOH sr 30.84% 55.10% 0.76% 12.49% 0.80% 3.09E+03 
THF 26.57% 66.08% 0.39% 6.45% 0.52% 1.27E+04 
THF sr 28.41% 55.62% 0.83% 14.38% 0.76% 5.15E+03 
TOL 26.28% 69.59% 0.22% 3.38% 0.53% 1.86E+04 
TOL sr 29.74% 61.54% 0.47% 7.45% 0.80% 5.14E+03 
5 25.76% 69.23% 0.60% 3.33% 1.08% 8.56E+04 
5 sr 24.12% 63.80% 0.93% 9.99% 1.15% 6.86E+04 
6 52.61% 38.97% 0.48% 7.15% 0.79% 5.20E+04 
6 sr 62.47% 27.10% 0.58% 8.98% 0.87% 3.84E+04 
average 33.40% 57.29% 0.56% 7.96% 0.78%  

       
WS  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

 
 

Total, SO2-eq 

EtOH 4.16% 88.26% 6.61% 0.00% 0.65% 5.76E+03 
EtOH sr 8.70% 76.03% 13.50% 0.00% 1.07% 2.32E+03 
THF 5.39% 86.43% 7.18% 0.00% 0.64% 9.14E+03 
THF sr 9.68% 73.66% 14.90% 0.00% 0.96% 3.86E+03 
TOL 3.44% 91.77% 3.99% 0.00% 0.61% 1.38E+04 
TOL sr 6.24% 83.78% 8.54% 0.00% 1.01% 3.80E+03 
5 10.35% 82.66% 6.17% 0.00% 0.71% 1.04E+05 
5 sr 9.84% 79.98% 9.16% 0.00% 0.70% 9.03E+04 
6 19.14% 68.19% 11.07% 0.00% 1.09% 2.99E+04 
6 sr 27.55% 54.88% 15.41% 0.00% 1.40% 1.91E+04 
average 10.45% 78.56% 9.65% 0.00% 0.88%  
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Table 2.6 (continued) 
 
CG  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport Total, PAH-eq 

EtOH 4.35% 91.30% 2.17% 0.00% 1.06% 0.46
EtOH sr 11.76% 82.35% 5.88% 0.00% 2.03% 0.17
THF 3.80% 92.41% 2.53% 0.00% 1.27% 0.79
THF sr 10.00% 83.33% 6.67% 0.00% 1.64% 0.3
TOL 87.47% 12.20% 0.22% 0.00% 0.11% 9.1
TOL sr 87.82% 11.34% 0.42% 0.00% 0.42% 2.38
5 48.63% 49.43% 1.03% 0.00% 1.03% 8.76
5 sr 56.80% 39.60% 2.67% 0.00% 0.93% 7.5
6 69.59% 28.13% 1.63% 0.00% 0.65% 6.15
6 sr 80.91% 16.82% 1.89% 0.00% 0.57% 5.29
average 46.11% 50.69% 2.51% 0.00% 0.97% 
   
SS  

 
Process 

 
 
Themic 

 
 
Electric 

 
 
Disposal 

 
 
Transport 

Total,
PCOP-eq

EtOH 36.25% 62.92% 0.10% 0.27% 0.46% 9.59E+03
EtOH sr 50.54% 48.21% 0.18% 0.45% 0.62% 4.39E+03
THF 35.03% 64.10% 0.11% 0.29% 0.47% 1.52E+04
THF sr 52.70% 46.06% 0.19% 0.49% 0.56% 7.59E+03
TOL 29.87% 69.41% 0.06% 0.17% 0.48% 2.21E+04
TOL sr 40.72% 58.17% 0.12% 0.31% 0.68% 6.63E+03
5 82.17% 17.57% 0.03% 0.04% 0.18% 5.47E+05
5 sr 84.11% 15.61% 0.04% 0.07% 0.17% 5.17E+05
6 44.12% 54.22% 0.19% 0.45% 1.01% 4.38E+04
6 sr 49.45% 48.12% 0.29% 0.69% 1.45% 2.52E+04
average 50.50% 48.44% 0.13% 0.32% 0.61% 
 
 
GWP = Global Warming Potential 
AP = Acidification Potentical 
ODP = Ozone layer Depletion Potential 
NP = Nutrification Potential 
WS = Winter Smog 
SS = Summer Smog 
HM = Heavy Metals 
CG = Carcinogenics 
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Table 2.7 Criteria for determining the data Quality Indicators (DQI) for the Sertraline Case Study. 
 
INDICATOR 1 2 3 4 5 
Reliability Verified* data 

based on 
measurements** 

Verified data 
partly based on 
assumptions or 
non-verified 
data based on 
measurements 

Non-verified 
data partly 
based on 
assumptions 

Qualified 
estimate (e.g. 
by industrial 
expert) 

Non-qualified 
estimate 

Completeness Representative 
data from a 
sufficient sample 
of sites over an 
adequate period 
to even out 
normal 
fluctuations 

Representative 
data from a 
smaller 
number of sites 
but for 
adequate 
periods 

Representative 
data from an 
adequate 
number of sites 
but from 
shorter periods 

Representative 
data but from a 
smaller 
number of sites 
and shorter 
periods or 
incomplete 
data from an 
adequate 
number of sites 
and periods 

Representativenes
s unknown or 
incomplete data 
from a smaller 
number of sites 
and/or from 
shorter periods 

Temporal 
correlation 

Less than three 
years of 
difference to 
year of study 

Less than six 
years 
difference 

Less than 10 
years 
difference 

Less than 15 
years 
difference 

Age of data 
unknown or more 
than 15 years of 
difference 

Geographical 
correlation 

Data from area 
under study 

Average data 
from larger 
area in which 
the area under 
study is 
included 

Data from area 
with similar 
production 
conditions 

Data from area 
with slightly 
similar 
production 
conditions 

Data from 
unknown area or 
area with very 
different 
production 
conditions 

Technological 
correlation 

Data from 
enterprises, 
processes and 
materials under 
study 

Data from 
processes and 
materials 
under study, 
but from 
different 
enterprises 

Data from 
processes and 
material under 
study, but from 
different 
technology 

Data on related 
processes or 
materials, but 
same 
technology 

Data on related 
processes or 
materials, but 
different 
technology 

 
* Verification may take place in several ways, e.g. by on-site checking, by recalculation, through mass 
balances or cross-checks with other sources. 
** Includes calculated data (e.g. emissions calculated from inputs to a process), when the basis for calculation 
is measurements (e.g. measured inputs).  If the  
     calculation is based partly on assumptions, the score should be two or three. 
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Table 2.8.  Data Quality Indicators for the Sertraline Case Study. 
 
Factor Evaluated 
 

R C G time Tech 

Material wastes of Sertraline Processes at full and 
pilot scale 

1 1 1 1 1 

Material wastes of tetralone routes and Sertraline 
processes at lab scale 

2 2 1 1 1 

Mechanical Energy Requirements 1 2 1 1 1 
Heating and cooling requirements 2 2 1 1 1 
Transportation distances and means 2 1 2 1 2 
LCI information related to mechanical energy 
requirements 

1 1 2 1 2 

LCI information related to heating and cooling 
requirements 

2 1 1 1 2 

LCI information related to transportation 1 2 3 1 2 
LCI information related to disposal/waste 
treatment systems 

2 2 3 1 2 

LCI information related to substances of the 
substance tree 

2 2 4 3 2 

 
 
 


