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Abstract 

Background, Goal and Scope. The research presented here rep- 
resents one part of GlaxoSmithKline's (GSK) efforts to identify 
and improve the life cycle impact profile of pharmaceutical prod- 
ucts. The main goal of this work was to identify and analyze the 
cradle-to-gate environmental impacts in the synthesis of a typi- 
cal Active Pharmaceutical Ingredient (API). A cradle-to-gate life 
cycle assessment of a commercial pharmaceutical product is 
presented as a case study. 
Methods. Life cycle inventory data were obtained using a modu- 
lar gate-to-gate methodology developed in partnership with 
North Carolina State University (NCSU) while the impact as- 
sessment was performed utilizing GSK's sustainability metrics 
methodology. 
Results and Discussion. Major contributors to the environmen- 
tal footprint of a typical pharmaceutical product were identi- 
fied. The results of this study indicate that solvent use accounts 
for a majority of the potential cradle-to-gate impacts associated 
with the manufacture of the commercial pharmaceutical prod- 
uct under study. If spent solvent is incinerated instead of recov- 
ered the life-cycle profile and impacts are considerably increased. 
Conclusions. This case study provided GSK with key insights 
into the life-cycle impacts of pharmaceutical products. It also 
helped to establish a well-documented approach to using life 
cycle within GSK and fostered the development of a practical 
methodology that is applicable to strategic decision making, 
internal business processes and other processes and tools. 

Keywords: Life cycle assessment (LCA); life cycle inventory 
(LCI); pharmaceutical compounds; pharmaceutical synthesis; 
sustainability metrics; sustainable development 

Introduction 

GSK has undertaken a programme of work  to better under- 
stand the life-cycle impacts of pharmaceutical processes. Dur- 
ing early phases, many attempts were made to find and col- 
late Life Cycle Inventory (LCI) data for the types of materials 
used in synthetic processes that produced active pharmaceuti- 
cal substances. This proved to be a difficult, if not impossible, 
task since very little data were available for materials rou- 
tinely used in the synthesis of chemically and biologically com- 

plex pharmaceuticals. In addition, those data that did exist 
were merely numbers [1,2,3]; i.e., there was no transparency 
as to how LCI data were derived. This lack of transparency 
continues to be an issue for life cycle data in general. 

However, at least two things were suggested by these early 
assessments. First, solvents and solvent use played a signifi- 
cant role in the overall life cycle impact of the active phar- 
maceutical ingredients of a drug product. Given the com- 
plexity of the materials routinely used in a typical pharma- 
ceutical synthesis, this was a somewhat  surprising result that 
warranted more in depth study to confirm. It became ap- 
parent that GSK could make considerable progress towards 
reducing environmental impacts if solvent use were opti- 
mised. The reader is referred elsewhere for a description of 
our development of a solvent selection guide [4]. This guide 
has recently been augmented with life cycle information and 
will be the subject of a forthcoming publication [5]. The 
second conclusion was that in order for us to better under- 
stand GlaxoSmithKline's overall life cycle impacts, a more 
detailed, transparent, rigorous and scientifically defensible 
methodology had to be developed. Given constraints on time 
and resources, GSK partnered with Nor th  Carolina State 
University (NCSU) in the development of a modular  ap- 
proach to life cycle methodology that met  our criteria listed 
above. This publication represents the first in a series that 
describes our work.  

1 Goal, Scope and Functional Unit 

1.1 Goal 

The main goal of this work was to identify and analyze the 
cradle-to-gate environmental impacts in the synthesis of a 
typical Active Pharmaceutical Ingredient (API). Another goal 
is to provide a comprehensive understanding of the life cy- 
cle impacts associated with complex chemical synthetic 
routes for API manufacture within the pharmaceutical in- 
dustry. The results of this programme have also been used 
to develop a tool that  enables process development chemists 
and engineers to determine and compare the life cycle im- 
pacts of processes during the early stages of process design 
and development. 
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The programme is based on a new approach for the system- 
atic determination of cradle to gate impacts for materials. 

Beyond this main aim, there are a number of additional ar- 
eas of interest including: 
1) The importance of solvent manufacture, use, waste recovery and 

disposal on overall environmental life cycle impacts; 
2) An understanding of the environmental impacts associated with GSK 

manufacture compared to those within the external supply chain; 
3) The contribution of energy usage and transportation in the phar- 

maceutical supply chain compared to the overall environmental 
impacts; 

4) The identification and understanding of key factors that influence 
environmental impacts so they may be avoided or mitigated early 
in the development process. 

1.2 Scope 

This research estimated the life cycle emissions and poten- 
tial impacts of a commercial process using a cradle-to-GSK- 
gate approach. Formulation, packaging, distribution and 
final fate of the pharmaceutical product have been excluded 
at this time since this case-study is intended as a compara- 
tive assessment within a manufacturing process and as a 
basis for comparing and benchmarking different synthetic 
routes to a given API. Therefore, the manufacturing impacts 
per kg of API will be independent of the downstream life 
cycle phases. The impacts of the downstream life cycle phases 
will be discussed in future publications. 

As a consequence of the scope and boundaries chosen, the 
results presented here are not  applicable to a comparison of 
two pharmaceutical products with the same function, since 
a full cradle-to-grave assessment would be required for this 
specific purpose. 

1.3 Functional unit 

A mass-based functional unit of 1 kg of the active pharma- 
ceutical ingredient under study was used. 

2 Methodology 

A modular approach was used. This methodology, as repre- 
sented in Fig. 1, was developed at NCSU [6] in partnership 
with GSK. A description of the methodology is given in the 
following paragraphs. 

2.1 Overview 

A list of the key raw materials and their masses required for 
the current synthesis of the active pharmaceutical ingredi- 
ent under study was first established. Gate-to-gate invento- 
ries were assembled for each material using NCSU method- 
ology and these were rolled-up to give cradle-to-gate data 
for the key process raw materials. The same process was 
used for the drug manufacturing process stages. The result- 
ant life cycle inventory data were then rolled-up into the 
key GSK impact categories. 

The overall approach is based upon the following funda- 
mental building blocks: 

1. An agreed set of GSK sustainability metrics [7] that defined the 
impact categories; 

2. A transparent set of heuristics and rules of thumb for determining 
the gate-to-gate inventories and subsequent roll-up to give cra- 
dle-to-gate data and final impact data; 

3. A modular and transparent approach that facilitates analysis of 
underlying data and trends. 

While there was some limited use of commercial LCI/A soft- 
ware for the gate-to-gate development, most of the roll-up 
and data analysis was based on commonly used and readily 
available software (e.g., Microsoft EXCEL) and other ap- 
proaches developed by GSK. 

2.2 Definition of the system boundaries 

The boundary of the life cycle assessment covers activities 
from the extraction of raw materials (from earth, petroleum 
and minerals/metals, or any material produced in agricul- 
ture, e.g., corn) to the end of the GSK manufacturing proc- 
ess, including waste stream treatment and all transport op- 
erations to the GSK gate. This boundary was chosen since 
this study compares the relative life cycle contributions of 
the different elements of the production process of a given 
API synthesis (identification of hot-spots). These relative 
contributions are expected to be independent of the formu- 
lation of the pharmaceutical product and other downstream 
life cycle phases, when accounted per unit of API. The pack- 
aging, distribution, use and disposal of the drug are beyond 
the scope of this assessment. 

2.3 Data sourcing 

2.3.1 LCI outside GSK's boundary 

Technical or patent literature and/or company information 
was used to develop process mass balances. Energy balances 
were derived by applying standard thermodynamic equa- 
tions and following procedures previously described in the 
literature [8]. Unknown heat capacities and heats of reac- 
tion were estimated using group contribution theory [9]. 

Fig. 1: Methodology 

2.3.2 LCI within GSK's boundary 

Emissions and energy usage were determined from GSK mass 
balance and process description information. 
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2.4 Development of the Chemical Tree for the Pharmaceutical 
Ingredient 

For each material used in the synthesis of the active pharma- 
ceutical ingredient under study, a 'chemical tree' was con- 
structed. A chemical tree is a graphical tool GSK uses to rep- 
resent and document  all the raw materials required in the 
manufacture of a material (i.e., intermediate, reagent, prod- 
uct, etc.). The chemical tree identifies all other materials re- 
quired for the manufacture of each material together with the 
mass utilized. In each case, the chemical tree went back to the 
extraction of materials from a natural resource (i.e., 'the cra- 
dle'). Fig. 2 illustrates the chemical tree of n-butanol. 

2.5 Development of a Life Cycle Inventory (LCl) Database 

2.5.1 Overview 

Inventory data were generated by NCSU in partnership with 
GSK. After the chemical tree was developed for each of the 
process materials used in the manufacture of this pharma- 
ceutical product  (total 26), gate-to-gate life cycle inventory 

information without  waste or emissions treatment was cal- 
culated for each substance in the chemical tree. The process 
that was used is shown in Fig. 1. The inventory data include 
process, energy and transportation-related life cycle param- 
eters. Waste t reatment  modules were applied at the end of 
the inventory roll-up for each material. 

Inventory data for a random selection of materials in the 
database were compared  to external data to validate the 
approach. The NCSU/GSK inventory data compared favor- 
ably with the external data within the uncertainties used to 
develop the external data. A database of 125 materials was 
developed. 

2.5.2 Energy modules 

Energy modules were developed to determine the energy-re- 
lated emissions for steam production, and cooling using refrig- 
eration or a cooling tower. A detailed explanation of the meth- 
odology and the life cycle information for the energy modules, 
including electricity production, is presented elsewhere [10]. 

Butanol, n 
708.60 

Bu~raldehyde 
1030.00 

Hydrogen 
41.82 

Steam 
108.42 

Propylene 
669.89 

Water 
53.00 

Hydrogen 
19.13 

Carbon Monoxide 
445.69 

Natural gas 

7.04 

Oxygen 

8.02 

Water 

14.09 

Natural gas 

15.39 

Oxygen 

17,53 

Water 

30.79 

Water 
108.42 

Petroleum extraction/refinery 

678,91 

Air 

24.25 

Steam Water 

339.50 339.50 

Natural gas 

150.14 

Steam 

90,88 

Carbon Dioxide 

221.26 

Air 

11.09 

Water 

90.88 

Air 

182.46 

Natural gas 

45.37 

Water 

121.85 

Fig. 2: Chemical tree of n-butanol 
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Table 1: Cradle-to-gate LCl energy-related air emissions 

Air Unit Electricity [1MJ] 
emission : Cradle-to-gate 

OH4 g 

CO g 

COa g 

NOx g 

SOx g 

VOC g 

0.580 

0.045 

�9 : Steam 
produced 

[1M J] 

0.115 

0.0543 

Cooling water 
tower 

[1MJ of cooling 

0.0018 

0.0001 

Refrigeration 
[1MJ of cooiihg 

potential] :: 

0.186 

0.014 

Dowtherm Heating by  
[1MJ of ~ t i n g  : Natural gas 

p o t e n t i a l ]  combustion 
" ' [1MJ heat 

~enti< i 
0.134 0.160 

0.0136 

Hueleating by 
oil r 2  

combustion 

potential] 
0.0837 

0.016 0.0121 

165.0 77.3 0.528 52.8 58.4 70.4 92.6 

0.350 0.248 0.0011 0.112 0.190 0.223 0.186 

0.490 0.337 0.0015 0.157 0.0226 0.0267 0.357 

0.038 0.328 0.0001 0.012 0.326 0.392 0.234 

Emissions resulting from the primary energy carriers (e.g. 
natural gas, fuel oil, etc.) were based on an average UK-US 
mix using the data reported in several commercial databases 
[1, 2,3,11]. A sample of energy-related air emissions is pre- 
sented in Table 1. 

2.5.3 Transportation-related emissions 

Specific suppliers were not identified for transportation of 
raw materials to the production centers so transport emis- 
sions were based on an average transportation distance for 
chemicals of 330 miles (528 km) with an average distribu- 
tion of 50% rail, 30% truck and 20% water. The emissions 
were based on data reported by the US Department of Com- 
merce, Economics and Statistics Administration, US Census 
[12]. The percentage distribution of the various transport 
modes was based on average data reported for chemicals in 
the US by the Department of Transportation. 

Table 2 shows the transportation emissions used for this 
study. The life cycle emissions factors were taken directly 
from the database of ECOPRO [1] assuming diesel trains, 
40 ton diesel trucks (50% capacity), and river-sized diesel 
boats (70% capacity). 

Table 3: Air and water emissions for waste treatment modules 

Air emissions [kg] 

Table 2: Transportation-related air emissions and energy per 1000 kg of 
each material transported 330 miles, 528 km) 

S ~ n ~  ~ :  K g / l ~  kg of n ' m ~ i  

CH4 0.033 

CO 0.185 

COa 33.5 

NMVOC 0.216 

NOx 0.627 

SOx 0.04.3 

Diesel Used [MJ] 440 

2.5.4 Waste treatment modules 

Waste treatment and disposal modules were developed to 
establish the emission profiles for wastewater treatment, 
spent solvent incineration and landfill. A model for landfill 
disposal was taken from the literature [13,14]. The solvent 
incineration and wastewater treatment modules were based 
on a mixture of GSK and available literature models and 
incorporated GSK commercial operational data. Table 3 
summarizes the treatment modules employed. 

k g o f  

CH4 

CO 

CO2 

NMVOC 

NOx 

SOx 

8.16 

0.63 

4,810.38 

0.53 

4.92 

0.01 

0.00 

3.07 

0.00 

0.01 

152.47 

0.11 

1,019.20 

0.10 

0.89 

6.93 

2.32 

6,679.86 

17.14 

9.67 

6.89 0.01 1.24 1.16 

Water emissions [kg] 

TOC 141.95 a 0.00 0.57 0.00 

BOD 211.62 a 0.00 0.05 0.00 

COD 405.98 a 0.01 1.62 0.00 

TDS 5.91 0.07 1.07 0.12 

a Final emissions after treatment 
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2.5.5 Allocation rules 

When a specific process produces more than one product of 
commercial value, the raw material and energy requirements, 
the form of waste treatment, and the emissions generated, need 
to be properly allocated to each product. Allocation is based 
on the mass ratio of the products and excludes water. Thus 
if a given process produces 23 kg of product A and 75 kg of 
product B, the emissions, raw materials, energy, etc., will be 
distributed in a proportion of 25% for product A and 7.5% 
for product B. 

2.5.6 Life cycle inventory 

Cradle-to-gate life cycle inventories were obtained by roll- 
ing-up gate-to-gate inventory data in agreement with ac- 
cepted practices [15,16]. This was performed in a modular 
manner, incorporating material requirements, energy mod- 
ules, waste treatment modules, transportation and gate-to- 
gate information for the raw materials in the chemical tree 
all the way back to the cradle material. The final inventory 
contained a summary of material consumption, energy re- 
quirements, and chemical emissions for the active pharma- 
ceutical ingredient process. Both pre- and post-treatment 
scenarios were developed. 

2.6 Impact Assessment using GSK sustainability metrics 

The impact assessment was carried out using GSK's sustain- 
ability metrics [7,17]. The sustainability metrics include to- 
tal cradle mass (the amount of materials taken directly from 
earth), energy requirements, greenhouse gases emissions 
(GHG), photochemical ozone creation (POCP), eutrophica- 
tion, acidification, and total organic carbon (TOC). The 

methodology for the roll-up of GSK's sustainability metrics 
has been reported elsewhere [18]. 

3 Results 

3.1 LCI/A without waste treatment 

Fig. 3 shows the relative cradle-to-gate impact contributions 
from the process used to produce each material, the energy 
used during production of each material, and transporta- 
tion. It should be noted that the term 'energy' appears both 
as an impact and as a process category. When 'energy' is 
used as an impact it denotes the total amount of energy in 
MJ required for production, transportation, and energy gen- 
eration, as defined in GSK's sustainability metrics. When 
'energy' is used as a process category, 'energy' refers to the 
processes that produce and deliver power or perform heat 
transfer functions needed in the manufacturing processes (e.g. 
steam, electricity). As would be expected, most of the green 
house gases and acidification contributions come from en- 
ergy-related emissions (electricity and thermal), since energy 
production involves combustion processes that generate and 
release green house and acid-forming gases. Transport-re- 
lated emissions are relatively small, and average less than 
8% across all the metrics. 

Fig. 4 compares the relative contributions from solvent manu- 
facture, other process chemical manufacture, and internal 
GSK processes. Clearly the manufacture of solvents, when 
waste treatment is not included, is the main contributor to 
each cradle-to-gate impact category, except for total organic 
carbon (TOe) and eutrophication. In the case of T o e  and 
eutrophication, internal processes produce proportionally 
greater impacts. 

Fig. 3: Cradle-to-Gate LCA pre-treatment contributions of processes, energy and transportation 
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Fig. 4: Cradle-to-Gate LCA pre-treatment contributions of solvent manufacturing, production of non-solvent chemicals and internal drug manufacturing 

3.2 LCI/A with waste  t rea tment  included 

Fig. 5 presents the cradle-to-gate life cycle assessment re- 
sults when waste t reatment  is included in the assessment. 
Fig. 5 shows the relative contributions to the life cycle im- 
pacts of process, energy, t ransport  and treatment. For this 
post-treatment scenario, it was assumed that all aqueous 
waste streams undergo t reatment  in a wastewater treatment 
plant, non-hazardous solid waste is sent to landfill and spent 
solvent is incinerated. These results show that the potential 

for green house gas and acid gas emissions will increase af- 
ter treatment. 

The post-treatment results also provide a compelling case 
for rigorous use of solvent recycling as opposed to incinera- 
tion. Roughly half of the green house gas emissions and 40% 
of the energy requirements for the cradle-to-gate life cycle 
are attributable to the incineration of spent solvent in final 
drug manufacture, and to a lesser extent to the incineration 
of other organic air emissions. 

Fig. 5: Cradle-to-Gate LCA post-treatment contributions of energy, production processes, transportation and treatment systems 
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Fig. 6: Sensitivity Analysis. (a) Transportation, (b) Steam, (c) Electricity 

3.3 Sensitivity analysis 

A sensitivity analysis of potential variations in contributions 
from energy and transportation demonstrated that neither 
had a significant impact on the cradle-to-gate life cycle find- 
ings or conclusions. As can be seen in Fig. 6, even if the life 
cycle inventories for electricity generation vary by up to 
100%, or the steam emissions vary by about 25%, the vari- 
ation in the associated sustainability metrics categories is no 
more than 10%. In the case of transportation, the variation 
in the associated metrics will not be greater than 10% even 
if the transportation emissions vary by 200%. 

4 Conclusions and Future Work 

A few key insights from this study are summarized as follows: 

Solvents: 
Solvent usage (pre-incineration) is the major contributor to the cradle- 
to-gate life cycle impacts for the active pharmaceutical ingredient un- 
der study. Solvent use accounts for 

�9 about 75% of the energy use, 
�9 about 80% of the total life cycle mass, excluding water, 
�9 about 70% of the life cycle Photochemical Ozone Creation Potential, 
�9 about 50% of the Green House Gases, 

when compared to GSK processes, transport and manufacture of other 
raw materials. 

Energy: 
Energy usage contributes 

~ approximately 30% of the total cradle-to-gate materials, 
~ approximately 70% of the resource depletion, and about 90% of 

the Green House Gas emissions. 

Transportation makes a small contribution to the cradle-to-gate life cy- 
cle impacts with a maximum of approximately 8% for greenhouse gases. 

Waste Treatment; In addit ion to the impacts from solvent use, sol- 
vent incineration can significantly increase the cradle-to-gate life cy- 
cle energy use, depending on the mode of operation, the efficiency of 
incineration, and the extent  of energy recovered in the form of heat. 
Wastewater t reatment does not significantly increase the cradle-to- 
gate life cycle impact profile. 

General: The pharmaceutical compound under study is a 
typical API, and it is expected that the findings of this as- 
sessment will be applicable to other pharmaceutical sub- 
stances, as well as to other fine chemicals. This is supported 
by the fact that the results obtained in this case study are 
consistent with previous research performed for other phar- 
maceutical compounds [6]. 

This research and case study has resulted in several additional 
benefits. While undertaking the development of the gate-to- 
gate LCI's, a list of screening questions representing best prac- 
tices was assembled. This list can be used to help identify a 
variety of improvement opportunities for assessing pharma- 
ceutical processes undergoing research and development. 

A second benefit has been the development of a tool that will 
enable process development chemists and engineers to deter- 
mine and compare the life-cycle impacts of processes during 
the early stages of process development. The details of this 
tool will hopefully be the subject of a future publication. 

Finally, the development of this case study has provided GSK 
with a well-documented life cycle methodology that may be 
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used for s t ra tegic  decis ion making,  business processes and  
o ther  processes  and  tools .  

Future  p lans  include comple t ion  of  a c rad le - to-grave  assess- 
men t  tha t  i nco rpora t e s  d is t r ibut ion,  packaging ,  consumer  
t r anspo r t  and  final disposal .  
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Life Cycle Assessment (LCA) methodology evaluates holistically the 
environmental consequences of a product system or activity, by quan- 
tifying the energy and materials used, the wastes released to the 
environment, and assessing the environmental impacts of those 
energy, materials and wastes. Despite the international focus on 
environmental impact and LCA, the quality of the underlying life cy- 
cle inventory data is at least as, if not more, important than the more 
qualitative LCA process. 
This work presents an option to generate gate-to-gate life cycle infor- 
mation of chemical substances, based on a transparent methodology 
of chemical engineering process design (an ab initio approach). In the 
broader concept of a Life Cycle Inventory (LCI), the information of 
each gate-to-gate module can be linked accordingly in a production 
chain, including the extraction of raw materials, transportation, dis- 
posal, reuse, etc. to provide a full cradle to gate evaluation. The goal 

of this article is to explain the methodology rather than to provide a 
tutorial on the techniques used. 

This methodology aims to help the LCA practitioner to obtain a fair 
and transparent estimate of LCI data when the information is not 
readily available from industry or literature. Results of gate-to-gate 
life cycle information generated using the cited methodology are pre- 
sented as a case study. 

It has been our experience that both LCI and LCA information pro- 
vide valuable means of understanding the net environmental conse- 
quence of any technology. The LCI information from this methodol- 
ogy can be used more directly in exploring engineering and chemistry 
changes to improve manufacturing processes. The LCA information 
can be used to set broader policy and to look at more macro im- 
provements for the environment. 
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